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When U, S.Government draviings, specifications, or other .data are used for any pur-
pose other than a definitely related Gover-ment procurement operation, the Govern-
ment thereby incurs no responsibility nor any obligation whatsoever, and the fact
that the Government may have formulated, furnished, or in any way supplied the said
drawings, specifications, or other data, is not to be regarded by implication or
otherwise, or in any manner licensing the nolder or any other person or corpora-
tion, or conveying any rights or permission to manufacture, use, or sell any

patented invention that may in any way be related thereto, a
FOREWORD
This report constitutes the final report for the original portion of the AFRPL -

Motor Component Vibration Study, Contract F04611-73-C~0025, The contract was
recently amended to include an analysis of the Space Shuttle Booster motors. A
separate final report will be issued on the Space Shuttle work. The work reported
was accomplished at Hercules Incorporated, Bacchus Works, Magna, Utah.

This report is submitted in accordance witii data item B-~006 of the referenced con-
tract., Contract F04611-73-C-0025 was issued to Hercules by the Air Force Rocket
Propulsion Laboratory, Edwards, CA 93523. Project engineers for the contract

have been Mr. D. Thrasher and Dr. D. George. The current project engineer is Mr,
W. C. Andrepont,

A subcontract was issued to the MacNeal-Schwendler Corporation for modifications
to TAE-NASTRAN computer program:— Cycl4C symmetry analysis capability was added to
the frequency response package (Rigid Format 8), in Tevel 15.0 NASTRAN by MacNeal-
Schwendler,

The Lockheed Missiies and Space Company at Sunnyvale, Califernia furnished data on
the components that are attached to the aft dome of the C-3 Poseidon SS motor. In
addition, Lockheed loaned Hercules an inert Poseidon SS motor for use in the
acoustics testing portion of this program., The Aerojet Solid Propulsion Company
at Sacramento, California supplied reports and other data on the Minuteman III
third stage motor for use in constructing finite element models of the motor.

The following Hercules empioyees have made significant contributions to this effort:
E. Hikida (Task 3), L. West (Task 4), B. Moore (Tasks 8, 10 and 11), D. Wang (Task
11) and F.R. Jensen, Principal Investigator.

This report has been reviewed by the Information 0ffice/DOZ and is releasable to
the National Technical Information Service (NTiS). At NTIS it will be available
to the general public, including foreign natiors.

This report is unclassified and suitable for general public release,
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Results from the analyses were evaluated by comyaring them with test
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1 Several special analyses were conducted on parts of the motor structure,
X such as separate grain or dome models, to better define expected -overall
; motor response and to investigate possible modeling simplifications..
 Mechanical Impedance methods were used in the de.:iled motor analyses to
| account for components that are not symmetric ahout the motor centerline.
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SECTION I
INTRODUCTION

There were two major objectives of the Component Vibration program:
(1) Develop simplified finite element structural modeling techniques for
the determination of permissible limiting amplitudes of acoustic pressure
oscillations on the basis of motor-mounted hardware vibration limits,
and (2) develop criteria for the degree of simplification which can be
tolerated in structural modeling of the rocket motor for combustion-
instability-related dynemic structural analyses.

Acoustic pressure oscillations in the combustion cavity of a solid
propellant rocket motor can impose excessive dynamic loads on structural
components and attached auxiliary motor hardware and on hydraulic and
electronic equipment. The problem of combustion instability has received
renewed emphasis in recent years because of these structural effects. High
dynamic loads (accelerations) have been observed on structural components -
particularly in high-strength, low-modulus rocket motor cases - at relatively
low oscillating pressure amplitudes (<3 psi in the Poseiden second stage).
Dynamic response to acoustic pressure oscillations must be predicted to
define acceleration levels to be expected on individual components during
flight and static firings. This information is then used to indicate
possible redesign of the motor or a component, to define component qualifi-
cation test specifications, or to design a means for shock isolation. Since
the analysis method must account for motor design parameters it may be
used to assist in redesign efforts.

Nearly all solid propellant rocket motors curvently in use in upper
stage ballistic missiles exhibit some degree of combustion instability,
In strategic missiles, the most yibration-sensitive guidance equipment
i¢ placed on or above the upper stage motors. The upper stages are, there-
fore, of great conccrn with regard to tolerable levels of acoustic combustion
oscillation,

High amplitude vibrations may be detrimental to components that
have heen designed and qualified to withstsnd lower levels. For example,
MIL~STD-810B requires vibration tests at levels up to a maximum of 50 g's
for components mourted on ground-launched or air-launched missiles. Vibra-
tion levels over 100 g's have been observed on the Minuteman II third stage
motor and vibration lévels over 300 g's have been observed on both the
Minuteman III third stage and Poseidon C-3 second stage motors.

Guidance and related motor control ha.dware are normally coastructed
of lightly-damped metal and plastic marerials in comparison to the heavily-
damped. propellant grain. Hence, vibration amplitudes associated with
resonances of these components can be very high. The degree to whitch
combustion instability can be tolerated depends uron the relative resonant
frequency ranges of the components and the acoust.c cavity, which can often
be unstable at szveral frequencies over a broad range.
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The work planned to accomplish the stated objectives was divided into
three separate phases, with each phase having its own objective. The work
within each phase was further divided into tasks. The three phases and
14 tasks that conmstitute the total effort -are as follows:

Y

i Phase 1 - Establish a Baseline Analysis
<§’ : Task 1 -'Select a Baseline Motor -
i
| Task 2 - Baseline Motor Acoustics Analysis :
e Task 3 - Baseline Motor Structural Dynamics Analysis Yo

Task -4 - Structural Reésponse Testing Using Acoustic Excitation

Task 5 - Baseline Motor Analysis Evaluation

Phase II - Simplified Modeling Studies

PUTEER

Task 6 - Select Simplified Modeling Techniques :

Tacsk 7 - Baseline Motor Analysis Using Simplified Techniques

Task 8 - Evaluation of Simplified Model Analyses

s e st

| Phase III - Verification Motor Analysis

Task 9 - Select Verification Motor(s)

Task 10 ~ Verification Motor Acoustics Analysis

Task 11 - Structural Dynamics Analysis of the Verification Motor(s)

Task 12 - Evaluation of Verification Motor Analyses
Task 13 ~ Select Simplified Modeling Techniques ;
Task 14 -

Issue Final Report Including Modeling Techniques Manual

The major purpose of Phase I was to provide a data baseline for evalua-
tion of simplified techniques. P'ans called for a detailed analysis of a
motor to be conducted with as much detail in the model as could be ¢
; considered reasonable to provide results that would be as accurate as
! state-of~the-art modeling would yield, The validity of a modeling simplifi-
cation could then be evaluated by comparing results from a model using the
proposed simplification with results fiom the detailed analysis, ‘.

o Aoy

Phase II was included in the program to develop simplified modeling
techniques, Proposed techniques were to be screened in Task 6, based on
experience gained during Phase I, The simplified techniques that appeared
to be most promising were to be applied in an analysis of the baseline motor -
in Task 7. Task 8 was intended as an evaluation of simplified model results
obtained by comparing Phase I and Task 7 solutions,

i 1-2
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The Phase III verification analyses were scheduled to verify the
simplified analysis techniques developed in Phase II. The simplified
techniques were to be applied to two verification motors and results were
to be evaluated by comparing available accelerometer data with analysis
results,

The program conducted does not agree exactly wii™ the original program
plan as outlined above. Changes and reasons for the changes are given in
the body of the report.

A separate section of the report is used to discuss each major task or
phase. Much of the work has been documented by task final reports that were
written after completion of the individual task. For the work covered by
task final reports, only a summary is given under the task heading and the
task final report is included as an appendix. For tasks that were not docu-
mented by final reports, appropriate detail is included in the main body of
this report. Some of the technical details previously published in monthly
status reports have been gathered to form another appendix to this report,
A report written to Hercules by the MacNeal=Schwendler Corporation {MSC),
has also been included as an appendix. The MSC report was written to
docurient the addition of the Cyclic Symmetry capability tc the Frequency
Response Rigid format in NASTRAN. A final appendiz is the Modeling Techniques
Manual that is intended to provide guidance to analysts who muSt analyze
solid rocket motors subject to unstable acoustic pressure sscillations,

The following appendices are included as a part of this final rerort:

Appendix A - Task 1 Final Report

Appendix B - Task 2 Final Report

Appendix C - MSC Cyclic Symmetry Report

Appendix D - Task 4 Final Report

Appendix E - Task 5 Final Report

Appendix F - Task 8 Final Report

Appendix G - Excerpts from Monthly Status Reports

Appendix H

Closed Envelope Predictions

Appendix I - Modeling Techniques Manual

Final reports covering the analysis of the C-3 Poseidon SS motor,
(Task 3), and the analysis of the Minuteman III TS motor, (Phase ITI), were
not written. Therefore, a detailed discussion of these analyses is included
in this report. The report ends with a section containing conclusions
and recommendations for additional work.

1-3
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SECTION TT
TASK 1 - SELECTION OF Tw:,BASELINE MOTOR

The major ohjective of Task 1 was to select a baseline motor. Motors
to be considered as candidates for the baseline motor included the Minuteman
IT and Minuteman III .third stage motors and the C-3 Poseidon second stage
motor. A secondary objective of Task 1 was to establish error limits to be
used for -evaluatior of the baseline motor analysis.

A,  BASELINE MOTOR SELECTION

The following factors were specified in the contract work statement as
criteria for selecting the baseline motor:

(1) Availability of component vibration and acoustic pressure
oscillacion data from static and flight tests

(2) Availability of acoustic mode analysis and, dynamic structural
analysis results

(3) Degree to which the.mc.or configuration is representative of
probable future ballistic missile motox designs

Both the Minuteman and Poseidon motors appeared to have sufficient
component vibration data from static and flight tests. In addition,
acoustic mode analyses had been performed on each motor by the MacNeal-
Schwendler Corporation. Acoustic bench tests had been performed on each
motor, with the Poseidon C-3 second stage having the most comprehensive
bench test results available. More significant structural dynamic analyses
had been performed on the Minuteman IIIL third stage than on either of the
other two motors,

After reviewing the qualifications of each candidate motor, it was
concluded that either the Minuteman IIL third stage or the Poseidon C-3
second stage motor could qualify as a baseline motor. The Minuteman II
third stage motor was disqualified because the use of four separate nozzles
was judged to be not typical of probable future motor designs. Hercules
selected the Poseidon C-3 second stage motor to be the baseline mocor. The
fact that an inert motor would be readily available for the Task 4 test
program was a major consideration in selecting the Poseidon motor ovex the
Minuteman III motqr. Appendix A provides for a more detailed discussion
of the baseline motor selection.

B.  ERROR LIMIT DEFINITION

The contract work statement specified that acceptable error limits for
predicted component vibration levels be defined prior to the performance
of the dynamic structural analyses; that is, a prediction of the accuracy of
the analysis results, based on some logical rationale, was desired., Exist-
ing component vibracion and pressure oscillation data, as well as available

2-1
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{ Y results from acoustic mode analyses and structural dynamic analyses were to

. D be considered in defining the error limits, The uncertainty in the applied
: oscillating pressure loads and the experimental variability in accelero-

v rieter measurements was to be taken into account.

£ Jo establish the error limits, resulis from the finite element models
B were assumed to represent mean values (m). Error limits about m were then
based on results from statistical analyses of static firing accelerometer
. data. The statistical analyses yielded an estimate of the standard devia-
% tion (s) and the average acceleration response (¥) for each accelerometer
location and for each analysis frequency. The coefficient of variation is
; the ratio of standard deviation to mean, c.0.v. = g/y, Using all available
accelerometer data, an average c.o0.v. = 0.569 was calculated. Assuming that
the maximum accelerations at a point on the motor are normally distributed,

-

.
Do i
A

&

? &< an acceleration selected at random from the population should be equal to or
: less than 1.94 times the mean maximum acceleration 93 percent of the time.
' i Therefore, 1.94 m was selected as an upper bound error limit for evaluation

of the analysis results.,

)]

To use the error limit of 1.94 m, the acceleration response calculated
by analyzing finite element models is multiplied by 1.94 for comparison
with accelerometer data, If the analysis was accurate, then 95 percent of
all accelerometer data points should fall Lelow the 1,94 m exrror limit,

B

Additional detail on selection of the error 1imits can be found in the
Task 1 report in Appendix G.

i 2-2
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SECTION TII
TASK 2 ~ ACOUSTIC ANALYSIS OF THE BASELINE MOTOR

To calculate the response of .a-motor undergoing structural vibrations
due to unstable acoustic pressure oscillations, it is necessary to know the
pressure distribution (mode shape) and frequency for each .acoustic mode
likely to be unstable. The objective of ‘this task was to define the acoustic
mode shapes and frequencies ‘to be used as loading conditions in the structural
dynamic analyses., 'Since analyses .at ‘two burn times were required, part of
the Task 2 effort ccnsisted.of selecting the burn times.

A zero burn time was .preselected so thdt results would be available
for comparison with the zero burn inert motor used in the Task 4 acoustics
testing. The second burn time was to be selected on the basis of the
severity of component vibratioh .Indicatel by existing accelerometer data,

A burn time when both longitudinal and transverse -acoustic modes are

present was desired. Two longitudinal and two tangential modes at each burn
time were desired so that a total of 8 frequency response analyses could be
conducted to characterize the motor structural response,

'To provide information for selection of the second burn time, accelero-
meter data from two static firings were analyzed in detail. In addition,
a graph showing the frequency activity in the motor as a function of time
was studied, (see Figure 9 in Appendix B). 4 four-second burn time was
selected as the required advanced burn time because of motor response to the

first -and third axial modes .and the third tangential mode being present at
that time.

Existing data on mode shapes and frequencies from four different sources
were reviewed. Existing data were concluded to be adequate for use in the
definition of the mode shapes and frequencies and no additional acoustic
analyses were required., Data from the MacNeal-Schwendler Corporation NASTRAN
analysis, from the Naval Weapons Center acoustics tests on a 1/4 scale

model, from the Hercules 2-D analyses, and from Hercules full-scale testing
program were reviewed and compared,

Based on the data review, the following mode shapes and frequencies
were selected for use in the structural dynamics analyses:

Burn Time (sec) Mode Frequency (Hz)
A3 770
A4 365%
0 Y 668
T3 1327
Ay 281
4 Aj3 805
Ty 634
T, 830
*In air

3-1
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The 365 Hz fourth longitudinal {axial) mode was selected to provide
results for comparison with the Task %4 acoustics testing results. Analyses
were also performed during Task 3, at 265 Hz, using the A3 mode to provide
additional data for comparison with Task 4 results.

A more detailed description of the burn time selection and of the
acoustic mode selection can be found in Appendix B.
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SECTION IV
‘TASK 3

STRUCTURAL DYNAMICS ANALYSIS OF THE BASELINE MOTOR

This section on the baseline 'motor analysis has been organized as
follows:

A, Introduction
B. Approach

1, General

2. Application of Mechanical Impedance
C. Structural Models

1. Grid Generation

2.  Checkouts of Models

3. Data Decks

4, Load Generation

No results or discussions are given in this section. Results are given
and evaluated in the Task 5 section.

A,  INTRODUCTION

The C-3 Poseidon second stage (SS) motor was selected for use as a
baseline motor as discussed in Task 1. Loads on the motor due to acoustic
‘pressuxe oscillations were defined in Task 2. The objective of this task
was to calculate the response of the motor structure, including attached
components, to the defined loading distributions,

Rocket motors are often analyzed with the use of two-dimensional (2D)
axisymmetric finite element models. The axisymmetric approximation to the
motor structure has been found to yield good results in.calculating
stresses in the motor due to the axisymmetric internal pressure load or
due to other axisymmetric loads., Typical motor designs are not axisym-
metric, Most motors have slots in the propellant grain and/or miscellaneous
hardware (components) attached that prevent them from being truly axisym-
metric,

Motion of the unsymmetrically attached components was considered to
be important for the Task 3 analyses. In addition, calculation of mator
response to the nonaxisymmetric tangential acoustic modes was required.
For these reasons, the use of a general 3D solution for structural
response calculations was necessary.




When a general 3D finite element model is constructed to represent
a structure as complex as a rocket motor, an extremely large number of
degrees of freedom are required. In addition, the nature of a 3D problem
results in very large bandwidths for the stiffness matrices that repre-
sent finice element models. The result is unreasonably long computer
run times and unreasonably large computer core requirements.

Because of the problems associated with obtaining general straight-
forward 3D solutions, special techniques were required to make obtaining
such solutions practical,

B. APPROACH
1. General

The use of NASTRAN, level 15, as the basic analysis tool for
this program was a contractual requirement. In spite of the capacity
that the NASTRAN program has for solving arbitrarily large prollems, the
need for special treatment of this particular problem was apparent at the
beginning., Original plans called for a modal synthesis approach. Separate
detailed models were to have been constructed for the various portions of
the motor and then effectively combined using modal synthesis, Such an
approach was advantageous as considerable detail could be used in the
individual models for each portion of the motor. Another advantage was
that mode shapes and natural frequencies would be calculated in the course
of obtaining the solutions, thus providing valuable insight into the
behavior of the motor model, The modal synthesis approach was found to
have the disadvantage that the frequency dependence of the propellant
grain stiffness could not be accurately modeled,

To obtain a model that could represent the frequency-dependent
grain behavior and still maintain reasonable detail in the model, a cyclic
symmetry model was used. '"Cyclic Symmetry Analysis' is a technique
developed by MacNeal Schwendler for efficient analysis of cyclic symmetric
structures. A rocket motor that is axisymmetric except for radial grain
slots is an example of a cyclic symmetric structure because the geometry
repeats around the motor circumference.

A structure is said to be cyclic symmetric when it consists of a
set of identical segments located symmetrically about a particular axis.
The structure shown in Figure 4-1 is cyclic symmetric when the beam element
model is removed. Figure 4~1 shows a simple motor model with three slots.
If an r-z plane is passed through the centerline of each slot, the model
would be divided into three 120° segments, Since each of the segments
would be identical, the motor structure is said to be cyclic symmetric.

The model of Figure 4-1 could also be divided into three identical seg-
ments so that a slot would be centered in each segment. The type of
symmetry discussed to this point is referrel to as rotational cyclic
symmetry in the MacNeal Schwendler Corporation report included as Appendix C.
A structure that possesses rotational cyclic symmetry also possesses

4-2
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dihedral cyclic symmetry if each segment consists of two subsegments which
are mirror images of one another. The model in Figure 4-1 possesses
dihedral cyclic symmetry because each 120° segment has a plane of symmetry
and can be represented by two 60° segments which are mirror images of one
another, Additional discussion on cyclic symmetry can bé found in
Appendix C.

Using the cyclic symmetry approach, it is possible to obtain a
general 3D solution by modeling only the unique portion of the structure
(i.e., by modeling only the pie-slice-shaped segment of the motor that,
when repeated around the circumference, represents the complete motor).
Most rocket motors with slotted grains possess dihedral cyclic symmetry. :
The use of the dihedral cyclic symmetry option allows the use of a model '
only one-half as large as that required for rotational cyclic symmetry.

The model in Figure 4~1 is represented by only one 60° segment in a
dihedral cyclic symmetry analysis.

The theory upon which cyclic symmetry analysis is based is dis-
cussed in the MacNeal Schwendler's report (refer to Appendix C). Basically,
a coordinate transformation is applied to the one-segment finite element
model, The solutions are then obtained in so-called '"cyclic coordinates."
To obtain a solution for a model represented by n segments, the one-segment
model is solved n times. The model in Figure 4-1 could be represented by
six segments using dihedral cyclic symmetry. Therefore, the 60° segment
model would be solved six times to obtain a general 3-dimensional sclu-
tion for one applied load set. A cyclic symmetry solution is apparently
much more efficient than a standard solution because the problem can te
solved one segment at a time., The bandwidth for a cyclic symmetry problem
can be significantly smaller than the corresponding bandwidth for a standard
solution.

To use the cyclic symmetry upproach in the baseline motor analysis,
it was necessary to modify the existing NASTRAN program. MacNeal-Schwendler
added the cyclic symmetry capability to the Frequency Response rigid format
in NASTRAN. Hercules received a computer tape from the MacNeal-Schwendler
Corporation (MSC) containing the object code for the special version of
NASTRAN that includes cyclic symmetry in Rigid Format 8., Hercules also
received the source code that would be required to adapt ecyclic symmetry
to NASTRAN Level 15,5, According to MSC officials, the cyclic symmetry
capability in Rigid Format 8 would be available in the MSC -ersion of
NASTRAN which the MSC company supplies to their customers. Since NASTRAN
Level 16.0 (soon to be released) will not include cyclic symmetry in
Rigid Format 8, the MSC version is apparently the only current location
where the general public can access this analysis capability. The MSC
NASTRAN program can be used on the Control Data Corporation Cjy “ernet
Computer system,

- - - S, e L T L T - - ]




The MSC report in Appendix C describes cyclic symmetry and an
added program feature which allows a more efficient analysis to be conducted
when solutions are desired at several -different frequencies. A table
containing the propellant properties as a function of frequency is input
to the program.. Then, only the portion of the stiffness matrix affected
by the changed propellant properties is modified .to obtain a solution at
a new frequency. & -

XTI SN S AN

By performing frequency response analyses on a cyclic symmetry
finite element model of the motor, it was possible to calculate motor
tesponse in a ‘true 3D sense and to account for the frequency-dependent i
grain properties. However, when components are attached to the motor, (
the motor becomes unsymmetric. To correctly account for the effects of
the attached components, a mechanical impedance technique was applied.
The use of mechanical impedance methods -to deal with the problem of
unsymmetric components was recommended by the MSC.

2. Application of Mechanical. Impedance

"Impedance” and "admittance" are terms generally associated with ¢
electrical circuits., The terms 'mechanical impedance'" and '"mechanical :
admittance" are normally used to indicate that an analogy is being made :
between an electrical circuit and a mechanical system. The literature on i
mechanical vibration analysis contains a large amount of informatiou on
mechanical impedance-type approaches. For example, the Shock and Vibra-
tion Bulletin contains many papers on application of mechanical impedance
techniques. L

Mechanical impedance is ‘h ratio of force to velocity. Mechanical
admittance, commonly called "mobility," is the inverse of mechanical
impedance, i.e., a ratio of velocity to force. A basic discussion on
mechanical impedance and mobility can be found in Reference 2. The term
"receptaace' is used to denote the ratio of displacement to force. The
concept of receptance is discussed in References 2, 3, and 4. Additional

discussion on electromechanical analogies are contained in References 5 ¢
and 6. )

(1)

Index to the Shock and Vibratidn Bulletins, February 1968, The Shock and
Vibration Information Center, Naval Research Laboratory, Weshiugton, D.C.

(Z)Harris, C. M., and Crede, C. E,, Shock and Vibracion Handbook, Vol. 1,
Chapter 10, McGraw~Hill Book Co., New York, 1961.

<3)B:ls'nop, R. E. D., Gladwell, G. M. L., and Michaelson, S., The Matrix
Analysis of Vibration, Section 5.5, Cambridge at the University Press,
London, 1965,

Bishop, R. E. D., and Johuson, D. C., The Mechanics of Vibration,
Cambridge at the University Press, London, 1960. :
(5) .

Crafton, P. A., Shock and Vibration in Linear Systeus, Harper and
Brothers, New York, 1961.

(4)

(6)

MacNeal, R. H., Electric Circuit Analogies for Elastic Structures,
Vol 2, John Wiley and Sons, New York, 1962,
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The texm 'immittance" has bezn used to »cpresent impedance or admittance.
Mechanical immittance and transmission matrix concepts are discussed in
References 1, 2, and 3,

When a sinusoidal force drives a linear system, the steady state
response displacements, velocities, and accelerations are sinusoidal at the
frequency of the driving force, For a damped system, the response is out-
of-phase with the driving force. The relationship between driving force
and response can be expressed by algebraic equations involving complex
numbers. The analysis of such a system is called a "frequency response
analysis,'" The use of frequency response-type analyses is implied whex:
mechanical impedance is discussed. The frequency response rigid format
in NASTRAN, Rigid Format No. 8, was used for all of the frequency respense
analysis conducted duriung this program. The NASTRAN theoretical manual
contains a description of the theory pertaining to frequency response
analyses (reference 4).

For this discussion consider first a motor with ome component
attached, The same reasoning is generalized for additional components
below. The reason for using the mechanical impedance approach is that
it allows the clean motor model (component not attached) and the component
model to be analyzed separately, yet results are obtained for the
component-mounted~to-motor condition, To make the analysis exact, the
component is replaced by the forces that it creates on the clean motor,

As the motor is oscillating in response to a particular unstable
acoustic pressure mode, the motor proper is considered to he acted upon
by two separate sets of forces; the oscillating pressure forces are
applied internally, and inertia forces due to the attached component are
applied at the motor-component interface leccations, The solution is
obtained by superimposing effects of both loading conditions,

The clean motor model is analyzed with only -internal pressure
loading applied to obtain the velocities iV°} at the motor-component
interface. The velocities [Vll at the interface caused by component
connection forces {F¢} can be expressed by using the motor admittance
matrix [Y]:

The total velocity {Vt} is obtained by superimposing the effects of the
two loading conditions:

el = v )+ (v}

(1)

Rubin, S., Review of Mechanical Immittance and Transmission Concepts,
Presented at the 71st Meeting of the Acoustical Society of America,
Boston, Mass., June 1966,

(Z)Rubin, S., Class Notes distributed at UCLA Short Course on Structural
Dynamics Analysis, Los Angeles, California, 1967,
(3)

Rubin, S., On the Use of Eight-~Pole Parameters for Analysis of Beam
Systems, Soc. of Automotive Engineers, Reprint 925F, October 1964.

NASTRAN Theoretical Manual, R. H. MacNeal Ed., Scientific and Tecanical
Information Office, NASA Administration, Washington, D.C., December 1972,
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Substituting from above gives

g o= {v i+ [¥] {F )

The forces {F.} at the interface are unknown, but they can be expressed
in terms of the total velocity by considering the component impedance
relationship:

th; = -[ZJ in}
where [%c] represents the component impedance matrix, The minus sign
occurs because forces applied to the component are equal and opposite

to those applied to the motor., Substituting {Fc} in the equation for
{Vt} gives:

Wts' - ivo} B [Y] [zc] {Vtz

Rearranging:
b = L+ [¥) [z] 07 v,

where [1] is the identity matrix, Each matrix must be complex to handle
the magnitude and phase information required. for characterization of
damped systems. The solution represented by the last aquation given above
for {thmust be repea*ad at each frequency of interest.

Application of the mechanical impedance method to this particular
rocket motor analysis was discussdd above in terms of forces, velocities,
impadance matrices, and admittance matrices, As a matter. of convenience,
the program was actually solved in terms of displacements rather thauw
velocities. Adopting another terminology, receptance matrices replace
admittance matrices and inverse receptance matrices replace impedance
matrices when displacements ave used in the place of velocities, If Ry
is the receptance matrix for the motor, and R, ia the set of matrices
representing component receptances, then the equation that is solved can
be written:

{upd = EI+R,,,RC"1]'1 {v,3 (1)

The identity matrix is denoted I, The displacements at the component
connection points resulting from pressure mode loading with no components
attached, is denoted U,. Then, Up is the total displacement vector
calculated to represent the response of the motor (including components)

at the component connection points, For the Poseidon SS motor, UT has 42 rows,

The receptance matrices are formed by applying a unit force at
one coordinate while all other forces are zero. The displacements at all
component connection coordinates then form a column in the receptance
matrix according to the equationi

{u

[r] {F) (2)
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Solution of equation (1) results in displacements only at com-
ponent connection points., OJome data recovery operations are necessary
if displacements at other points are desired, If displacements at U,
coordinates are desired, after Up has been obtained, then equation (2) can
be partitioned and solved for Ue:

(3)
Ue Ry

Up Ri {F}

(v} = [&J]{F}

In equation {(3), R, is part of the receptance matrix that corresponds to
the extra coordinates U,. The R, matrix can be formed at the same time
as the R matrix. The forces F must include both the pressure loading and
the interconmection forces, The most convenient way to obtain U, is to
superimpose (Uy), from the pressure load with (Uy), resulting from the
interconnection forces. Once the interconnectioun éisplacements, Up, are
obtained from equeZion (1), the interconnection forces can be determined
from:

{Fi} [Rc~1] {UT} (4)

Then, superimposing:

{Ue) (3, + [R,) (R, ™) (U] (s)

Equation (5) defines the data recovery operations required to obtain dis-
placements at points other than the component connection points. When
three components are attached to the motor instead of just one, then
[Rc'l] in equation (1) is replaced by:

-1 .
where the Rci 's are the inverse receptance matrices for each component.

To check out the impedance response equation, (1), a very simple
problem was analyzed., Figure 4~1 shows a motor model consisting of six
propellant elements and six case elements with a four.element beam com-
ponent model attached, The response of the total model shown in Figure 4-1
was calculated, Loads were applied in the centerbore of the motor model
to simulate an acoustic pressure mode, A listing of the NASTRAN deck
used to analyze the simple model is given in Table 4-I with solutions
obtained.

e e e —— - b mme T e A mr s T A e M et R b, S i e




A g o ¥ s -

“X%J30 ¥IQXU-I¥ UM L¥USXCQFLBCS LON VLVCO ¥INE CLOZ SuYSSIW NOILVRHOINI ¥5S0 xax

NING NI g 44 .
GYU1 ONZ & 158V 11
Z & avoug ot
. Z 3svoens 6 .
OvOol IST # 138v1 8
1 # gvola L
1 3svaens . 9. L. .
1 # 03¥s I
IV #dSIAS ”
866 K Jus -
886 & JdiW F4
1300W 1INd 9NISN YOLOW LNOLS d0 SISAIVNY 3ISNOJISIY ADNSNO3Y¥dS # 3Ll i¢
B . 4NN0d —— e
auvo
OHD23 X258 108 iNODID A1svs
. - - =)
&
) anad
$ INIL
148 19s
d$Ia ddvy
BOLOWS1NOLS al
OHO2 ¥u3Q T0Y¥Y1LNOD 5AI L NAD3X3 NVYlSVN

ard
2)

)

Tq
N

€441 /21 NVYLSVN  YLAT 49  AMVN¥G3d

INZNOAWOD HIIM YOLOW TTIRIS YOI ONIISIT M03A VIVA NVIISVN
1-% F1gvL

N e e e g e _ - 4




o e e e e . e e s . .
R LR TS L NONEE L B ] o [ S T REd - B kS ~ m M
o} 0°2 o* 01 o1 1ul 0lvs -05
o1 0°¢Z G 0°1 ot wIZ Givy —-6n V
o1 0° *00¢ D¢ ot sl Ji1ys -8
ot o * o€ o1 ot 161 Gluy -1y
ol v U7 o€ J1 <t G193 -9y )
o) 4 0* 092 0°1 ot 17t Jioy -5 v
o1 o *Gw2 g1 o1 ont Qlad Y '
o1 0° *osl 0%t ot sl ciys e
01 0° 081 2°1 o1 121 diys ~2% g
ot o° =021 J°€ o1 zz1 Jdlvy -7 [ B
o1 G* *u21 0°1 o1 121 a1y9o -39 P
01 0- ~a21 31 01 vl alad ~-6¢ :
o1 0 “0v 0°¢ ol P g GIu9 ~-8€ ‘
01 0 09 ot o1 11 GIyy -l€ ol
ot 0° o 0°z ot <ot GINe -9¢ 1
ot 0° 0° o1 at 1ol Jivy ~-S€
o1 o° o° 01 vl ool arys —-%€ w
*uvsl I G3d= ~€€ m !
XV 133 -2€ |
133 9 83° 1 Gy AL 1 w9L3 -1€ ;
s* 2 1525526998° 1 152 2 v3dva -0¢ ;
S°— 2z 1122650995 " 1 112 2 vayv3 -62 }
s* F4 102220998 1 e 2 v3uvd ~-8Z ;
g~ 2 0025520993 ° I 002z ¢  v3avd -L2 ;
s 2z 1025$20998° 1 102 1 v3uve -9Z
§°— 2 €02%52099€" 1 002 1 v5ava -s2 :
2s2 zo2 201 2s1 o1 ST 2GVND3 ~%Z ;
rATA 2se st 241 N1 21 ZGViIWD -€2 i
2€2 z2y2 rA Rt ZEl 0t £1  2avnbd -2z ‘
A4 2€2 2E1 2% 01 21 Zevnod -1z o
212 22z 221 211 ot [T 2aQvnyd -2 n v
2oz z12 11 201 o1t ot  Zavnod -61 = C
°0 ) o1 01032 -91 i
6103 °1 0°0 0°0 vt o v ocv ot 22a¥02 -LT C
002 20z $23 -91 Cf
s23 2sz 152 001 201 st 1251 ¥4 GZ  IV¥X3nd -51 ,m
3 . 162 25z »23 -1 I
2 +23 2H2 192 161 251 w1 171 02 w2 2VX3AHD -£1 xﬁ
1 052 2v2 £272 -21 :
£, €23 2¢€2 1€2 0%l z91 2el 1€1 a2 £3  <ZVaaH2 ~T1 )
X 1€z e 223 -01 :
- 223 zze 122 1€1 2el z21 121 0z 22 2VX3HD -6 !
3 az2 22z 123 -8 N
s 123 212 112 0zZ1 221 FAQ! 111 02 12 ZvxEsd -1 :
3 112 212 ull -9 .
3 023 202 102 it it 0y 101 ol CT ZYXHHD -5 ¢
1 1 0°2 *00¢E 0% BIZ sic 61 9 Yvgd - :
", 1 0°2 *oE- 0°g stz 712 51 £ 4ved ~-€ Co
. 1 02 “s1 0°s <1z 212 ot z ¥yed -2
i, 1 0z gy vty 5 A 91z 61 1 VD -1
. = 01 ** & s g °. L s 9 s g ey s g e 2 s 1 - LNAOD ]
3 auvd
. ODhI3 V1IVOO 10w dzLywys
3
2 .
) € 39v4d €2/1 /21 NVILISVYN  H161 ‘g A¥vNIg3d I50Ud TIAd SKISH YOLUm LNROLS H0 SISATVANYV 3SAJ6Sxd AINSNO3Yz
g ININOAWOD HIIM YOIOK FIINT5 ¥0d ONIISIT NOHA VIVE NVILSYN .
¥ . - (auc)) 1-% FTAVL . .
o T T I T e T i T LT T e el . AT . Th L LT T e Boa L A . - :
i .Ll»l..t& - —— v,m




»

€L/1 /°1 NVYISVN

291
FA R

12e

01—
0* 1~
0’ 1-
0°I-
0’1~
0° 1~

She
sve
Sve
SHE
Sbe

‘8

i8¢
111

oze

OO e NO

01
o1
ot
0ot
01
o1
ot
01
01
01
01
ot
o1
ot
ol
ot
o1
ot

il va

AdvVNY4SE 3

NN

~

OcoQooOoo0oCcoOCcCOCOoOLOCQOC | o
.

CANNANNNNNENNUNNNNNNN NN

LGN3

7l
201

112

0Co1
Q001

2sc
2s2
2sc
P &4
2ie
21¢

y-99°1

-

.

.

.

.

.

200°

O‘CC'CZGOC
O et el Pt

&

v
N )
* .

‘U0t
*06<g
*0e
*Sve
“0ve
*0el
*081
*021
*oZ1
*0c1
*00¢

29
*S9-

°0¢
09
°09

0°

1 0 b

T2ACK 1NE SNISH

O N0~ NC

LRI R I IR I I I L I I SRR I T )

SO E MO TG AN O =)W

QuoeoooOooCLoCrcOoOoOoOCOOC

<

u

[
o
c
Vi

YOLCw LNAULS

*%WVHIVNd NVELSVN SLNT3x3

ViV3AONs

0°1 o GOOT3
0”f 10379vL

<51 163

221 121 363
9gY9€ll 656 12dS
e tvz 263
95y 656 13dS
4 Z  ievulY

1 T 1GVOTY
o1 01 20vadd
81 ol dvdd
0°v 4 wWvuvd
2Ld0WU33G  WVavd
ISSY#dNUd  wWYuvd
812 886 ad
gre 886 S
812 889 DdH
912 €86 Jdw
912 886 Jdu
912 886 2d
0z TLVH

93*0¢ 81 TLvw
L3°1 o1 1ivi
01 252 QIys
01 1se a1y9
o1 Zy2 aigd
ol 1>z J1¥85
o1 (03 24 aryd
01 2€T G149
o1 1€2 aryd
o1 eze aryo
9 ize GIvy
Ot vz aIys
ot glz a1y
ot 912 arysg
ot S1Z arys
o1 712 aryd
o1 €12 amg
0t 212 aryo
ot 112 QrEd
ol 202 Q1YY
- e LR 3 N -

INANOAKOD HIIM WOTOW BT4HIS ¥0J ONIISTT H0FA VIVA NVMISYN
(3usy) 1-4 ITAVL

=20 SISAAVNY

SY0UYI ON#wx

-6
-Cé6
-¢8
-83
-8
-98
-S8
-9g
~-£€8
-28
-8
-08
-6l
~-8L
—-LL
-9L
-SL
-l
-€L
-ZL
-1
-0L
-69
-89
-L9
-99
-9
~-€9
-29
-19
-G9
-85
-8$
~Ls
-9s
-GS
-4%G
-£5
-25
-19

1NN0D
Giv2

SSNGaSZ Y ADNSIDAuS

P

4-11




L0~-3T6%8CY* 1
LO-30T%9% L2~

L0-3€26%€2°1
80-3885106° 8~

L0-3€822v2° €~
LO-3€LS68E"Y

90~3288%89°1
L0-3916L8%°€

L0-36261€G° G~
80-326909¢c"1

80-3281288°2-
L0~-36%9€T10° €~

— -

. L0-3L0%L60°1
- \\

— ——

L0-30%L66L"8~
80-38%925L°2~

o

€y

T 3svoans

S 39vd

)
<&

B e =
y . R«Lv&Lrﬁ.b‘.wﬁ W - PPN TN NI SRR N

€L/1 /21T NVILSVN

L0-3L62s88°S
L0-3618290°5

L0-326199%°1
L0-3€9%6C1"~

LO-3%68L1Z*S
L0-36L€028°%

90-39€€259°T ! L0-3590%2T1°6—
) LO=-3L0%9%%"9

Q0-3BETLETIB " H—
90~-3LL8E®Z°2

2y

(13S NOILNT0S)

161 ‘8

Lu—~360C0%6° 2
LO-296€E95° 1~

8C-3L20681° 1~
60-358000%° L—

LN-3LT18610° 2~
Lu-3098%sL" 1

Q0-3T18TLYLT '~
LO0—-39L19€S5™%

L0-3T%2%9€° I
80-3SETTILY* 1—

Ty

L0-3L6¥G95° 1—
80~a38925L5°2

S0-329L%2%0°2
90~-226%6cl L~

L0-279083L° L~
90-292L1E0° 1

g0~36Z0L8E" 1—-
H0-31910E0°%s

LO-3588e215°¢€
90-3033192°1—

LO-360601>" %~
80-3196L60°¢E

LO-3T16%L96° L~
LO-3E6808S°8

§0-36991oco0°1
90-3UvELE60° 8~

L0-3292¢€0%° 2~
L0-360L%8E"1L

§0-3e2121s°1
90-355L885° L~

§0-3961L97° L
80~307480L°L

§0-2%09099° 49—
§0-3058T06°2~

S0-3606019° -
$0-34%70103°2-

€L

(AYYNIOVWI/ZTIVZY)

401 335A

Auvnug sz

Lu=-31L0182° 5~
L2=3963LES" 1

9I=39LGIG9° G-
SU-35€6069° 1~

LO-3%y2lel €~
LO-3cei3Za3° 11—

JI~3L989L8" v
60-3EGLESY E

80-396LL62° T~
80-3L26881°Y

LO=3Llu393c" 7
LG-3269265°1-

L0-3€292L9°2
L9-3206€26°1

90-39L692S5°S
§0-3¢81689°1

LG—-3109L08° 9~
L0-310926€°2

99-3€902L¢€" 1
Bu=3248002° L

90-3092101°¢€
80-3€1%%G60° -

90~-3891%2L°T f
LO-3€0SSES €~
§0-3946215°1
20-3691961°1

20-3025%Lz°1
BU-36%E59%° 1

§0-329158€° 1~
90~-3512526°¢

§0-39%101%° 1
90~-3ggLlidT e~

<1

L N3AWA2IVILdSIu X 3

P0-36606L0° 1
L0-3T116909°6

F9=3024917° 9~
S0~a202516° 1

L0-30Z950L° T
90-3L732<Z5° 1

60-390388LC"
LO~3CEEII T L~

LO-58L€9%8°S
LO=3L549295°2

LO=-3LLGLBIS
LU—-325S001° S

LO-32LT628° T
90—-34%2€€9C"°

99=ALGBLGT* ~
DR DR J4- R 4

90-3€80065° 1~
L0-301v5L6°S

90-3€20SY° L—
L0-306uL0V G-

£0-3291108°9
LJI-3L09869°9

L0-52L25TL T~ )
L3-52020€9°9

§0-381103€" 2~
9I—-a%E568E" L

FI=39HCres 3
90-3768E15°C

90-30%09€% 9~
90-3260€21°9

§0-3701557° 9~
F0-31828€8°S

j ¥4

T4 W02

9

W

(L]

3

9

(]

9

3dAL

€0 300uuus*I

o»e

2l

1e2

22z

712

€12

2te

112

202

102

o0
*QaI ANIOd

= AJN3NJ58d
dvul LSt

T200H 1INd INISH YOLOW 1AULS dU SISATVNVY 3SNUJS3Y ADNIND3 YL

ININOJHOD HIIM ¥0XOR ATIWIS Y04 ONXISIT MOAA VIVA NVIISVN

e m s mmmeaawa s ewe cemvews S e v v

(3uol) I-% FTEVE

4-12




.:,,,4,1.:;,,,:,.,.éj RN, coam e e C oo . e e e P
* 'Y , ' & ' m, .
A
< :
b . s
W 4 4
e
»
vr,
%
| (o)
14 -t
. 1
. -
Y - "
M, ¢
.v . N
i ) :
j .-
,. \l\ e N \\ -
/ L0-3666S81°2- )} L0-3299892%0~ 90-38%E€T98°1  L0-380T9SL T~ 90-3Z42249° 1~ | Lu~32991EL° 0~
m/noumhmoim.au LO~3LTY9LL®S  LO-3BG86G7 ¥~ LO~SZL7S2H°1 LO-36ETLBY°C / LO-36S£297°5 o) 252 L.
i SO-JENELZS T  SO-ILTLSTS T- €O0-316666€°2- i
90-3645SSE0*8~ GO0-3€IvZ02° I~ 90-3210%29°1 3 152 |
{
€Y 2y 14 £1 2L 11 3dAl  *GI INIOd
(AYUNISYWE AT '
(135S NOILAIGSY ¥ 0L OS5 A LN3WS3I2VI1dSIA X3TdwUu5s i
£0 3GUUUJSTT = AJININO3Yd B
T 3svsans avoT 1St ,
9 39vd ‘EL/T /2T NVYLSYN $L61 ‘8" ‘AdvAuvysd I500W 1INS SMISH YOLOA LOGLS =L SISATIVNVY 3SNOdS3aY AIONIQ03RI
: ININOGHOO HIIM YOLOW FTARIS W04 ONIISIT 203q VLVG NYEISVN
.ﬁ (auog) 1-4 TIIVL e




NOTRPY SO

o e STy o Mot &

P

.
o A o AL | g o,

i o i N
O 4

AN s el
[ A

4

i

To determine if the calculated response given in Table 4-I could
be duplicated by applying equation (1), the beam component model was
separated from the motor model and each was analyzed separately. This
time the motor model was analyzed uasing cyclic symmetry. The simple motor
model used for this checkout is the same model used by MSC as an example
for a cyclic symmetry solution., The solution for response of the motor
to an internal load is discussed in Appendix C. For the purposes of this
problem, a DMAP alter was added to the cyclic symmetry alter package to
form the {Uo} vector and save it on tape. A listing of the run made to
obtain {Uy] including the DMAP alter is shown in Table 4-II.

The cyclic symmetry motor model was analyzed again to calculate
the receptance matrix [R;] required in equation (1). The analysis was
conducted by applying unit loads at each component connection point in
each coordinate direction., The {Uo} and [R ]analyses could have been
performed more efficiently by combining them into one computer run. The
run listing for the [R,] calculation is shown in Table 4-III. Only the
altered portion of the executive control deck is shown. The [Rm] matrix
is saved on a tape.

The final run made to check out the mechanical impedance
approach served two purposes: (1) The beam component model was analyzed
to obtain the inverse component receptance matrix [Rc'l], and (2) the
{UT} solution vector was formed by evaluating equation (1l). A listing of
the NASTRAN run used for the final calculations is shown in Table 4~1IV,

A comparison between the results obtained by the direct solu-
tion and by evaluation of equation (l) is shown in Table 4-V. The
multiplier 107 has been omitted from values shown in the table. The
ccmparicon given by Table 4~V indicates excellent agreement between the
two solutions,

C.  STRUCTURAL MODELS

For the analysis of the SS Puseidon motor, several different finite
element models were created. Models of the clean motor (motor with no
components attached) were assembled for a zero burn time and for an
advanced (4.0 second) burn time., Clean motor models for the two burn
times are shown in Figures 4-2 and 4-3. Two component models were created,
one for the flight electronics package, and one to model both the hydraulic
power unit snd the gas generator. The two nozzle actuators were each
modeled with a scalar spring. A sketch of the components attached to the
aft adapter ring is shown in Figure 4-4. Dimensions of the motor are
given in Figure 4-~5., Verification of models was accomplished by comparison
to mass and stiffness measurements, Acoustic pressure distributions were
applied to the appropriate internal grain igniter and nozzle surfaces,

With acoustic loads applied to the mathematical models, accelerations and
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TABLE 4-1I (Cont)

NASTRAN DATA D£CK LISTING FOR CYCLIC SYMMETRY
SOLUTION OF SIMPLE MOTOR MODEL - UZRO CALCULATION

JANUARY 2T, 1497« NASTRAN 12/

NASTRAN EXECUTIVE CINTRIL nECX £ CHD
3 ‘REPT TOPCYC,100 CEEELETIEECEEEESSEETIITECESEEIELEETITISFITSLISTIESETL50CC00240
3 JUMP ERROR1 $ 0CCcessso
. LABEL Lcycz § 0RONCSL0
. EQUIV ~ UXVE,UDVF/CYCIU $ ~GONQSTO0
CHKPNT upveE § [sTel@ 22y
: COND LCYC3,CYCI0 ¢ IF TCYCION.RE.CC TRANSFORM TG PHYSICAL VARIABLES (2G00S9C
: CYCT UXVE/ZUDVE ,GCYCRR/Y, Y, CTYPE/C Ry BACK/V, Y, N/V, Y, KMAX/V, Y, NLRAD/ 00001000
- VoY, KMIN 8 €0C01010
CHKPNT  UDVF § 00001620
$
} 3 FRJ ALTEFR ROR UZRO CALCULATION
pe .

MATPRN UDVF,;312// ¥

PARTN CD<ﬂmﬁVHw.\a-Cwnu\ﬁ.znw\ﬂn2<u 3
. MATPRN UlRss29// %

PARTN tﬁxnmew\wCWwwn\ﬁ-Z-H\ﬁn24w <
MATPRN UPY;,494// s .

PARTN C@<mn0vwW<\w~wan\ﬁ-2-w\n-2¢w $

"MATPRN U3Rsyse// %

) PARTN  UBR; RP1/,UP2,,/CyNy1/CsNs3 %
pact MATPRN UP2y334// s
.- MERGE  UP1,UP2;,yiRPM/UZRO/CNy1/CyNy3/CeNy2 s
. . MATPRN UZROys9e// s
B OﬂHNCHw CNWQu-n\\ﬁwZa|H\ﬁ¢2n0\ﬁn2n”><ﬂ>Vm $
. INPUTTY /112 3/CsNs—3/C4N,0/C,N,RAYTAPE  $
. s,
- ) LABEL LCYC3 & . Qo0N1030
g $ 00001040
3 . ALTER 199 SOe01650
LABFL ERRORN & FAILED TO SPECIFY PARAM N.GT.0 00001G6C
: PRTPARM //CyN,C/CyN,R 3 END OF ALTER 00001070
ENDALTER
CEND
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Figure 4-4, Components Mounted on the Nozzle Adapter,
SS Poseidon Aft Dome
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TABLE 4~V

COMPLEX DISPLACEMENT VECTORS
FOR COMPONENT CONNECTION COORDINATES

) Direct Solution . Mechanical Impedance
6.639207 - 1.715272% 6.6393 - 1,7153i
-3.535503 + 17.241681 =3.5355 + 17.242i
1.097407 + 16.523341 1.0973 + 16,5231
5.462359 - 8.7314421 5.4624 - 8.,73151
3.487139 - 16.4224241 3.4871 - 16.422i

| ~1.514637 - 2.185999i -1.5148 - 2.1860i

displacements were predicted at several locations on the model., Receptance
matrices were calculated and the total response was obtained by evaluariag
equation (1), A discussion of the mathematical models, checkouts, mudel-
ing techniques, and load generation procedures follows.

1. Grid Generation

A grid for the clean motor model was generated for a 1/24 sec-
tion. The 1/24 sectionsshown in Figures 4=2 and 4-3 have 1176 degrees
of freedom in the solution set, which is equivalent to 14,112 degrees of
freedom in a full motor model. Figures 4-2 and 4-3 show the full motor
with wedge elements. All of the Task 3 analyses were completed before
the probleuws with wedge elements were discovered. Effects of wedge
elements on the motor unalysis results are discussed in Appendix G. As
can be seen in Figures 4-2 and 4-3, the 1/24 grid contains elements
representing grain, case, igniter, and nozzle.

Checkout for proper operation of the model was accomplished
through several comparisons.,

2. Checkouts of Models

Because of the importance of an accurate representative case
stiffness for prediction of displacements and accelerations, substantial
efforts were made for the determination of chamber stiffness. The effec-
tive stiffness for a particular panel was calculated with the following
procedure, First, the unidirectional, longitudinal, transverse, and
shear moduli as well as Poisson's ratios were calculated using relationships

4-38
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established by Eckvall,(l) which have been demonstrated to be accurate
for many glass/resin systems, The lamina stiffnesses were rotated to
the winding angie, 2., at the center of a particular finite element panel.
The several lamina stiffnesses were combined, using classical laminate
theory, to represent thie total laminate stiffnesses, The effective
laminate stiffnesses were calculated.with a separate computer program,

8Q-5. 2,3)  The orientation of the fivite element panel is determined

by special modules within NASTRAN, Tor verification of mechanical stiff-
nesses of the chamber, predicted deflections resulting from pressuriza-
tion were compared to results from an independent analysis,

Evaluation of math models was accomplished through comparison
of NASTRAN deformations apd predicted deformations of an independent
finite element analysis.(4)\ For a uniform internal pressure of 400 psi,
radial deformations at the centerbore and case midcylinder were compared.
At the grain centerbore, the NASTRAN model predicted a -radial deformation
of 0,342 inch, while an independent finite element analysis(4) calculated
a deformation of 0.41 inch. Radial growth at midcylinder of the NASTRAN
model was prédicted to be 0.444 inch radial growth, while another analysis
calculated 0.45 inch.

NASTRAN-predicted axial movement (under 400 psi pressurization)

-of the forward and aft adapters of SS Poseidon motor was compared to

measured movements., Measured movements of the forward adapter range
from 1,36 to 1.45 inches, Calculated movement, at the 400 psi pressuriza=
tion, was 1.58 inches. For the aft adapter, measured movements range
from 0,97 to 1.68 inches. The calculated movement was 1.53 inches,

(1)

Eckvall, J, C., Elastic Property Orthotropic Monofilament Laminate,
ASME publication No. 61~AV-56.,

(2)

Reed, D. L., Advanced Composite Technology Point Stress Laminate
Analysis, Report FZM-5494 General Dynamics, Fort Worth Division,
1 April 1970.

Laminate Properties Program, Hercules Computer Program 62113, 8 July
1969.

Structural and Thermal Analysis Final Report, SE025-A2A00HTJ-2, Hercules
Incorporated, November 1970, pp. 4-57.

(S)Summary of Hydrotest Results, Ref. 17-10203/5/40-74,

3

(4)
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The NASTRAN finite-element model for the nozzle and nozzle bucket
was checked out, The total model weight was 412,7 pounds. This compares
well with the nominal 425 pound nozzle and bucket weight. The movable
portion of the model has a welght of 307.8 pounds, Model pitch and yaw
moments of inertia are both 17.5 slug-ftz, compared with a nominal
17.9 slug-ftz. A nominal roll moment of inertia was not available for
comparison. The model center of gravity (CG) is located at missile
station (MS) 270.39, compared with a nominal CG location of MS 270,58.

It is thus concluded that the NASTRAN nozzle model provides a reasonably
accurate mass and inertia representatiion, Similar comparisons for the
total motor and for the grain alone showed equally good agreement between
model mass and measured or nominal values,

3. Data Decks

Three disvinct types of data decks were used in the analysis of
the clean motor and components of the SS Poseidon rocket motor., The
data decks were used to: (1) Calculate U, and Ry (Table 4-VI), (2) calcu-
late Rc'l (Table 4-VII), and (3) read Uy, Ry, and the Rc"1 matrices from
tape, and evaluate equation (1) to obtain U;. Details of the calculations
were given above under the heading of Approach,

Each time a solution was calculated for one load, 24 subcases
were required because a 1/24 segment of the model was used. A total of
1032 subcases were used in the clean motor model. The motor was divided
into 12 parts, each of which contained a left and right segment, The
result was a 1/24~grid section of a motor. Appendix C contains details
of the modeling procedure. A typical bulk data deck for the clean motor
is shown in Table 4-VIIIL,

4, Load Generation v

Because the acoustic pressure oscillation is the source of ’
vibration, care was taken to accurately rvepresent the pressure distribu-
tion in the centerbore. Acoustic pressure distributions have been
descyibed in the Task II report (Appendix B). The pressure longitudinal
and tangential acoustic modes for vibrational analyses were applied alony
the centerbore of the model. For each finite element panel, the acoustic
pressure at the center was used to represent the pressure distribution,

The equivalent vector nodal forces were computed by NASTRAN and punched
onto DARFA cards for vibrational analyses.

A description of the Task 3 analyses has been presented in this
section, Results from the analyses as well as an evaluation of the
results and conclusions are contained in Section VI, Evaluation of the
Baseline Motor Analysis,
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SECTION V
TASK 4 = STRUCTURAL RESPONSE TESTING USING ACOUSTIC EXCITATION

Solid rocket motor acoustic pressure oscillations that occur during -
motor operation cause structural vibrations that can be measured and
recorded by accelerometers. However, analysis of typical accelerometer
data indicates that the stiucture is probably responsing to several dif=-
ferent loads during motor operation time, Determination of the portion
of the measured response which is due to acoustic pressure oscillations
and that portion which is due to other forcing functions is sometimes
difficult, Another factor to be considered in interpretation of motor
static firing or f£light data is the large motor-to-motor variability in
the data as discussed under Task I, Section IL.

The objective of the experimental work described in ‘this section was
to measure -the structural resnonse of a solid rocket motor to a known

- loading distribution. This experiment was intended to provide 'clean"
data (by comparison to hot firing data), for evaluation of analytical
models,

Use of experimental data from the program had the following advantages
over accelerometer data from static firing for evaluation of finite element
models:

(1) The measured response of the motor structure represents
- the response to a single well-defined forcing function;
whereas, static firing data contain response informaticn
for several ill-defined forcing functions.

(2) Siuce che testing was conducted under carefully controlled
laboratory couanditions, variability in the data for repeated
test sequences was small; whereas, the variability in
accelerometer data from motor firing tests is large.

(3) Measurement and mapping of the acoustic mode shapes resulted
in good definition of the loading distributions; whereas,
motor static firing tests typically have only one pressure
measurement made at one location.

% (4) Use of double-backed adhesive tape and & movable accelerometer
made possible the mapping of structural response mode shapes

in considerable detail. Because data channels are limited

in number, only four to six accelerometers are normally

recorded during a routine static firing. Even specially

instrumented motors generally have only one to two dozen

accelerometer measurements,




Results from this testing program were intended to complement static

firing data rather than replace it for use in evaluation of analysis results.

Filtering and other data reduction techniques were used to obtain meaning-
ful ccaparisons between analytical results and static firing data.

The following shortcomings were associated with the testing program:

(1) The applied loads and corresponding responses are of very
small magnitude compared to those that occur during motor
operation, Therefore, nonlinearities are unaccounted for
by this test procedure.

(2) Dynamic propertins of the inert propellant (HDLK) were not
the same as those of the live propellant (FKM).

(3) Boundary conditions used for the acoustics testing do not
exactly match those of the static firing or flight test
conditions.

In spite of these shortcomings, the testing program produced useful motor
response data,

The objective was achieved by measuring the response of an inert
Poseidon C-3 second stage motor to acoustic excitation provided by a
loudspeaker in the motor combustion cavity, The cone-type loudspeaker was
placed in the centerbore of the motox. An oscillator was attached to the
loudspeaker through an audio amplifier, Frequency sweeps were conducted
by varying the oscillator frequency in the range from O to 1000 Hz, A
microphone was placed in the combustion cavity to monitor pressure oscilla-
tion amplitudes. The microphone was mounted on a shaft that could be
moved along the motor centerline to map the acoustic pressure mode shapes.
An accelerometer was used on the motor structure and components to map
structural mode shapes,

The motor was pressurized to 50 psi so that the dome of the case
would be forced out away from the propellant grain. Nitrogen gas was
used to pressurize the motor for most of the testing; however, some
studies were made using helium gas to change the frequency at which
various acoustic modes occurred. Since structural natural frequencies
remain constant, variation of the acoustis natural frequencies simplified

the problem of separating structural resonance from acoustic resonance
in the test data.

Two types of tests were conducted: (1) Frequency response, and
(2) mode mapping. The frequency response tests were conducted by record-
ing the accelerometer output on an x-y plotter while the frequency was
varied slowly over a certain frequency range. The accelerometer was then
moved to another point and the frequency response test repeated., By
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examining results from the frequency response tests, major resonance fre-
quencies were selected for mode shape mapping. The mode shape mapping
was conducted by turning the oscillator to a particular frequency and then
moving the accelerometer from one structural point to another to map the
mode of response. The accelerometer signal amplitude and phase were
recorded at each point.

Results from this experimental project are presented by way of fre-
quency response plots and mode shape plots, The acoustic cavity resonances
compare well with those determined previously by test and by analysis. No
data were available for evaluation of the structural response resulcs.

The testing report that discusses the test setup, procedure, and results
is presented in Appendix D,




SECTION VI

;; TASK 5 - BASELINE MOTOR ANALYSIS EVALUATION

- The purpose of Task 5 was to compare analysis results with experimental
results, and to make a judgment on the adequacy of the analysis results
based on the error limits defined in Task 1. Two types of experimental

; results were used in evaluating the accuracy of the analytical results:

- (1) Accelerometer data from static firings, and (2) structural response

. data from the Task 4 testing, The accelerometer data comparisons are

basically comparisons between calculated and measured magnitudes. The

Task 4 response data comparisons are basically mode shape comparisons.

Each evaluation is discussed separately and morz detail is given in the

Task 5 final report included as Appendix E.

~j A,  COMPARISONS WITH TASK 4 COLD GAS TEST RESULTS

A typical comparison between NASTRAN model calculated response and

Task 4 measured response is shown in Figure 6-1. Both mode shapes shown in
the figure have been normalized to have a maximum deformation of unity.
The general shapes of the modes shown in Figure 6-1 are similar (each shape
has only one crossover from positive to negative deformation). Other than
the general similarities, the mode shapes do not show good agreement, Addi-

, tional aft dome mode shape comparison plots may be found in the August 20,

' 1974 wonthly report also included in Appendix G,

The work of Phase II, discussed in Section VII, may provide some
insight into the reasons for lack of agreemernt between measured and calcu-
lated dome mode shapes. The fact that the mode of response is very dependent
on the loading distribution was illustrated during Phase II of the program.
Since the mode shapes in Figure 6-1 are not in good agreement, the corres-
pondence between load distyibutions is questionable.

In Task 4, the shape of the pressure mode along the centerbore was
measured with reasonable accuracy and a corresponding pressure distribution
was applied along the centerbore of the NASTRAN model. Likely problem areas
are the cavities between the domes and the grain. Since both domes in the
second stage Poseidon motor are unbonded, dome cavities are formed when the
chamber is pressurized causing the domes to move out away frow the grain.
The pressure distribution in the cavities was not measured in Task 4.

Scalar springs were used in the NASTRAN model in place of a cavity pressure
distribution., There is no reason to expect the equivalent pressure distri-
bution applied to the dome by the scalar springs to simulate the actual
pressure distribution in the dome cavity. The forces in the scalar springs
are determined by the relative motion between the domes and the grain,
whereas the actual acoustic mode pressure distribution is a function of

dome cavity geometry and the coupling between dome cavity and main combustion

o cavity. Poor simulaiion of dome cavity pressure distributions is, therefore,
a likely contribution to poor agreement between measured and calculated
» mode shapes.

-
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(POSEIDON C3 SS AFT DOME)

BPV NP,

MEASURED MODE SHAPE

MOTOR SECTION AT 0°
RESPONSE TO FOURTH LONGITUDINAL
ACOUSTIC MODE AT 365 Hz

Figure 6-1. Typical Mode Shape Comparison Using Results from
Task 4 Testing




Another possible reason for the poor mode shape agreement has to do
with the characteristics of the NASTRAN finite element model, Work in
Phase II indicated that the use of a 15 degree grid slice may result in a
grid too coarse 'to accurately represent the dome modes, A comparison
2 - between dome modes calculated for a 5° and 15° slice is shown in Figure 6-2,
’ The 5° slice should provide the most accurate results because the circular
motor geometry is more accurately modeled by a series of 5° segments.
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The first natural mode shapes shown in Figure 6-2 have similar shapes
for both the 5° and 15° grids, but the frequency is in error by about 10
b percent for the 15° grid. The second mode shapes are also similar, but the .
frequency of 304 Hz for the 15° grid is considerably larger than the 251 Hz
calculated for the 5° grld Higher frequency mode shapes appear to show
greater differences in shape and in frequency.
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The mode shape in which a structure responds depends on both the load
distribution and the frequency of load application. In the model, the
dome probably responds to the force distribution applied by the scalar
springs and the radial motion at the Y-joint. The radial motion at the
Y-joint probably tends to excite the natural modes nearest the forcing fre- |
quency that have some modal deformation in a radial direction at the Y~301nt.
The spring forces tend to excite modes that are shaped most similar to the
distribution of forces in the scalar springs. A response mode shape may be
made up of the sum of various natural mode shapes in the manner that a
Fcurier series uses a sum of sinusoidal waves to represent a more complex
wave, The measured mode shape shown in Figure 6-~1 appears to contain com~-
ponents of the f3, f4, and fg mode shapes for the 5% slice shown in Figure
6-2, based on the location of the major bulge in the measured mcde shape.
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A significant difference between the actual rocket motor and the finite
element model is probably due to the fact that the actual motor respc-ds
to the acoustic pressure distribution in the dome cavities rather than to
forces in scalar springs. From this discussion, it is concluded that dome
response is a rather complex function of model characteristics (natural
mode shapes), and applied loading dlstrlbutlons, and that the differences
between the 5° slice model and the 15° slice model could account for some
of the difference between measured and calculated modes in Figure 6-1,
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, B.  COMPARISONS WITH ACCELEROMETER DATA

During Task 2, a detailed analysis was performed on data from a
representative aft dome accelerometer (AC-250). The analyzed data were
obtained from the static firings of Poseidon second stage motors SP-0131
and SP-0160. Results from the data analyses are plotted in the Task 2
report in Appendix B. Acceleration levels are plotted as a function of
time for several frequencies of interest. Each frequency range of interest
was mapped by covering the frequency range in increments of 10 Hz, The
analyses were conducted by playing accelerometer data from the ¥M tape
through a Quantech frequency analyzer.
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Figure 6~2, Aft Dome Mode Shapes. Calculated for 5% -and 15° Slice
Finite Element Grids
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Identification of the characteristic motor frequencies was simplified :
by the curves shown in Appendix B (Figures 10 through 19). The curves also '
- show that measured response at early times occurs over a broad frequency
. band. The significance of broad band noise in the accelerometer signal is
: that care must be taken in interpreting the data for comparison with results
£ from NASTRAN analyses. In the NASTRAN analyses, a single frequency (purely

L sinusoidal) load was applied and the model responded only at the forcing
. frequency. Therefore, accelerometer data that show the response to a pure
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L

5 “ sinusoidal pressure oscillation would be desirable for use in comparison
; with NASTRAN analysis results. The aft dome accelerometer data analyzed
during Task 2 were not "clean', Therefore, data filtering techniques were

employed :n an effort to isolate only the portions of the signals that
occurred a: the frequencies of interest, Significant errors in magnitude
occur when a composite (unfiltered) accelerometer response is used in place
of the filtered signal,

T

The curves shown in Figure 6-3 illustrate the reduction in magnitude
that can occur when data are filtered. The top curve of the figure is
essentially unfiltered response data. The middle curve, obtained using a
. 100 Hz bandwith filter has considerably reduced amplitudes. The reduction
; in amplitude is typical for filtered broad band or random vibration data.
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To obtain data for evaluation of the NASTRAN analyses, accelerometer
records from three different motor static firings were analyzed. A report :
N on the data analysis is included in Appendix G, the Task 5 report issued ‘
. with the December 20, 1974 monthly status report. The Task 5 report in
Appendix G contains curves showing filtered pressure gage response and
corresponding filtered accelerometer response, Both the 10 Hz and the 100
Hz filter bandwidths were used. Although a typical acoustic mode has a
shifting frequency, fixed frequencies that matched the NASTRAN analycis
frequencies were used in the accelerometer data analysis.,

When an acoustic mode at the analysis frequency is present in the
motor, the curves representing pressure as a function of time exhibit peaks,
For the three motors included in the study, a special Kistler pressure gage
was used to measure the pressure oscillation amplitudes. By plotting )
filtered accelerometer response on the same graph as pressure gage response, '
it was easy tc read off the acceleration response (in g's) corresponding to
" a particular pressure oscillation peak (in psi), To present the data in
a compact form, the acceleration responses were normalized by dividing peak
value< by the corresponding peak pressure amplitude levels to obtain (g's/
psi). A table showing the resultirg (g's/psi) is shown in the Task 5
report in Appendix G.

The NASTRAN analyses resulted in the response displacements and accelera-
! . tions at the component attachment points (the usual static firing instru-
| mentation for the Poseildon SS motor does not include aft dome accelerometers).
Accelerometers AC-250 and AC-261 were located on the nozzle adapter near ;
component attachment points, The rationale used in comparing static firing :
" data and NASTRAN analysis results is given in the Task 5 Final Report of
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Figure 6-3. Filtered Accelerometer Data for Poseidon SS Motor
SP-0115, Art Dome Accelerometer AC-250, at 680 Hz
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Appendix E.

The comparisons made in the Task 5 Final Report are reproduced
in Tables 6-1I and 6-II for easy reference.

TABLE 6-1

COMPARISON BETWEEN STATIC FIRING.DATA
AND NASTRAN ANALYSIS RESULiS(L)

Acceleration Response (g's/psi)
For Unit Head End Pressure Amplitude

F Analysis Results | AC~-250 Static]| Analysis Results| AC-261 Static
requency
(Hz) for Point @ Firing Data For Point Firing Data
281 C.74 -~ 0.29 23,38
634 2.09 1.45 to 3.14 1.53 1.71
663/680% 5,10 1.57 to 3.05 3.21 0.79 to 2.43
770 2.01 2,95 1.23 2,00
1327 2.69 1.86 to 5.39 0.68 1,05 to 1.87

*The NASTRAN analysis was conducted at 668 Hz.

data analysis was erroneously conducted at 680 Hz,

The static firing

TABLE 6-IT

EVALUATION OF ANALYSIS RESULTS USING
ERROR LIMIT FACTOR 1.94(1)
(Acceleration Levels in g's)

Calculated Maximum Calculated Maximum

T | Lo hozso | Lo x A261
281 1.46 -- 0.56 23.38
634 4.05 3,14 2,97 1.71
668/680 9.89 3.05 6.23 2.43
770 3.90 2,95 2.39 2,00
1327 5.22 5.39 1,32 1.87

(1) Tables 6-I ana 6-II were taken from the Task 5 Final Report - refer
to Appendix E,




In Table 6-I, calculated values are compared with the range of measured
values. In Table 6-1I, a factor of 1.94 is applied to the calculated values
for comparison with the maximum measured acceleration values in accorlance
with the error limits established under Task 1., The comparison is favorable
to the analysis results as calculated values either approximate or exceed
maximum measured values in each case except one. The exception is the
23.38 g¢'s measured by AC-261 at 281 Hz. No reason has been found for the
large discrepancy between the measured and calculated response at 281 Hz.
The measurement at 281 Hz was available from only one motor at one location,
Similar measurements should be made on future static firings to establish
that 23 g's is a representative response at 281 Hz.
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SECTION VII
PHASE II - SIMPLIFIED MODELS

Phase II of the program was conducted to devéiop simplified modeling
techniques. Changes in grid refinement and the use of a half motecr model
were studied as possible modeling simplifications. 1In addition, a study
of scalar springs was conducted. The scalar spring study was intended to
provide some insight into the general behavior cf the motor model. 