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IL: SECTION4 I

INTRODUCTION

j 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 dyneanic 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 Poseidon 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 currently in use in upper
stage ballistic missiles exhibit some degree of combustion instability.
In strategic missiles, the most vibration-sensitive guidance equipment
is 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 neen designed and qualified -to withstand 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-
tiorn levels over 100 g's have been observed on the Minuteman II third stage
motor and vibration levels over 300 g's have been observed on both the
Mrinuteman III third stage and Poseidon- C-3 second stage motors.

Guidance and related motor control haedware are normally constructed
of lightly-damped metal and plastic materials in comparison to the heavily-
damped propellant grain. Hence, vibration amplitudes associated with
resonances of these components can be very high. The degree to which
combustion instability can be tolerated depends u-on the relative resonant
frequency ranges of the components and the acoust-c cavity, which can often
be unstable at several frequencies over a broad range.

I -
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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 constitute the total effort -are as follows:

Phase 'I - Establish a Baseline Analysis

j • Task 1 - Select a Baseline Motor

Task 2'- Baseline Motor Acoustics Analysis

Task 3 - Baseline Motor Structural Dynamics Analysis

Task 4 - Structural Response Testing UsingAcoustic Excitation

Task 5 - Baseline Motor Analysis Evaluation

'• 4 Phase II - Simplified Modeling Studies

Task 6 - Select Simplified Modeling Techniques

Task 7 - Baseline Motor Analysis Using Simplified Techniques

Task 8 - Evaluation of Simplified Model Analyses

Phase III - Verification Motor Analysis

S[i Task 9 - Select Verification Motor(s)

STask 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. Plans 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.

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 motox

in Task 7. Task 8 was intended as an evaluation of siMnlified model results

obtained by comparing Phase I and Task 7 solutions.

1-2



The Phase III verification analyses were scheduled to verify the

si'mplified 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.

plan 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 MacNealýSchwendler Corporation (MsC),

has also been included as an appendix. The MSC report was written to

document the addition of the Cyclic Symmetry capability to the Frequency

Resp3nse Rigid format in NASTRAN. A final appendix is the Modeling Techniques

Manual that is intended to provide guidance to analysts who must analyze

soli 4 rocket motors subject to unstable acoustic pressure ascillatIons.

The following appendices are included as a part of this final re-ort:

Appendix A - Task 1 Final Report

" IAppendix 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 tCe analysis of the C-3 Poseidon SS motor,

(Task 3), and the analysis of the Minuteman III TS motor, (Phase III), 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 UI

TASK 1 - SELECTION OF TP, BASELINE MOTOR

The major objective of Task I was to select a baseline motor. Motors
to be considered as candidates for the baseline motor included the Minuteman
II 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 evaluation 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 motor 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
bad been performed on the Minuteman III 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 III 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 over 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



results from acoustic mode analyses and structural dynamic analyses were to
be considered in defining the error limits. Thie uncertainty in the applied
oscillating pressure loads and the experimental variability in accelero-
rieter measurements was to be taken into account.

STo establish the error limits, results from the finite element models
were assumed to represent mean values (m). Error limits about m were then

41 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 (7) for each accelerometer
location and for each analysis frequency. The coefficient of variation is
the ratio of standard deviation to mean, c.o.v. = sly. Using all available
accelerometer data, an average c.o.v. = 0.569 was calculated. Assuming that
the maximum accelerations at a point on the motor are normally distributed,
an acceleration selected at random from the popvlation should be equal to or

less than 1.94 times the mean maximum acceleraftion 95 percent of the time.
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 below the 1.94 m error limit.

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

2-2



SECTION III

I" TASK 2 - ACOUSTIC ANALYSIS OF THE BASELINE MOTOR

To calculate the response of,a, motor undergoing structural vibrations
due to unstable ac6ustic pressure oscillations, it is necessary to know the
pressure distribution (mode shape) and frequency for eadhacoustic 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 consisted~of selecting the burn times.

A -zero burn time was ,preselected so theit 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 vibration .indicat•i -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 grapb showing the frequency activity in the motor as a function of time

was studied, (see Figure 9 in Appendix B). A 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

0 A4  
365*

TI 668

T3 1327

Al 281
4 A3  805

Ti 634
T2 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.

, 1] • A more detailed description of the burn time selectior, and of the

acoustic mode selection can be found in Appendix B.

•.1
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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

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
pressure 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 axisymnetric 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 motor
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.

4-1



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 problems, 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 wh'n 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 1200 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
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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 1200 segment has a plane of symmetry
and can be represented by two 600 segments which are mirror images of one

another. Additional discussion on cyclic symmetry can be found in

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 adihedral 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 600 segment
model would be solved six times to obtain a general 3-dimensional solu-
tion for one applied load set. A cyclic symmetry solution is apparently
much more efficient than a standard solution because the problem can be
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 approach 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 cyclic symmetry
to NASTRAN Level 15.5. According to MSC officials, the cyclic symmetry
capability in Rigid Foxrmat 8 would be available in the MSC iersion 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 C3Nernet
Computer system.
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The MSC report in Appendix C describes cyclic symmetry, and an
added program feature which allows'a more efficient analysis to be conducted*1 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.

By performing frequency response analyses on a cyclic symmetry
finite element model of the motor, it was possible to calculate motor
-cesponse in a true 3D sense and to account for the frequency-dependent
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
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 mechaanical impedance
techniques. (1)

Mechanical impedance is ý 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
"recepta:nce" 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 Vibration Bulletins, February 1968, The Shock and
Vibration Information Center, Naval Research Laboratory, Wcshington, D.C.

""2 )Harrý's, C. M., and Crede, C. E., Shock and Vibration Handbook, Vol. 1,
Chapter 10, McGraw-Hill Book Co., New York, 1961.

""3 )Bishop, 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.

"14 )Bishop, R. E. D., and Johnson, D. C., The Mechanics of Vibration,
Cambridge at the University Press, London, 1960.

"(5)Crafton, P. A., Shock and Vibration in Linear Systems, Harper and
Brothers, New York, 1961.

"(6)MacNeal, R. H., Electric Circuit Analogies for Elastic Structures,
Vol 2, John Wiley and Sons, New York, 1962.
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;ý The tenm "immittance" has been used to rzpresent 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 systera, 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 wheI,
mechanical impedance is discussed. The frequency response rigid format
in NASTRAN, Rigid Format No. 8, was used for all of the frequency response
analysis conducted during 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 one 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 be 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 locations. The solution is
obtained by superimpobing effects of both loading conditions.

The clean motor model is analyzed with only internal pressure
loading applied to obtain the velocities IVol at the motor-component
interface. The velocities IVlI at the interface caused by component
connection forces [Fc 3 can be expressed by using the motor admittance
matrix [Y]:

IVlI = [y] I cI

The total velocity [Vt] is obtained by superimposing the effects of the
two loading conditions:

tvtI = IVoI + Ivl}

( 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.

(2)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.

" 2 4)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

IvtJ = Vo + [Y] Fc

The forces [Fc) at the interface are unknown, but they can be expressed
in terms of the total velocity by considering the component impedance
relationship:

Fc = "[Zc] Iv V I

where [Zc] represents the component impedance matrix. The minus sign
occurs Ubecause forces applied to the component are equal and opposite
to those applied to themotor. Substituting JFcI in the equation for
jVtj gives:

1vy} V - [Y] [zo] [vt1

Rearranging:
jvt [I] + [][Zo] IVo1

where [13 is the identity matrix. Each matrix must be complex to handle
the magnitude and phase information required. for charactei1zation of
damped systems. The solution represented by the last equation given above
for jVtjmust be repea-ed at each frequency of interest,,

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

(UT) = I + Rm Rc-l]"1 [Uo (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 U0. Then, UT 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 equation!

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

T = 

)F)

'1 [Ue} = [Re] [F3

SIn equation (3), Re is part of the receptance matrix that corresponds to
the extra coordinates Ue. The Re matrix can be formed at the same time
as the R matrix. The forces F must include both the pressure loading and
the interconnection forces. The most convenient way to obtain Ue is to
superimpose (Ue) from the pressure load with (Ue). resulting from the
interconnection forces. Once the interconnection displacements, UT, are
obtained from eque..ion (I), the interconnection forces can be determined
from:

)Pi) [Re [ UT} (4)

Then, superimposing:

CUe) CUe'o + [ReJ [Rc~l] CUT) (5)

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'-] in equation (1) is replaced by:

[Re- Rc"l 1 Rc2 Rc3-]

where the Rl '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 4-1 with solutions
obtained.
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To determine if the calculated response given in Table 4-1 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 using 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 Uo1 vector and save it on tape. A listing of the run made to
obtain JUo1 including the DMAP alter is shown in Table 4-11.

The cyclic symmetry motor model was analyzed again to calculate
the receptance matrix [Rm] required in equation (1). The analysis was
conducted by applying unit loads at each component connection point in
each coordinate direction. The JU01 and [Ra]analyses could have been
performed more efficiently by combining them into one computer run. The
run listing for the [Rm] calculation is shown in Table 4-111. 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 [Rcjl], and (2) the

- IUTI solution vector was formed by evaluating equation (1). A listing of
the NASTRAN run used for the final calculations is shown in Table 4-IV.

toan A comparison between the results obtained by the direct solu-
tion and by evaluation of equation (1) is shown in Table 4-V. The
multiplier 10- 7 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 Poseidon 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 secend) 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 hyuraulic
power unit and 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-V

COMPLEX DISPLACEMENT VECTORS
FOR COMPONENT CONNECTION COORDINATES

Direct Solution Mechanical Impedance

6.639207 - 1.715272i 6.6393 - 1.7153i

-3.535503 + 17.24168i -3.5355 + 17.242i

1.097407 + 16.52334i 1.0973 + 16.523i

5.462359 - 8.731442i 5.4624 - 8.7315i

3.487139 - 16.42242i 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 evaluatiag
equation (1). A discussion of the mathematical models, checkouts, Wodel-
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 sections shown 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 problewzs with wedgc elements were discovered. Effects of wedge
elements on the motor analysis 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



established by Eckvall,(I) which have been demonstrated to be accurate
for many glass/resin systems. The l~mina stiffnesses were rotated to
the winding angle,na., at the center of a particular finite element pan-l..
The several lamina stiffnesses were combined, using classical laminate
theory, to represent the total laminate stiffnesses. The effective
laminate stiffnesses were calculatedowith a separate computer program,
SQ-5.( 2 33 ) The orientation of the fivite element panel is determined
by special modules within rASTRAN. For 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 and 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 predicted 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 movenents.( 5 ) 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.

"(l)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,

I April 1970.
=(3)•! . (3Laminate Properties Progra , Hercules Computer Program 62113, 8 July

1969.

Structural and Thermal Analysis Final Report, SE025-A2AOOHTJ-2, Hercules
Incorporated, November 1970, pp. 4-57.

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

4-39



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 weight of 307.8 pounds. Model pitch and yaw
moments of inertia are both 17.5 slug-ft 2 , compared with a nominal
17.9 slug-ft 2 . 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 representatlion. 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 distinct 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 Uo and Rm (Table 4-VI), (2) calcu-
late Rc 1I (Table 4-VII), and (3) read U0, Rm, and the Rc-l matrices from
tape, and evaluate equation (1) to obtain UT. 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 -lean motor
is shown in Table 4-VIII.

4. Load Generation

Because the acoustic pressure oscillation is the source of
vibration, care was taken to accurately represent the pressure distribu-
tion in the centerbore. Acoustic pressure distributions have been
described in the Task II report (Appendix B). The pressure longitudinal
and tangential acoustic modes for vibrational analyses were applied along
the centerbore of the model. For each finite element panel, the acousti.
pressure at the center was used to represent the pressure distribution.
The equivalent vector nodal forces were computed by NASTRAN and punched
onto DAREA cards for vibrational analyses.

A description of the Task 3 analyses has been presented in thi.s
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 str.ucture 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 flight data is the large motor-to-motor variability in
the data as discussed under Task I, Section II.

The objective of the experimental work described in this section was
to measure ttheo structural response 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 measutred response of the motor structure represents
the response to a single well-defined forcing function;
whereas, static firing data contain response information
for several ill-defined forcing functions.

(2) Siktce the testing was conducted under carefully controlled
laboratory conditions, 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 a movable accelerometer

made possible the mapping of structural response mode shapes
in considerable detail. Bectuse 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.
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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 cranparisons 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 properties of the inert propellant (HDLK) were not
the same as thorse 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 %nert
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 motor. An oscillator was attached tn the
loudspeaker through an audio amplifier. Frequency sweeps were conducted
by varying the oscillator frequency in the range from 0 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 acousti:: natural frequencies simplified
the problem of separating structural resononce 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.
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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 resultc
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 a'e
basically comparisons between calculated and measured magnitudes. The
Task 4 response data comparisons are basically mode shape comparisons.
Each evaluation is discussed separately and more detail is given in the
Task 5 final report included as Appendix E.

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 monthly 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 agreement 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 distributions 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 fror' 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 geontetry and the coupling between dome cavity and main combustion
cavity. Poor simulaLion of dome cavity pressure distributions is, therefore,
a likely contribution to poor agreement between measured and calculated
mode shapes.
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Another possible reason for the poor mode shape agreement has to do
with the characteristics of the NASTRAN finite element model. Work in

4 Phase II indicated that the use of a 15 degree grid slice may result in a
C !grid too coarse to accurately represent the dome modes. A comparison

between dome modes calculated for a 50 and 150 slice is shown in Figure 6-2.
The 50 slice should provide the most accurate results because the circular
motor geometry is more accurately modeled by a series of 50 segments.

The first natural mode shapes shown in Figure 6-2 have similar shapes
for both the 50 and 150 grids, but the frequency is in error by about 10
percent for the 150 grid. The second mode shapes are also similar, but the
frequency of 304 Hz for the 150 grid is considerably larger than the 251 Hz
calculated for the 50 grid. Higher frequency mode shapes appear to show
greater differences in shape and in frequency,

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-joint.
The spring forces tend to excite modes that are shaped most similar to the

4 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-

Ad ponents of the f 3 , f 4 , and f 5 mode shapes for the 5° slice shown in Figure
6-2, based on the location of the major bulge in the measured mode shape.

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 distributions, and that the differences
between the 50 slice model and the 1," slice model could account for some
of the difference between measured and calculated modes in Figure 6-1.

B. COMPARISONS WITH ACCELEROMETER DATA

During Task 2, a detailed analysis was performed on data from a
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 liz. The
analyse' were conducted by playing accelerometer data from the FM tape
through a Quantech frequency analyzer.
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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

4 sinusoidal) load was applied and the model responded only at the forcing
frequency. Therefore, accelerometer data that show the response to a pure
sinusoidal pressure oscillation would be desirable for use in comparisonr I 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 at the frequencies of interest. Significant errors in magnitude
occur when a composite (unfiltered) accelerometer response is used in place
of the filtered signal.

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.

To obtain data for evaluation of the NASTRAN analyses, accelerometer
records from three different motor static firings were analyzed. A report
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 analysis
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
valueq 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 Poseidon 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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Appendix E. The comparisons made in the Task 5 Final Report are reproduced

in Tables 6-1 and 6-11 for easy reference.

TABLE 6-1

COMPARISON BETWEEN STATIC FIRING DATA
AND NASTRAN ANALYSIS RESUILS()

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

Frequency Analysis Results AC-250 Static Analysis Results AC-261 Static
(Hz) for Point Firing Data For Point Firing Data

281 0.74 -- 0.29 23.38

634 2.09 1.45 to 3.14 1.53 1.71

668/680* 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. The static firing
data analysis was erroneously conducted at 680 Hz.

TABLE 6-11

EVALUATION OF ANALYSIS RESULTS USING
ERROR LIMIT FACTOR 1.94(1)

(Acceleration Levels in g's)

Calculated Maximum Calculated Maximum
Frequency Measured Measured

(Hz) 1.94 x AC-250 1.94 x AC-261

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-I were taken from the Task 5 Final Report - reier
to Appendix E.
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In Table 6-1, calculated values are compared with the range of measuredI I values. In Table 6-11, a factor of 1.94 is applied to the calculated values
for comparison with the maximum measured acceleration values in accollance
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 9,'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.
VThe measurement at 281 Hz was available from only one motor at one location.

-• I 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 dev&aop simplified modeling
techniques. ,Changes in grid refinement and the use of a half motor model
were studied as possible modeling simplifications. In addition, a study
of scalar springs was conducted. The scalar spring study was intended to

I •: provide some insight into the general behavior of the motor model. It was
reasoned that modeling simplifications would be easier to develop when the
model behavior was better understood.

Phase II consisted of three tasks:

Task 6 r Selection of. Simpljfied Modeling Techniques

Task 7 - Analyses Using Simplified Models

Task 8 - Evaluation of Simplified Model Analyses

All three tasks are covered in this section of the riport. In Task 6,
several options- for simplified models were proposed to AFRPL. The three
studies covered in this section were selected by AFRPL. The work of
analyzing the simplified models was performed under Task 7. The work of
Task 8 consisted of writing a Task 8 Final Report to document the simpli-
fied analyses and to evaluate the results. The work of Phase II is reported
in detail in the Task 8 Final Report which is included as Appendix F. This
section includes only brief comments on each of the three main studies.

A. HALF MOTOR MODEL

The decision on whether or not to usc a half motor model for a
particular situation was left to the analyst. To provide background data
and assist the analyst in making a decision, comparative results were given
showing how a half motor model responds compared to a full motor model. In
addition, the use of different boundary conditions and the corresponding
modeling implications were discussed. The conclusion was reached that, in
general, a full motor model is to be preferred even if half of the model is
very coarse.

B. SCALAR SPRING STUDY

The scalar spring study was performed to investigate the effects of
using scalar springs in the dome cavities to represent the combustion
gases. Originally, scalar springs were used because of a work statement

requirement. The probable intent of the work statement was that scalar
springs be used only when unbonded dome cavities are sealed off from the
main combustion cavity, as in the case of the third stage Minuteman III
motor. Because the intent of the work statement was misunderstood, scalar
springs were used in the dome cavities of the Poseidon second stage motor
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model. The conclusion that scalar springs should not be used to model dome
gases in motors similar to the Poseidon was made at the end of the study.

The most beneficial part of the scalar spring study was the insight
gained into general dome structural dynamic behavior. In particular, the

Sstudy of the 3radial-to-axial motion transfer and the -study of dome response

to different load distributions, provided results of interest.

C. GRID REFINEMENT STUDY

The grid refinement study was conducted in an effort to relate the
refinementused in a finite element grid with the highest frequency,for
which the grid would provide reasonably accurate results. The study
resulted in a better understanding of the relationship between response
mode shapes and loading distributions, as well as loading frequencies.

It was proposed to use the number of nodes that are available to form
-ao half wave in the mode shape as a measure of mode shape quality. A beam

model was used to show that- natuidl fi6d- §hapes and natural frequencies, are
probably sufficiently accurate when three nodes are available to form each
half wave of the deformed shapc. Some accuracy is lost when only two
nodes define a half wave in the mode shape and one node per half wave is
definitely undesirable. To apply this criterion to a three-dimensional
structure, the mode shape in-various convenient planes (such as radial-axial
or radial-tangential planes) must be examined.

When a real eigenvalue analysis is performed, natural frequencies and
mode shapes are obtained. Theahigher frequency modes always have more
closely spaced waves, (deformation waves -of shorter wave length). Inspnc-
tion of the mode shapes to determine which modes have less than three nodes
per half wave is usually an easy matter. Therefore, the frequency at which
unacceptable mode shapes are obtained is easily determined for real eigen-
value analyses. Results indicated that the aft dome model for the Poseidon
SS was accurate at frequencies up to 400 to 500 Hz for real eigenvalue
analyses. The grain becomes inaccurate at lower frequencies, possibly 200
to 300 Hz.

The valid frequency range for a finite element grid used in frequency
-'response analyses is not the same as that for a grid used for real eigenvalue

analyses. Apparently, the concept of relating the usefulness of the grid
to a particular maximum frequency is not applicable for trequency response
analyses. A maximum useful frequency cannot be assigned to a particular
grid because the mode of response can depend heavily on the load distribu-
tion as well as on the load frequency. For an undamped structure, the
response may always be in exactly one mode if the loading distributiot1
exactly matches the mode shape, no matter what forcing frequency is applied.

- In a more practical situation where the load distribu-ion does not exactly
match any natural mode, the mode of response is determined by a combination
of the load distribution and the applied load frequency.*
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SI: The grain surface along the centerbore of the motor was shown to
deform with four separate half waves, (Appendix F, Figure 2./), in response
to the third longitudinal acoustic mode at 770 Hz. Since only two nodes
were available to define the first half wave and the last half wave, the
grid refinement would be judged as mrar~ginal for this analysis. It shouldI '~. be noted that the valid frequency for the grain model in a frequency response
analysis is considerably larger -than that quoted above for a real eigenvalue
analysis. The high valid frequency zange occurs bet-ause the load distribu-
tion does not excite the higher frequency natural modes.

Based on this grid refinement study, the accuracy of frequency response
results obtained from a finite element model should be evaluated by examin-

I J ing the response mode shape. If three or more nodes are available to
define each half wave of the deformed shape, then the model probably con-

I• 1 tains reasonable refinement for that particular analysis, -•
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SECTION VIII

PHASE III - VERIFICATION, MOTOR ANALYSIS

This section oft analysis of the verification motor has been organized
t as follows:

(1) Introduction

(2) Approach

(3) Models

(4) Closed Envelope Predictions

(5) Evaluation of Verification Motor Analysis

The complete structural dynamics verification motor analysis is discussed
in this section.

Phase III of the program was designed to provide a check on modeling
techniques 3elected on the basis of the Phase I and Phase II analyses.
The Minuteman III third stage motor, which was manufactured by the Aerojet
Solid Propulsion Company, was selected as the motor to be anal3zed for
verification of the applicability of the proposed modeling techniques. The
attributes of the Minuteman third stage motor that make it well suited as a
verification motor were covered in the Task 1 Final Report (Appendix A). Two

of the major advantages of using the Minuteman III motor were considered to
be: (i) The motor deeign was typical of present and probable fuLure upper
stage ballistic missile motors, and (2) a considerable amount of acceler-
ometer data was available.

A. APPROACH

The basic approach used was the same as that used for tne baseline motor
analysis as explained in Section IV. Only the significant differences in

A approach are discussed in this section.

The Minuteman motor has six slots in the propellant grain. 0 Using the
dihedral symmetry option in the cyclic symmetry procedure, a 30 slice model
was required to represent the motor. Use of case elements with a 300
included angle was shown to produce inaccurate results in Phase I!. Therefore,
the 300 slice was constructed by using two 150 slices. Since two slices were
required in the model, a reduction in the number of degrees-of-freedom per
slice was necessary to maintain reasonable computer vun times. A trial run
with the two slice model required 180 minutes (CPU) time using a 600K core
on the Hercules IBM 370 model 155 computer. The trial run produced the
total solutions for s~x unit loads applied at a component connection point.
All values of the ;yslic symmetry K index were used in the trial run.
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Fun time for the trial run was judged to be excessive. To reduce such
time, one of the 150 slices was removed from the model.. Removing the slice
had the effect of increasing the number of slots in the motor model from
6 to 12. Run time for the 12 slot model was about 90 minutes CPU time.

The propellant -rain cannot carry any load in the hoop (tangential)
direction in the slvtted area. The lack of load-carrying capacity is the
same for 6 or 12 slot designs. The radial and axial load carrying capacity
of the grain in the slotted area shoold also be about the same for 6 or 12
slot models. Thezfore, the load carrying capacity of the 6 and 12 slot
models should be alproximately the same. In addition, structural response
in an area of the motor removed from the slotted area should be quite
similar for both 6 and 12 slot models. This rationale was used to justify
the use of a 12 slot model in place of the original 6 slot model. The
reasoning was based on equivalent loads being applied to both models. An
effort was made to apply loads to the 12 slot model that would s.,.mulate
those applied to the 6 slot model. Loads were applied in all slots in the
hoop directions according to the slot surface areas and local pressure
levels. For the tangential modes, a hoop variation in pressure according
to PCos 9 was used. Radial and axial pressure variations were obtained
from acoustic mode analysis results. Radial and axial loads applied in
the slotted area were based on assumed exposed surface areas. To simulate
the 6 slot model, every other slot was assumed to he ie zero exposed surface
area for application of radial and axial loads. Thus, except for the hoop
direction loading, the 12 slot model was loaded as a 6 slot model would
have been loaded.

Th(. use of a 12 slot model to represent a 6 slot motor is considered
to be a modeling simplification. Unfortunately, this simplification was
neither investigated nor evaluated in Phase II. A comparison between the
6 and iZ slot model responses to a unit load at a component attach point
showed very little difference between the two models. A comparison of
responses to an acoustic mode, preferably a tangential mode, would have
been more meaningful, but pressure loads were never obtained for the 6 slot
model. The 6 and 12 slot model configurations are shown in Figure 8-1.

The receptance matrices were calculated in a somewhat different way
than those calculated for the Poseidon second stage motor. In an effort
to reduce computer run times, the unit load solutions required in forming
the receptance matrices were obtained from loads only applied at one
component connection point. Six unit loads, one in each coordinate direc-
tion (rotations and translations), were applied at the component connection
point in Section 1R (Figure 8-1). Matrix partitioning and merging opera-
tions were then used to rotate the results to apply at other component7 connection points.

A unit force in the radial direction at the component connection point

in Section 2R should result in approximately the same radial displacement
that would result at the component connection point in sectioit IR due to a
unit radial load applied at IR. That is, a radial unit load applied
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anywhere around the circumference of the motor should cause about the same
maximum deformations and deformed shape regardless of circumferential loca-
tion of the applied load. The same reasoning can also apply to loads in. other
directions. The locations of the grain slots with respect to loads applied
to the case appear to have very little effect on the calculated displace-
ments. A unit load applied on a radial line corresponding with a slot
centerline results in about the same case deflections as a unit load -applied
on a radial line half way between two slots.

) •The total receptance matrix was obtained by applying only six unit
loads at one component connection point. Using the procedure used in the
baseline motor analysis, 36 unit loads would have been applied. No compari-
son results are available to show whether any time was saved by using the
6 load solution in place of the 36 load solution. Solving for 6 unit loads
and a pressure load, 168 subcases were required. A total of 888 subcases
would have been required for the full 36 unit loads plus pressure load
solution, However, considerable matrix partitioning was required to con'vett
the 6 load solution into a 36 load solution.

The Aerojet Minuteman motor has been analyzed previously using NASTRAN.
The analyses were performed by the MacNeal Schwendler Corporation working

iwith the Aerojet Solid Propulsion Company. A detailed description of the
MSC/ASPC analyses was given in a report(l). Information in the ASPC report
was ased as much as possible in t.he work on this project. The acoustic
modes and frequencies defined were used as input to the cyclic symmetry
model analyses. Th,! same frequencies selected for analysis by ASPC were
also used for this project. Data on component models given in the ASPC
report were also used to create the models in this program. The MSC/ASPC
analysis was conducted without the benefit of cyclic symmetry and thus did
not include the full motor in a model.

B. FINITE ELEMFNT MWDES

Initially, a model of the Aerojet Minuteman III third stage motor was
constructed by using two 150 slices for a cyclic symmetry solution. A
computer plot showing the two slice model is shown in Figure 8-2. The
single slice model was obtained by removing one slice from the two slice
model. Therefore, lie bottom plot in Figure 8-2 represents the single
slice model.

The propellant grain in the Aerojet Minuteman motor is bonded to the
aft dome of the motor case. The forward dome is not bonded. WC's were
used in the NASTRAN analysis to effectively connect the propellant to tht

Minuteman III Third Stage Pressure Oscillation Study Final Report,
1387-01F, AD888219, Aerojet Solid Propulsion Comipany, Sacramento, Calif,
August 1971.
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aft dome. In the model, scalar springs were used in the forward dome cavity
'to connect the dome to the propellant. When the motor is fired, the grain
is, forced down around the igniter-,closing off the forward dome cavity.
Scalar springs were used to represent the effect of gases trapped in the
forward dome cavity.

The grids shown in Figure 8-2 are for a zero burn time. The zero burn
time grid was modified zo represent a- 6-second burn time by relocating some
of the nodes near the center of the grain model. The zero burn time was

> used for calculating response to the tangential mode. The advanced burn
time model was used for calculation of response to the longitudinal mode.
The zero burn time model was analyzed at frequencies of 760 Hz, 800 Hz, and
840 Hz using the first tangential mode (n-= i). The model representing the
6-second burn time was analyzed at frequencies of 200 Hz, 240 Hz, and 300 Hz
using the first longitudinal mode-.

Component models were created for the three major components, the
Autonetics package, the injectant tank, and the pressurant tank. All three
components are mounted to an adapter Uing around tbe circumference of the
nozzle. The circumferential locations ot the attachment points are shown
in Figure 8-1. Data used to create the component models was taken from
"the ASPC final report(l). The component models consist of beam elements to
model mounting brackets and lumped masses and inertias to represent the
main component body.

Rather than giving additional detail on geometry or material properties
used in the analyses, copies of the NASTRAN bulk data decks for typical
model configurations are given. The bulk data for the motor model is shown
in Table 8-1. Bulk data for the three component models are given inTables 8-11, 8-111, and 8-IV.

C. ANALYSIS RESULTS - CLOSED ENVELOPE PREDICTIONS

The work statement for this program called for "closed envelope" sub-
mittal of Phase III analysis results to the AFRPL prior to evaluation of
the results by Hercules. This requirement was met by submittal of the
"Closed Envelope Predictions" report shown in Appendix H. Accelerations in
9g s are given for various points on the forward dome and at the component
attachment points on the nozzle. The accelerations at the component connec-
tion points on the nozzle are shown for both the with and without components-
attached solutions. Attaching the components apparently has a rather small
effect on the response accelerations.

(1)Ibid.
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D. EVALUATION..'OF VERIFICATION MOTOR ANALYSIS RESULTS

The Aerojet acoustics study final report contains a considerable
amount of accelerometer data. A summary of the data is given in -the

•'!figures on pages 17 and 18 of the referenced report. The data from page 17

is reproduced Were as Figure 8-3 for ease of reference. 'The upper graph
in Figure 8-3 shows "how the maximum envelope acceleration varies with
radial distance along the forward dcme for the first tangential mode. The
lower graph of 'Figure 8-3 shows the corresponding data for the first
longitudinal mode.

To put the accelerometer data in a better form fur comparison with
analysis results-, two different times were selected for each acoustic mode
and the acceleration, level was r eplotted As a function of radius at each
time for each mode. For the first longitudinal mode, burn times-of
6 seconds andS8 seconds were selected. The data for 6 seconds and 8 seconds
were plotted in.Figure 8-4 as a function of radius. The closed envelope
predictions were also plotted in Figure 8-4. The geometry of the advanced
burn NA3TRAN model was designed to be most accurate at 6 seconds. The
maximum response to the longitudinal mode occurred at 240 Hz; therefore, the
240 Hz analysis results were ploLted for comparison wi*th the accelerometer
data. Data in the closed envelope predictions were given for a maximuin
acoustic mode pressure of 1.0 psi. The MSC/ASPC analysis was conducted by
using a value of 2.03 psi for the maximum pressure of the longitudinal
mode(2). Therefore, the closed envelope predictions for the 240 Hz mode
were multiplied by 2.0 to obtain response at a 2 psi level for comparison
with accelerometer data in Figure 8-4.

The shapes of the plots for measured and predicted levels shown in
Figure 8-4 are similar as all plots are somewhat bell-shaped with a maximum
at about 14.0 inches radius. The predicted maximum amplitude compares
quite well with measured maximum amplitudes. If the Task I error limits
were applied, calculated values would be multiplied by 1.94 for comparison
with measured maximum values. Using the error limits, the predicted maxi-
mum of about 50 g's includes the measured maximums of less than 30 g's.
fhese comparisons for the longitudinal mode analysis results are considered
to be good, even though predicted levels at radii less than 12 inches aad
greater than 17 inches appear to be too low.

For the first tangential mode, b-rn times of 1/2 second and I second
were selected for crossplottinc, or tne data from Figure 8-3. The cross-
plotted accelerometer envelope data are shown in Figure 8-5. Plots for
the tangential mode are diffirent from plots for the lon3itudinal mode

(l•Ibid, pg 17 and 18.

(•)Ibid, pg 119.
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FORWARD DOME ENVELOPE (TANGENTIAL I 3DE)

I ~RADIAL LO(CATION

~4 30"O- 7.5 IN. R
O--J9 IN. R90SP.4 14IN
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2 2 25 ~ N- 1 IN. R

--- F QUENCY

> 200- -800z
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0
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Figure 8-3. Accelerometer Data for the Minut(can III Motor

Taken From Reference I.
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because both loading distributions and frequencies are different. Due to
the nature of the tangential mode, the motor centerline should be a node
in the response mode shape. The accelerometer data -hown in Figure 8-5
appear to approach zero for small radii and increase .:o reach a maximum
at 14.0 inches. The maximum calculated response to the tangential mode
occurred at 800 Hz. Therefore, the 800 Hz closed envelope predictions
were plotted in Figure 8-5 for comparison with the measured data. The
closed envelope predictions show a peak at a radius of 12 inches with a
magnitude only slightly over 40 g's. The measured data envelope has a
peak over 300 g's.

As a result of the poor agreement between accelerometer data and closed
envelope predictions for the tangential mode, the AFRPL requested that the
tangential mode solution be studied to determine reasons for the noted
discrepancies.

Examination of the curves in Figure 8-3 shows that the response is at
a maximum between I and 1-1/2 seconds for the tangential acoustic mode.
The loads applied to the model were calculated based on a zero burn time
geometry. The pressure distribution for the tangential mode has a maximum
value of 100 psi at the slot tips and smaller values at the centerbore.
An increase in slot tip area due to advanced burn time results in signifi-
zantly greater forces being applied to the NASTRAN model.

Another computer run was made to calculate the response of the model
to an 840 Hz tangential mode. The following changes were made with respect
to the configuration used to obtain the closed envelope predictions:
(1) Increased loads were applied to correspond to a 1-1/2 second burn
time, (2) an error in the bulk data deck that resulted in use of a low
grain modulus was corrected, and (3) the scalar springs were removed from
the dome cavity. The frequency of 840 Hz was used because of the possi-
bility that the stiffer grain would cause a maximum response at 840 Hz
instead of 800 Hz. The grain shear modulus was increased from 500 to 3900
psi through correction of the error. The scalar spring elements were
removed from the model to ensure that the springs did not restrict the
dome response. Results from the analysis showed very low dome accelera-
tions, a peak of 14 g's at a 10 inch radius, and another peak of 15-1/2

g s at a 22-inch radius. Some points on the grain exhibited accelerations
greater than 200 g's.

A second modified computer un was made in an attempt to obtain higher
dome accelerations. Examination of the previous run results indicated the
need for a more direct load path to transmit grain motions to the case.
The radial-to..axial motion transfer discussed in Phase II is apparently
not very effective for this tangential mode. The following changes were
made for the second modified computer run: (1) The scalar springs were
installed, '2) th! frequency was changed to 800 Hz, (3) the 1-1/2 second
load system was applied,'(4) forces were applied to the igniter, and
(5) the pair of springs connecting the dome to the grain nearest to the
igniter were stiffened considerably to model friction between the grain

8-37
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and the igniter. Forces on the igniter due to the acoustic pressure mode

had been inadvertently omitted from previous runs. Forces applied to the
*7 igniter are effective in driving the dome because they are not transmitted

through the propellant. The forward dome cavity is considered to be sealed
off from the main combustion cavity because the grain is forced do,.wn around
the igniter. While the grain is forced around the igniter, a friction

Sforce would tend to restrict relative motion between the grain and the
igniter in the axial direction. This friction force was modeled in a crude
way by increasAng the stiffness of the pair of scalar springs nearest to
the igniter.

Results from the second modified computer run showed a dramatic increase
in the acceleration levels on the forward dome. The levels are plotted as
a function of radius in Figure 8-6. A peak acceleration level of 307 g's
was predicted at a radius of 10 inches. The curve has three peaks. The

* •shape if the curve does not correspond to the shape of the measured
responses. The conclusion from this analysis is that forces that occur
during the 100 psi tangential mode are sufficient to cause accelerations

j on the dome in the 200 to 300 g range. The discrepancy between calculated
and measured acceleiation distribution6 is probably due to poor modeling
of load transmission from combustion cavity to dome. No attempt was made
to obtain a more accurate load transmission model.

The evaluation ol the Minuteman motor did not follow the pattern used
for evaluation of the Poseidon motor because the accelerometer data were
available in a different form. The pressure oscillation levels were
assumed to be 2 psi for the longitudinal moce and 100 psi for the tangential
mode in accordance with the Aerojet report(i). No pressure oscillation data
were examined. No attempt was made to evaluate the aft dome response
predictions because no filtered data were available. The forward dome data
were reported to be sinusoidal and therefore not in need o Filtering.

( 1 )Ibid.
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SECTION IX

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

A. TASK i

The objective of Task I wa*to select a baseline motor. Application
4 of specified criteria to thriej,'ýdndidate motors resulted in the conclusion

that either the Minuteman I ithird stagL or the Poseidon C-3 second stage
motors could be satisfactorily used as baseline. The Poseidon motor was
selected mainly because an inert motor was available for acoustics testing
and because of the Hercules familiarity with the C-3 design.

A secondary objective of Task 1 was to establish error limits for
use in evaluation of analysis results. This work resulted in the recom-
mendation that an error limit of 1.94 times the calculated value be used.
If the analysis was satisfactorily accurate, 95 percent of the test data
"(maximum acceleration at a point) would be lower than the error limit.

B. TASK 2

The objective of Task 2 was to define the acoustic natural modes and
frequencies of the baseline motor. No acoustic analyses were performed
because a review of existing experimental data and analysis results
indicated tbnu acoustic modes and frequencies were already sufficiently
well defined. Based on the reviewof existing information, the required
number of acoustic modes were selected and defined for use as loads in the
structural analysis.

C. TASK 4

The objective of Task 4 was to provide experimental data on struc-
tural response to acoustic loads. The testing program was considered to
be successful. The following conclusions were reached as a resulL of the
Task 4 work:

(1) A vertical testing attitude and motor pressuzization are
necessary in the testing to obtain separation between the
propellant and a motor dome.

(2) Double-backed adhesive tape provides a satisfactory
accelerometer mounting system for the low acceleration
levels encountered in the tests.

(3) A loudspeaker placed in the centerbore of a sealed motor
cavity can excite acoustic cavity modes which, in turn,cause a structural response at a measurable level.

9-1



(4), bDifrent gases can be used lia the motor cavity to obtain
different natural 'frequencies for the same acoustic mode
shapes. The change of frequencies is useful to separate
structural resonances in the, test data.-

(5) The test procedure used in Task'4 can be recommended to
characterize motor structural response to well-defined
acoustic mode loading conditions.

D. TASK 5

"The objective of Task 5 was to evaluate the results of the baseline
motor analysis. The results were evaluated in two different ways:

(1) Analytical results were compared with measured static
firing data.

(2) Analytical results were compared with measured Task 4
experimental data.

The comparison with static firing data was based on the error limits
defined under Task 1. Reasonable agreement was obtained when the comparison
was made, with only one of nine measurements grossly exceeding the predicted
level and two other measurements exceeding the prcedicted levels. The fact
that component vibration data were available from only four static firings
led to the conclusion that additional data should be obtained and reviewed
before a firm decision was made about the accuracy of the analysis
technique. The one measurement that showed the worst comparison with the
analysis data was taken from a single static firing.

Response mode shapes measured durin3 the Task 4 testing were compared
with analytically predicted mode shapes. In most cases, reasonable compara-
tive agreement was achieved. No error limits had been specified for mode
shape comparison, so quality judSments were somewhat subjective.

Based on the comparisons and evaluations made in Task 5, the basic
conclusion that the analysis was sufficiently accurate for program con-
tinuation was reached. However, recommendations for use of additional
static firing data and for improveneitts in the baseline motor model were
made.

Part of the work in Tas-k 5 consisted of analyzing motor static firing
data from Poseidon C-3 second stage firings. The data analysis was con-
ducted to obtain a relationship between measured pressure oscillation levels

and acceleration respcase levels. Because of relatively high noise levels
in the response, i.e., response over broad frequency ranges, results
obtained by using unfiltered data were found to be misleading. It was
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:1 therefore concluded that corresponding pressure and acceleration records

should be filtered at the frequency of interest to obtain a measure of the
response level that could be attributed to the measured pressure oscilla-
tion level. This conclusion would not apply to a motor with clean,
essentially single-frequency, pressure and response measurements.

E. PHASE II, TASKS 6, 7, AND 8

ji The purpose of Phase II was to study simplified modeling techniques.
The work of Phase II-contributed significantly toward obtaining a better
understanding of the general structural dynamic behavior of a solid rocket
motor. The work was based on the philosophy that simplifications could
ouily be developed after the motor behavior was better understood. The
following conclusions were reached as a result of the Phase II work:

(1) Use of a half-motor model for general analysis work is not
recommended. Special situations where a half-motor model
may be satisfactory are discussed in the text.

(2) Scalar springs should not be used to represent gases in
dome cavities that are open to the combustion chamber
such as the dome cavities in the second stage Poseidon motor.
A scheme involving scalar springs, scalar-masses, and multiple
point constraint relations can apparently be used to represent
gases trapped in a dome cavity that is physically sealed off
from the combustion cavity such as in the Minuteman III third
stage motor during the first 2 seconds of firing. The scheme
referred to was used by the MacNeal-Schwendler Corporation
in a previous analysis and was not studied here.

(3) Because of the curvature in a dome, a radial motion at a
Y-joint can result in a significant axial motion at the
center of the dome. A radial motion input at the dome
Y-joint can excite a large number of dome modes in the
0 to 1000 Hz frequency range.

(4) The mode of response of a dome is likely to be heavily
dependent on the applied loading distribution; therefore,
the load distribution should be specified as accurately as
possible if accurate dome response is desirable. If
acoustic cavities are analyzed to determine acoustic mode
shapes, then the dome cavities should be included in the
cavity finite element model.

(5) The choice of grid refinement should be based on considera-
tions of both structure natural modes and applied loading
distribution.
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()Based on the rule-of-wthumb that three nodsas be available7 to define each half wave of the deiormed shape, the aft
-dome model "for the second stage Poseidon C-3 motor becomes
inaccurate above 500 to 600 Hz.

(7) Based on comparisons between analyses of dome models, using
different slice sizes, the 15 degree slice model fails to
accurately predict the second dome mode which occurs at
about 250 Hz. Therefore, a 15 degiee slice grid is too
coarse for analyses that require accurate response in the
higher 'frequency modes.

(8) A fairly• coarse grid can be used for the grain in the motor
model. The limiting factor appars to be the requirement
that sufficient nodes be available to obtain reasonable
definition of the input load distribution.

(9) The WEDGE and HEXAl elements in NASTRAN are unsatisfactory
for the type of analyses conducted during this program.
Both element types give unsymmetric responses when subjected
to symmetric load distributions.

F. PHASE III

The Minuteman III third stage motor was analyzed during the work of
Phase III. The objective of the Minuteman analysis was to verify the
analysis techniques recommended at the conclusion of Phase II. Results from
the initial analysis were transmitted to the AFRPL on a closed envelope
basis. An evaluation of the closed envelope data led to the conclusion
that response predictions were reasonably accurate for the longitudinal
mode, but predicted levels for the tangential mode were much too low.

When the problem with the tangential moue response was identified, a
study was conducted to determine if errors had been made in modeling the
motor and to determine if modeling improvements could be made. Some err)rs
were discovered and corrected and changes were made to improve the modeling.
The result was a fairly accurate prediction of maximum acceleration
amplitudes but a poor prediction of the response mode.

The basic conclusion reatied as a result of the Phase III work was
that analysis quality can depend to a large extent on the ability of the
analyst to visualize the •.sential structural features of a motor and to
include these features in a model. Apparently-, the analyst must be quite
meticulous in his preparation of the model to avoid making modeling errors,
especially when no test data are available to verify the adequacy of the
model.
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G. GENERAL SUMMARY AID CONCLUSIONS

The calculation of the response of a rocket motor to internal acoustic
pressure oscillations is a complex procedure. The three-dimensional natureJ • of the motor structure and typical loading systems have required a detailed

K •three-dimensional finite element model with many degrees-of-freedom. One
objective of the program was to simplify the existing complex analysis
procedure. A major fundamental analysis simplification resulted from the
program. The addition of cyclic symmetry capability to the frequency
response rigid format in NASTRAN has made analysis of very complex three-
dimensional models practical. The MacNeal-Schwendler Corporation was

S~responsible for the development of the cyclic symmetry concept. The
required modifications to NASTRAN were made by MacNeal-Schwendler under

contract with Hercules Incorporated. The subcontract work was funded by

.P this program.

To take advantage of the cyclic symmetry capability in analyzing motors
¶ with components attached, an approach was adopted ,'ing mechanical impedance

methods. Components attached to a motor generally -spoil the cyclic symmetric
character of the bare motor case-and grain. By using the mechanical.

j impedance approach, the theoretically correct response for the motor-
components combination can be calculated. A specific mechanical impedance
approach was formulated and checked out for use in conjunction with cyclic
symmetry. The approach was implemenLed by using the direct matrix
abstraction (MIAP) option in NASTRAN. Use of cyclic symmetry in conjunction
with the mechanical impedance procedure can now be recommended for any
analysis where the response of a coupled motor-component system is desired.

Ii One of the most important contributions made by the program is the
praULJial analysis experience and the insight into motor structural dynamic
behavior that was gained. Various analysis approaches were tried and results
were evaluated by comparing them with actual static firing data and with
special acoustic test results. The analysis experience gained is presented
by way of a modeling techniques manual included as Appendix I. Information
in the modeling techniques manual is intended to be of value to the pros-
pective analyst who is faced with the problem of calculating response of
any solid rocket motor to internal acoustic pressure oscillations.

The acoustic testing work conducted led to the conclusion that
°structural response to acoustic modes can be successfully measured in a
simple bench test. The testing proved to be worthwhile because of the
detailed mode mapping that could be performed and because the input was
cleai and well defined.
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The original intent of the program was to develop simplified modeling
'techniques that could be used during the design phase of motor development
programs to predict the load levels input to attached components. Experience

gained indicates that nogeneral guidelines can be expected to cover all of
the different special ptoblems that each-differentmotor design will-create.
The quality of' future analyses is likely to depend' strongly on the ability
of the individual'analyst to visualize the motor response and to. model the
significant structural features. A record of past analysis experience may
be the prospective analyst's most valuable guide.

Based on the work of the program, four recommendations for future work•! are made:

(1) Only two different motors were analyzed, Somewhat different
techniques were used on each motor. Results from future

Ssimilar analyses should be reported in sufficient detail so
that a catalogue of techniques can be formed and so that

V confidence cat. be built for some techniques while others
are rejected. Additional comparisons between analytic results
and measured data would be helpful to the prospective
onalyst.

(2) Experiments conducted during the program indicated that
rather small incre.nents must be used for hoop direction grid
refinement when a curved motor case is modeled with flat plate
elements. An improved element for modeling the motor case
or betcer modeling techniques using existing elements is
needed to keep overall problem size as small as possible.

(3) More high frequency pressure gage data and accelerometer
data are needed from static and flight tests for evaluation
of analysis results. Data filtering techniques should be
used to isolate the significant characteristics of the data.

(4) A three-dimensional acoi1.tics element coupled with the cyclic
symmetry analysiq .,. !pt could provide a more general
acoustics cavi.y analysis capability.
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FOREWORD

This report presents the results of Task I for Contract F04611-73-C-
0025. The purpose of Task 1 was to select a baseline motor for further
study in the program. The information upon which the baseline motor
sciection was made is contained in this report. This report is being
submitted to obtain formal PCO approval of the baseline motor selection.
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I. ABSTRACT

The objective of the Task I work reported herein was tc select a base-
line motor. Each of the three candidate motors is discussed with respect
to specified baseline motor selection criteria. Each motor appears to
have sufficient component vibration data from sLatic and flight tests.
Also, acoustic mode analyses have been performed on each motor by the
MacNeal-Schwendler Corporation. Acoustic bench tests have been performed
"on each motor, with the Poseidon C-3 second stage having the most compre-
hensive bench test results available. More significant structural dynamic
analyses have been performed on the Minuteman III 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 III Stage III or the Poseidon C-3
second stage motor could qualify as a baseline motor. The Minuteman III

I Stage III motor was disqualified because the use of four separate nozzles
was judged to be not typical of probable future motor designs. Hercules
Incorporated selected the Poseidon C-3 second stage motor to be the base-

I line motor.

I
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II. INTRODUCTION

I A. Objective

The objective of this work was to select a baseline motor for
further study under this program (Air Force Contract F04611-73-C-0025).

B. Approach

Existing data on component vibration spectra and internal pressure
V oscillation for three upper stage ballistic missile motors was surveyed.

Data from the Minuteman II and III third stage motors and from the Poseidon
second stage motor was included in the survey.

The following criteria were used in selecting the baseline motor:

1) Availability of component vibration and acoustic
pressure oscillation data from static and flight
tests.

S12) Availability of acoustic mode analysis and
dynamic structural analysis results.

3) Availability of acoustic bench test results,

4) Degree to which the motor configuration is
representative of probable future ballistic

missile motor designs.

5) Availability of an inert motor for use in the
vibration testing program.
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III. MINUTEMAN II STAGE III MOTOR

A. Component Vibration and Pressure Oscillation Vata from Static
and Flight Tests

The data required to characterize a motor for this program con-
sists of accelerometer and pressure gage data. The accelerometer data of
interest is that from accelerometers located on motor components and on
the basic motor structure. Pressure oscillation data which can be
correlated with accelerometer data is required to establish the desiredt load-response relationship. Accelerometer data should be reduced to show

- jlevel of response (in g's) and frequency of response as a function of
time. The reduced pressure oscillation data should indicate the oscillating

* pressure amplitude as a function of time.

For the Minuteman II third stage motor, the collection of
representative data is complicated by the fact that motors cast from
different powder lots may exhibit different pressure oscillation characteris-
tics. The various powder lots are characterized in terms of oscillatory
or nonescillatory characteristics in Reference 1.

Another problem which must be dealt with is the dependence of the
meabured pressure response on the tubing-pressure gage configuration.} Since the tubing which leads to the pressure gage has its own dynamic
characteristics, repotted pressurc levels may not be accurate over the
frequency range of interest. The lacK of accuracy can occur when the fre-
quency of chamber pressuce oicillation is near to a resonant frequency of
the pressure gage tubiii. (The tubing is required to isolate the pressure
gage from the hot combustion gases.) At this point, it appears that some
additional work will be necessary tj measure or analyvically predict a
transfer function for the gage tubing in order to properly interpret
existing pressure data.

Minuteman Stage III oscillatory burning data have been analyzed
by playing FM tapes through a Qiian-Tech Model 305 Tracking Wave and Spectrum
Analyzer. Use of this analysis technique results in the following deter-
minations: (1) The frequencies present during oscillatory burning, (2) the
frequency-time histories for each frequency, and (3) the amplitude-time
histories for each frequency.

The Quan-Tech Model 305 Tracking Wave and Spectrum Analyzer has a
frequency range of 10 Hz to 50 KHz and a selection of three constant band-
widths of 10, 100, and 1000 Hz. It has electronic tuning with the following
functions:
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""- (1) Automatic frequency control to lock onto a drifting
signal and follow it over the whole or discrete
portions of the tuning range (limited frequency
range determined by the bandwidth).

(2) Track function to lock onto a frequency signal and

follow it over the whole or discrete portions of

the tuning range.

(3) Sweep function to start at a tuned frequency and
scan upward in frequency over the whole or
discrete portions of the t,•ning range as deter-
mined by a sweep incremert switch.

(4) Scan (or search) as in the sweep function until a
"signal is found whereupon Ohe instrument will lock
onto and track the signal.

Some results from the Quan-Tech data analysis are reported in
Reference 1. The data is presented in the form of pressure oscillation
amplitude (A.C. comonent), acceleration, or strain as a function of time
for various tracking frequencies. Acc_lerometer data obtained from three
motors fired during the Safeguard program is included. Accelerometer loca-
tions are shown in Figure I for the Safeguard motors. Plots comparing
ac,.elerometer response data from four oscillatory static firing motors with
corresponding data from three flight motors is also given in Reference 1.
Accelerometer locations for the static firing/flight comparisons are shown
in Figures 2 and 3. The flight data sampling rate is too low for meaningful
frequency response analyses to be performed.

Perhaps the most useful data for the purposes of this program
will come from static test motors VI-QA-79 through VI-QA-82. These mot'rs
were heavily instrumented with accelerolmeters for the purpose of measuring
the vibration environment to which the various cumponents are subjected.
Accelerometer locations for motor VI-QA-8. are shown in Figures 4, 5 and 6.
The extent to which the locations . in were common with VI-QA-79, -80,
and -.81 is indicated in Table .. Tal'le I was extracted from Reference 2.
Reduced data for motors VI-QA-79, -80, -81, and -82 are available in
References 1, 2, and 3. Ta addition, many unpublished data plots are
available in the Test Analysis section files at Hercules Incorporated.

It appeirs that sufficient vibration and pressure oscillation data
are available to characterize the Minuteman II third stage motor.

B. Dynamic Structural Analysis Results

Significant results from dynamic structural analyses on the

Minuteman II third stage motor are available from two programs:

(1) The Transportation and Handling program (Reference 4)

(2) The Pressure Oscillation Investigation program
(Reference 5)
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In addition, grain vibration analysis results are available in Reference 6
and structural damping of the grain is discussed in Reference 7.

In the work of Reference 4, a dynamic analysis was performed on
the Stage III motor, initally using simple beam and cylinder approxima-
tions. At a later date, more refined solutions were obtained in which
mathematical models, more nearly representing the geometry of the motor,
were used. Finite difference type modeling techniques were used in con-
junction with a direct analog computer in obtaining dynamic solutions.
An investigation of the frequency content of the transportation environ-
ment experienced by the motor, based on transporter dynamic analyses and
road test data, revealed essential motor resonance frequencies. The
analyses were all based on two-dimensional math models and are not
directly applicable in this program. However, the breathing, bending,
and axial modes which were determined, having been partially verified by
test data, will be useful for comparison with analysis results from this
program.

A three-dimensional structural dynamic analysis of the aft dome
structure, including nozzles, nozzle stacks, and nozzle control unit, was
performed using the SAMIS computer program. This analysis was reported
in Reference 5. Natural frequencies and mode shapes were determined
separately for:

(1) The Nozzle Control Unit

(2) Nozzle

(3) The Aft Dome Including Nozzle Stacks

In addition, natural frequencies and mode shapes were determined for the
entire aft dome with components and frequency response solutions were
obtained for the aft dome without components. The analyses performed
for the work of Reference 5 could be considered to represent analyses of
a simplified model as will be required in Task 10 of this program.

The work reported in References 6 and 7 was not concerned
basically with structural dynamic analyses; however, results from two-
dimensional analyses giving frequency response solutions for the grain were
reported. These solutions provide data which can be used to check new
three-dimensional models containing the grain.

C. Acoustic Mode Analysis Results

The acoustic mode analyses which have been performed on the
Minuteman II third stage motor by Hercules Incorporated are reported in
References 6 and 7. The mode shape for the first longitudinal mode 6 is
shown in Figure 7. The frequency was calculated to be 160 Hz for air or
about 480 Hz for hot combustion gases. The plot shown in Figure 8 was
taken from Reference 7. The second longitudinal mode was calculated to
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occur at 272 Hz. The acoustic mode analyses performed by Hercules were
based on two-dimensional finite-element models and a 15-second burn time.

Additional acoustic mode analysis results are available in
Reference 8. The results presented in Reference 8 were obtained, with the
acoustic analysis capability of the NASTRAN Level 15 computer program.
Published results are shown in Table II. Mode shapes for the two lowest
frequency modes for the two-inch burn time are shown in Figure 9.

D. Acoustic Bench Test Results

Acoustic testing has been performed on fullscale models of the
M-57AI motor which were constructed to represent grain cavity geometry
at 3-second, 6-second, and 15-second burn times. Results of the
acoustic tests were reported in References 5 and 9. Results taken from
Reference 5 are shown in Figures 10, 11, and 12. The figures show the
first four longitudinal mode shapes for the three different burn times.
Apparently, no radial or tangential modes were established. Also of
interest is the fact that no third harmonic was found for the 6-second
model and the fourth harmonic was very close to the second harmonic in
frequency.

IV. MINUTEMAN III STAGE III MOTOR

A. Component Vibration and Pressure Oscillation Data from Static
and Flight Tests

During the "Minuteman III Third Stage Pressure Oscillation
Study"!0; vibration data were collected from 24 motor firings and at 37
different locations on the motor and motor components. A standard
instrumentation plan for accelerometers was developed and used in the
oscillatory burning program to establish vibration envelope information
of the forward dome, aft dome, and nozzle. Selected accelerometer loca-
tions were monitored during the qualification program and during some
production firings. The instrumentatior, of flight test motors was modi-
fied to include the corresponding instrumentation from the oscillatory
burning program. Accelerometer locations for the forward and aft domes
are shown in Figures 13 and 14. (The figures were obtained from
Reference 10.)

Vibration envelope data for many of the accelerometers shown
in Figures 13 and 14 are given in Appendiy A of Reference 10. The data
are presented in the form of graphs showing the maximum acceleration
level envelope (in g's) as a function of time after ignition. Also
shown is an eiveloDe of the predominant frequency as a function of time.

The Minuteman III third stage motor has been found to exhibit
unstable acoustic pressure oscillations in two distinct modes. The
general characteristics of the unstable oscillations are indicated by
the pressure osci.llation amplitude and frequency variation curve shown
in Figure 15 (taken from Reference 10). From 0 to 4 seconds, a
tangential acoustic mode causes oscillations at from 870 to 760 Hz. From
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4 to 14 seconds, the fundamental longitudinal mode causes oscillations of
X 1 from 350 to 200 Hz.

B. Dynamic Structural Analysis Results

Three dynamic structural analyses1 0 of interest have been
conducted on the Minuteman III third stage-motor: 1) A modal analysis
was performed on a Forward Dome model to determine mode shapes and fre-
quencies of the dome for frequencies below 1000 Hz, 2) Frequency response
analyses were performed on a model of a forward portion of the motor
including a portion of the propellant, and 3) A structural dynamic analy-
sis of the nozzle was performed simulating the configuration of the nozzle
as tested in the nozzle survey. Many of the results from the analyses are
given in Reference 10. However, the usefulness of these analyses in this
project may depend upon the cooperation of the Aerojet analysts in making
unpublished analysis details and data available.

C. Acoustic Mode Analysis Results

Acoustic analyses have been performed on the Minuteman III third
stage motor using the acoustic analysis capability which is currently
available in the NASTRAN Level 15 program. Results of the analyses are
reported in References 8 and 10. Natural frequencies obtiined from
Reference 8 are given in Table III. Several plots showing pressure mode
shapes are given in References 8 and 10.

D. Acoustic Bench. Test Results

Acoustic bench testing was performed on a fullscale model of the
Minuteman III third stage motor cavity which was constructed to represent a
3-second burn time. Details of the testing and plots of the node shapes
are given in Reference 10.

V. POSEIDON C-3 SECOND STAGE MOTOR

A. Component Vibration and Pressure Oscillation Data from Static
and Flight Tests

Accelerometer data are recorded from four locations on the forward
dome on a routine basis for each static firing. Data from approximately
40 firings are available for the four forward dome accelerometers. Data from
approximately 10 firings include two additional accelerometers; one located
on the aft adapter ring, and one located on the cylindrical section near the
forward dome te,,grnt IUne. Accelerometer locations are shown in Figure 16.

In addition to the routine static firing data listed above, data
are available from three static firing motors which were specially instru-
mented with from 15 to 20 accelerometers to measure component response.
The three motors with special instrumentation zre: cY-OII5, SP-0131, and
SP-0160. Acceleromecer locations for SP-0160 are shown in Figures 17 and 18.
The instrumentation for the two other motors was similar.
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Some Pressure gage and accelerometer data are available from
flight tests; however, the data sampling rates used to collect the data
are generally so low that valid data are obtained only for low frequencies
(generally below 200 Hz). Therefore, available flight data will not be verySuseful for this program. (The motor exhibits acoustic oscillations at
nominal frequencies of 250, 670, 750, 1300, 2000, 2600, 3300, and 4000 Hz;5i in addition, oscillations of generally weaker amplitude are sometimes
measured at frequencies of 500, 1000, 1200, 2700, and 3900 Hz.)

A summary and analysis of Poseidon C-3 second stage vibration
data is given in Reference 11. However, most of the useful data are

Sunpublished and available only in the files of the Test Analysis Group in
the Product Engineering department at Hercules' Bacchus Works. Results of
a correlation study between motor parameters and oscillatory response are

given in Reference 12.

B. Dynamic Structural Analysis Results

A two-dimensional model of the Poseidon C-3 second stage grain wAs
constructed to study the structural damping characteristics of the .
The analysis is discussed in Section 4 of Reference 11.

C. Acoustic Mode Analysis Results

As with the two previous motors, results of acoustic analyses
based on use of the NASTRAN program are given in Reference 8. Results Laken
from Reference 8 are shown in Table IV.

D. Acoustic Bench Test Results

A rather elaborate acoustic bench t ng program was condurted
for the Poseidon C-3 second stage motor c -. J Three separate modele were
constructed to represent the cavity: a zero burn time model, a 4.5-r-,n-d
burn time model, and an 8-second burn time model. Acoustic mode shapes
were mapped in detail in the fin area and in the centerbore. Some t.sts
were repeated for different grain geometries and different igniter conf¾'.... a-
tions. Results of the acoustic bench testing are reported in Volume II ot'
Refeience 11.

VI. BASELINE MOTOR SELECTION

The baseline motor selection criteria are discussed in this secLiurL
one at a time as they apply to each candidate motor.

1) Availability of component vibration and acoustic pressure
oscillation data from static and flight tests.

A good deal of static firing data is available for all three
motors. Flight data are not abundant, but a limited amount
is available for each motor. Based on this selection
criteria, all three motors are judged approximately equal.

2) Availability of acoustic mode analysis and dynamic structural
analysis results.

Acoustic mode anaiyses were p•crfrmed on each of the three
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Si I
motors with the NASTRAN computer program; thus, the three

motors are judged to be equal in this respect.

SMore extensive structural dynamic analyses have been performed
on the Minuteman III motor than on either of the other two

SImotors. Some analysis work has been conducted on the aft dome
and associated hardware of the Minuteman II motor. Very little

useful structural dynamic analyses have been performed on the
Poseido.n moeor. Therefore, the motors are ranked as follows
for this selection criterion:

Minuteman III Stage III

Mintiteman II Stage III

Poseidon C-1 Second Stage

3) Degree to which the motor configuration is representative of
probable future ballistic missile motor designs.

The Minuteman II Stage III motor is judged to be disqualified
from possible selection as a baseline motor because of this
selection criteria. The Minuteman iI motor employs a '.our
nozzle design which is not typical of present-day motors, nor
probable future motors.

The Minuteman III Stage III motor and the Poseidon C-3 second
stage motor are judged to be equal with regard to this selection
criterion.

Based on the application of the stated selection criteria, it appears
that either the Minuteman III Stage III motor or the Poseidon C-3 second stage
motor could be selected as a baseline motor for this project. Hercules chooses
to select the Poseidon C-3 second stage motor as the baseline motor for the
following reasons:

1) An inert motor and some hardware are available for the
acoustic testing of Task IV.

2) Hercules Incorporated has access to all unpublished analysis
and static test data for this motor.

3) Hercules Incorporated is more familiar with the design
features and problem areas of the Poseidon motor structure
than with the Minuteman III motor.
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TABLE I

ACCELEROMETER TEST RESULTS

STATIC TEST NAfXIMUM "G" LOADS (ZERO TO PEAK)
"GAGE -A

VI-QA-79 VI-QA-.80 VI-QA-81 VI-QA-82

AC-101 100 g @ 12.4 sec 133 g @ 11.7 sec 95 g @ 11.9 sec Invalid

AC-201 54 g @ 12.6 sec 27 g @ 12.5 sec 94 g @ 11.7 sec Failed

AC-202 165 g (saturated) 210 g @ 12.6 sec Invalid 43 g @ 17 sec

AC-203 121 g @ 10.6 see 146 g @ iO.5 see 120 g @ 12.2 sec 35 g @ 19 sec

AC-204 39 g @ 12.8 sec 128 g @ 12.9 sec 38 g @ 8.5 sec Failed

AC-205 8 g @ 1.2.4 sec Invalid 'Envalid 76 g Q' 1 jr1 c
84 g C 17 se•c

AC-206 22 g @ 12.8 sec 64 g @ 9.6 sec Invalid 79 g 11 sec
55 g @ 16 sac

AC-301 37 g @ 10.4 see 14 g @ 14.6 sec* Z6 g @ 12.4 see* 150 g @ 14 sec
115 g @19 sev

AC-302 24 g @ 10.5 see 47 g @ 15.0 see* 52 g @ 10.9 see* 81 g 0 14 spe
59 '@ 8 nec

AC-303 130 g @ 11.9 see Invalid* 51 g @ 12.2 see* 100 g 0 13 sec
92 g @ 17 sec

AC-304 25 g @ 9.9 sec Invalid* 36 g @ 12.7 see* 23 g 0, 13 --c

16g @ I tec

AC-305 39 g @ 11.9 sec 10 g @ 15.0 sec* 27 g C 11.9 see* 16 g 1 12 -ec
1.6 g @ 16 sec

AC-306 17 g @ 11.1 sec 11, g @ '3 1 sac* 26 g @ 12.2 see* 20 g ( 13 sec
19 g 0 20 see

AC-307 28 g @ 11.8 see 12 g 0 15.1 sec 19 g @ 11.7 sec VA

AC-308 24 g @ 12.1 sec 24 g @ 15.0 see Invalid NA

AC-309 22 g @ 10.0 see 12 g @ 13.2 sec 28 g @ 11.9 sec NA

AC-310 Invalid 24 g, @ 12.4 sec Invalid 29 g @ 14 sce
22 g C' 18 sec

AC-401 Invalid 18 g @ 13.0 sec 18 g @ 12.9 see Failed

Note: The remaining gages were not installed on QA motors VI-QA-79, -80, and -81.
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TABLE II

NATURAL FREQUENCIES FOR THE THIRD STAGE MINUTEMAN II MOTOR CAVITY8

4

Frequency (Hz)

Harmonic 2-inch Burn 5-inch Burn
jo).(n) Mode NASTRAN Experimental NASTRAN E Experimental

0 1 578.4 557 517.7 507
2 982.9 939 911.7 882
3 1,406.0 1,364.7 1340
4 1,535.5 1432 1,621.7 1545
5 2.007.6 1.928 1,909.8 1842
6 2,084.8

1 1 771.4 858.7

2 1,449.4 1,266.9
3 2,004.3 1,729.1
4 2,294.0 1,998.0

¶.5 2,290.9
2,493.7

A-18

..............



TABLE III

NATURAL FREQUENCIES -FOR THE THIRD STAGE MINUTEMAN III 1OTOR CAVITY 8

4

Burn Frequency, Hz
STime Harmonic Thi7 s

(sec) (n) Mode Paper Experimental

0.0 0 1 105.2
2 212.9
3 316.7
4 380.5

_ _5 455.2

1"1 275.8
2 360.6
3 641.9

3.0 0 1 90.1 93.0
2 199.5 200.0
3 310.4 3P2.0
4 388.0 388.0
5 449.1 466.0
6 <J2,8 518.0

1 1 238.9 239.0
2 316.1 324.0S3 541.61__j 4 567.4

A-19

-[--



I

V TABLE IV

NATURAL FREQUENCIES FOR THE SECOND STAGE POSEIDON MOTOR CAVITY8

Frequency (Hz)

Harmonic Zero Burn 3-inch Burn
(n) Mode NASTRAN Experfmental NASTRAN Experimental

0 1 388.1 398 324.0 322
2 645.0 645 678.3 689
3 962.0 962 1039.2 I 1051
4 1422.0 1422 1430.8 1425
5 1769.0 1728 1830.9 1831
6 2010.8 2130 1994.4

1. 1 835.1 737.8
2 1313.4 1216 833.9 868
3 1659.1 1620 1344.0 1349
4 1832.8 1798 1558.2 1552
5 2105.7 1812.5
6 2236.8 2130.1 2094

A1
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k.

VIIAO1 (AC 101)
AFT DOME

Stage III

VHNO (AC 204)
NOZZLE STACK-LONGIT.

VHU02 (AC 306)

", NCU SIDE - LATERAL
"VHU03 (AC 304)
NCU SIDE - LONGIT.

- - VHU04 (AC 310)
APS COVER - LONGIT.

Figure 2. Flight Test Accelerometer Locations Similar to Static

Test Locations
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DESCRIPTION LOCATION AZIMUTH COhMENT

KISTLER PRESSURE
GAGE (P5) FORWARD ADAPTER 2700

SAC 402 P4 TT PORT 3300 AXIAL
AC• 40 TT PORT 300 AXIAL

AC 404 FORWARD ADAPTER 900 AXIAL
AC 405 FORWARD ADAPTER 1800 AXIAL
•r• •, AC 301 • FORWARQ TANGENT POINT 1900 AXIAL

J 1

S/S FORWARD DOME

1800
-• i2100 . 1500

-- :':: •AC-301 NOT

INSTALLED ON
PRODUCTION

• MOTORS

S/ ' AC-405

S270o- AC-404. 90

2700490

3:30 300

Figure 16. Poseidon Second Stage Instrumentation for Vibration Measurements
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AC 402,AC A03
L_ / REP DWG 83135S0.!86

B * (NOrTE 3)

02100 150°

I4

IAC 40

AC 405 j.A 46-C E/ PcAC 466

2700"- . - 0 -- 900
5 C2

AC 402 AC 4i03

E9/r I

1300
330"(

•.-,.BREAK•WIRIUS

A]iCCEI E'RMTIR,•!),l'•,

AC, 404 ANI) AC 405 TO BE: TN J( •,'',;:T TNV, !TIFC7I rON
R..LEENCI, D~l(" 83135S;0018t), Nh;

Figure 18. Forward Dome TT Port Instrumentation
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FOREWORD

This report was written under Task 2 of Ait Fdrce Contract Nob

"F04611-73'C-0025i AcoUstic pressure mode shapes and natural frequencies

for use inTask, 3 analyses are defined herein. This report is not a

Srequired coitract data item. This work was performed by Hercules

Incorporated, Systems Group, at the Bacchus Works, Magna, Utah. The

cognizaht project engineer is Dr., D. George/AF.PL, Edwards Air Force

Base, CAliforhia.
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ABSTRACT

The purpose of Task 2 was to provide acoustic pressure mode shapes

and natural frequencies for the frequency response finite-element analyses

which are to be performed under Task 3. Existing data on mode shapes and

frequencies trom four major sources were reviewed. It was concluded

that existing data could be used for definition of the mode shapes and

no additional acoustic analyses were performed. Data ftom MSC NASTRAN

analyses, NWC acoustic tests, Hercules analyses, and Hercules acoustics

tests were reviewed and compared. Two longitudinal and two transverse

modes were defined at each of the two selected burn times. Burn times

selected for the analyses are zero and 4.0 seconds.
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j• SECTION I

INTRODUCTION AND SUMMARY

A. INTRODUCTION

The work to be accomplished under Task 2 is--described -in the approved

program plan:

"Existing test data and analysis result, 4,11 be reviewed

in an effort to define acoustic presnui., iodes and corres-

ponding frequencies for the baseline mo.tiri If existing

information is not sufficient, the aco:stic analyses

will be performed as required to supr ý" the missing

inforn.ation. Two longitudinal , •- transverse lmode

shapes are required for each of tv •z¼,fferent burn

times. The particular modes will i. °elected on the

basis of maximum hardware responsr. Required, but at

present unavailable, acoustic analy3es will be performed

using the acoustic analysis capability of NASTRAN Level

15. One of the burn times considered will correspond to

the zero burn condition applicable to the inext motor to

be tested in Task 4. The ,iecond burn time will te

selected based on maximum component response and if

possible, such that both longitudinal and transverse

acoustic mode excitation is present. The pressure modes

will be prepared for use as input to the structural

analysis of Task 3."

This report documents the work which has been accomplished under

this task. Two burn times have been selected as required and mode

B-10
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shapes and frequencies for the pressure distributions have been defined.

The pressure-distribution-data given in this report will be used in the

analyses of Task 3.

B. SUMMAR~Y

To make a logical selection of burn times as required in the wczk

statement, existing data were reviewed and some additional static firing

data were reduced. The zero burn time was selected for analysis so that

resulcs from the zero burn time motor configuration tested in Task 4

could be used. TLe second burn tim.- of 4.0 seconds was selected based

on the variety of acoustic modes which are active in the neihborhood of

that burn time.

A further review of existing data was made to select particular

frecuencies and mode shapes for analysis. Existing frequency and mode

shape data from MSC NASTRAN analyses, NWC acoustic tests, Hercules

analyses, and Hercule. acousLics tests were reviewed and compared. It

was necessary to apply correction factors to some of the data so that

comparisons could be made on a oniform basis. Two longitudinal and two

tangential modes were selected for analysis at each of the two burn

times as required in the work statement. All required mode shapes were

defined.
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SECTION II

(4 EXISTING DATA REVIEW

The primary sources of data and information for study of acoustic

modes of the C-3 Poseidon S/S motor are listed and discussed in this

i jsection. No attempt is made in this discussion of individual data

sources to compare reported results. Reported data may not be directly

comparable since some data correspond to cold air conditions and other

data apply to hot motor firing conditions. The difference in the speed

of sound in cold air compared with the speed of sound J.ri hot combustion

gas is responsible for large differences in the frequencies at which

particular acoustic modes occur. An effort is made to compare resulcs

from different sources in later sections of this report by making

speed-of-sound corrections. In addition, the rationale used in selecting

burn times, modes, and frequencies is discussed in the following

sections.

1. NASTRAN Acoustic Analysis (MSC)

An analysis was performed on the combustion cavity of the

Poseidon S/S motor by the MacNeal-Schwendler Corporation using t:he

special acoustic cavity capability which is available in NASTRAN, Level 15.

Results of the analysis are reported in both References I and 2. Table I,

extracted from Reference 1, gives the calculated natural frequencies.

The pressure distribution mode shapes corresponding to the given

calculated frequencies are illustrated in Figures la, lb, and Ic. The

"figures ,'are obtained from Reference 1.

2. Hercules Acoustics Tests

At Hercules, an effort was made to experimentally measure

acoustic mode shapes and corresponding natural frequencies for the

"B-12
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'acoustic cavity. Three different fullscale models were used including a

fullscale inert motor to obtain results for three different burn times.

This work is reported in Reference 3.

j i Three pure longitudinal modes were reported3 to occur at

frequencies of about 240, 355, and 430 Hz. Figure 2, taken from

-Reference 3, shows the 240 Hz mode shape.

Reference 3 is a final report on the Hercules acoustic testing

. program. Additional information is available in various intermediate

reports. Reference 4 is an intermediate report which contains detailed

mode shape plots. Figures 3 and 4, taken from Reference 4, show the

mode shapes corresponding to the 355 and 430 Hz measured natural frequencies.

: In Figure 2, the phase for the peak which occurs between 20 and

40 inches is indicated to be 180 degrees. Thus, this peak should be

drawn down rather than up to obtain the more conventional in-phase mode

shape diagram. The same reasoning must be applied to the mode shapes

shown in Figures 3 and 4 where in-phase or out-of-phase is indicated by

the "hash" marks along the top of the plot.

3. Naval Weapons Center Acoustics Tests

A series of acoustics tests were performed on one-quarter scale

models of the Poseidon S/S combustion cavity at the Naval Weapons Center,

China Lake, California. According to a recenL communication with NWC,

results from these tests hay not yet been published. However, some

informal data on NWC tests are available in Hercules files. Accorling

to Hercules records from meetings and telephone conversations with NWC

personnel, tbe frequencies for the first three axial modes at three

f different burn times are as given in Table II. A more complete listing

of frequencies is given in Table III. Apparently, the axial mode

B-13
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'frequencies given in Table I I were lIter •updated for an unknc.qn •reason

to those given in Table II. Thus, Table iII is apparently partially

obsolete, but is presented for the sake of the tangential and radial

I mode frequencies which are given.

4. Hercules Finite-Element Acoustic Analysis

An axisymmetric finite-element model of the Poseidon S/S

combustion cavity was analyzed with the use of Hercules program' no.

62402, "Axisymmetric Vibration Potential Energy Program". A formal

report on this analysis has not been issued; however, some results were

given in Reference 3. The results from Reference 3 are shown in

Figure 5.

Reasonable agreement between experimental and analytical

mode shapes is shown in Figure 5. Note that the mode is labeled as a

third mode in the figure title, but the mode shape appears to be a

second mode. The mode shape shown is considered to be a third mode'

based on the reasoning that the pressure decreases along the grain

surface in the gap between the grain and nozzle bucket, thus making the

mode shape appear more like a third mode.

Although the analysis is unpublished, some results are on file

at Hercules. The first three ]r.nbiLadinal modes were found to occur at

frequencies of 126, 220, and 360 Hz. By varying the boundary conditions

assumed for the axisymmetric model, the second frequency was varied from

215 Hz to 20 Hz. Another resonance was found to occur at 286 Hz, but it

was not identified as a longitudinal mode. The mode shapes for the

first three lofigitudinal modes are shown in Figures 6, 7, and 8.
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5'. Hercules Static Firing Data

Pressure oscillation data and accelerometer data from all

Herculas static firings of Poseidon S/S motors are available from the

Test Analysis Group at the Hercules Bacchus Works. These data have not

been collected, analyzed, and reported as a complete set, but individual

firing reports, in addition to raw data in the form of FM tapes, are

available.

' • To isolate frequencies of interest in the firing data

(accelerometer and pressure gage data), the FM tapes recorded during the

- firings are p- ,d through a frequency analyzer. A Quan-Tech Model 305

7" Tracking Wave and Spectrum Analyzex is used. For routine firing data

analysis, the usual procedure is to Lse the wave analyzer in the tracking

mode with a 100 Hz bandwidth filter. In the tracking mode, the analyzer

will track the predominant frequency in a preselected frequency range

over a given time interval and output the amplitude of the signal which

passes through the 100 Hz bandwidth filter.

Results from many firings 3 have been used to plot the response

envelopes shown in Figure 9. The motor is said to respond generally at

nominal frequancies of 250, 670, 750, 1300, 2000, and 2600 Hz and at some

C higher frequencies. In addition, weaker response levels are sometimes

measurbd at frequencies of 500, 1000, 1200, 2700, and 3900 Hz. The weaker

response levels are not indicated in Figure 9.

6. Task 4 Acoustic Testing Results

Acoustic vibration testing on a fullscale inert motor was

conducted under Task 4 of this program. Results from the cesting are

reported in Reference 5. The pressure distribution along the circular

portion of the cencerbore ias mapped at frequencies of 57, 158, 192, 265,

315, and 364 Hz. The extent of mapping conducted is not sufficient to

completely define a mode shape, but it should be possible to use these
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- data for mode shape identification by comparing with other available mode

shapes. In addition-, some of the accelerometer frequency response data

•:" 1 may be useful in this Task 2 work. Plots of accelerometer output as a

- function of frequency are given in Reference 5.

'B
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-2 •SECTION III

SBURN TIME SELECTION

S •' One burn time has been preselected and needs no further discussion.

The zero burn time is selected so '-hat results from NASTRAN math-models

can be compared with test data obtained from the inert motor testing of

Task 4. The inert motor had a zero burn time grain configuration.

The second burn time was to have been selected to obtain maximuw

component response and if possible, such that both longitudinal and trans-

verse acoustic modes are present. To provide more information for burn

time selection, accelerometer data from two static firings were analyzed

in detail. An accel.erometer mounted on the aft adapter ring was selected

-' for this detailed study. The data study reported in this section was

previously reported in Reference 6.

Accelerometer data from Poseidon S/S static fired motors SP-0131 and

SP-0160 were analyzed. The data came from accelerometer no. AC-250, which

was mounted on the aft adapter ring for both motors. The AC-250 accelerom-

eter measured response accolerations in the motor axial direction.

The accelerometer data were analyzed by playing FM tapes through a

Quan-Tech Model 305 Tracking Wave and Spectrum Analyzer. The amplitude-

time response was mapped over certain frequency ranges by filtering the

accelerometer signal with a 10 Hz bandwidth filter with a constant (non-

tracking) center frequency. To map a particular frequency range, the

filter center frequency was moved across the range of interest in 10 Hz

increments with the analys;,s being repeated each time the filter center

frequency was shifted.

As shown in Figure 9, there are four predomainant frequency ranges

P between 0 and 2000 Hz: (1) 240 to 260 Hz, (2) 600 to 800 Hz, (3) 1200 to
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1500 Hz, and (4) 1900 to 2100 Hz. To obtain a m6re detailed description

of motor responses in these frequency ranges, each range was mapped -using

the-procedure outlined above.

Results of the frequency mapping for the 1900 to 2100 Hz range are

shoiqn in Figures 10 and 11. Each separate curve indicates the vibration

amplitude as a function of firing time. Curves for the different fre-

quencies have been shifted on the plot so that each separate curve has a

if - different zero reference for the vibration amplitude scale. Values for

vibration amplitude are not shown, but the scales are comparable for the

individual curves. Observation of Figures 10 and 11 indicates that the

2000 Hz mode begins at about one second of burn time and at a frequency

of about 2020 Hz. The amplitude quickly increases to a maximum at 2 to

2-1/2 seconds as the frequency decreases slightly to between 1900 and

2000 Hz. The 2000 Hz mode has nearly disappeared by 4 seconds of burn time.

The mapping of the 1200 to 1500 Hz frequency range is shown in

Figures 12 and 13. Figure 13 shows that two distinct resonances occur

in the 1200 to 1500 Hz frequency range. The first begins at approximately

4 seconds and lasts until approximat:ly 6 seconds with the frequency

shifting from 1320 to 1350 Hz. From approximately 5 to 6 seconds, the

amplitude of the shifting resona-re 3ubsides, as shown by the curves

labeled 1360 through 1390. At approximately 6 seconds, the amplitude of

the shifting resonance increases as it covers the range of 1400 to 1490 Hz.

By approximately , seconds the resonance has faded away. The general

trend shown by Figure 12 is similar to that shown in Figure 13, but

resonant amplitudes are considerably smaller. In Figures 12 and 13 there

is a small, narrow-banded resonance which occurs at 1450 Hz at approxi-

mately 3 seconds.
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rl Results of mapp.,ng the 600 to 800 Hz frequency range are shown in

Fig,-ýes 14 and 15. Both figures indicate that two relatively narrow-

banded resonances are present in the 600 to 800 Hz range. The first

resonance occurs at approximately 3 seconds and at a frequency of 720 to

730 Hz. This resonance apparently has a strong second harmonic which

occurs at 1450 Hz as discussed above (see Figure 13). The second

distinct resonance occurs at 670 to 680 Hz beginning at approximately

8 seconds. The two resonances in the 600 to 800 Hz range appear to be

unrelated, while the two resonances in the 1200 to 1500 Hz range could

result from a frequency shift of the same mode as the burn surface

advances.

Figures 16 and 17 show the results of mapping the 240 to 250 Hz

range. Results are not as consistent from motor to motor as results

obtained for other frequency ranges. figure 16 shows a definite resonance

in the 4 to 5 second area which begins at 250 Hz and shifts to 240 Hz.

The 730 Hz response shown in Figure 14 may be a third harmonic of this

240 Hz resonance. The results shown in Figure 17 indicate that the 230 to

280 Hz range contains a relatively large amount of noise (high-level

response over a broad frequency range). However, two peaks stand out from

the general high noise level: (1) a peak at 3 to 4 seconds on the

260 Hz curve, and (2) a peak at 6 to 7 seconds on the 240, 250, and 260 Hz

curves.

Weak responses have reportedly occurred near 500 Hz and near 1000 Hz

on some motors. Both areas were mapped for motor SP-0131 and the results

are shown in Figures 18 and 19. Figure 18 shows that the frequency range

near 500 Hz is noisy like the 250 Hz range. However, a distinct resonance

is observed at approximately 4 seconds at 530 to 540 Hz. Two other

broad-batided resonances occur dt approximately 6-1/2 and 10 seconds. The

broad-banded resonances appear in each plot for frequencies between 450 and
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¶
490 Hz. Figure 19 indicates that no sigri.ficant resonance response was'

measured for motor SP-0131 between the frequencies of 960 and 1200 Hz.

The data analysis reported in this section has served to display the

vibiation characteristics of the Poseidon S/S motor in greater detail

than given in firing reports. Results given here will be used to help

interpret results from finite-element models of the motor aýd to verify

I the accuracy of the models.

The accelerometer data illustrated in Figures 1J through 19 are

summarized in Figure 20. Figure 20 is similar to Figure 9 in that it

gives envelopes of response data f'.om static firings. The data analysis

method used to obtain Figure 20 should give improved resolution over the

method used for Figure 9 (e.g., a 10 Hz bandwidth filter was used for

Figure 20 compared with a 100 Hz bandwidth filter for Figure 9). However,

Figure 20 is the result of analyzing only one accelerometer on each of two

different firings while Figure 9 is based on many firings.

From observation of Figures 9 and 20, it can be seen that 250, 500,

and 1300 Hz frequencies are present at a four second burn time. In

addition, the 750 and 1450 Hz frequencies occur near to the four second

burn time. A burn time of four seconds is therefore a relatively busy

time for the motor and is select-r. ...s the second burn time to be analyzed

in Task 3.
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SECTION IV

ACOUSTIC MODE SELECTION

In Section II, acoustic frequency and mode shape data from several

sources were reviewed. Some of the results were not comparable because

of differences in gas properties (speeds-of-sound). In this section,

the differing data are corrected for speed-of-sound difoferences and

compared. The data are then used to select two longitudinal and two

transverse modes for analysis at the two burn times.

The speed of sound in air at 200 C is given as 1120 ft/sec. The

speed of sound in hot gases in the combustion cavity of the motor 'during

firing is a funetion of chamber pressure. Using a mean chamber pressure

of 325 psi, a speed of sound of approximately 3625 ft/sec was calculated

for the motor. The resulting ratio, approximately 3.2, has been used in

past work3 to convert cold air data to hot firing conditions.

Some additional consideration is necessary to study the MSC analysis

data and the NWC testing data. The NWC data require application of a scale

factor because the model tested was one-quarter scale. The MSC analysis

data are not complete because the speed of sound used in the calculations

is not specified. The following information, obtained during a telephone

conversation with H. B. Mathis of the Naval Weapons Center, is applicable:

During the time that MSC was conducting the acoustic

analyses reported in Reference 1, a meeting was held at

RPL between H. B. Mathis of NWC, D. N. Herting of MSC,

and Robert Shoener of RPL. At this time, the NWC testing

data were transmitted to D. N. Herting. The speed-of-sound

employed in the MSC analysis was obtained from Aerojet. In
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order to get NWC data to match MSC results, a correctionI factor was obtained by shifting the second mode test data

frequency into exact agreement with analytical results.

The same correction factor was then applied to the

remainder of the NWC data to obtain the data labeled

"experimental" in Table I.

To determine the factor which was used on NWC data for comparison with

MSC results, the corresponding frequencies for the first three axial modes

have been extracted from Tables I and II and are listed again in Table IV.

The information given in Table IV shows that NWC data were multiplied by

approximately 1.216 to obtain the results listed under "Experimental" in

Table I.

At the present time, the speed-of-sound assumed by NWC for the data of

Table II is unknown. However, Table III contains a factor of 0.822 for

conversion from model to motor conditions. According to Mr. Mathis, the

0.822 contains both the scale factor (one-quarter) and a speed-of-sound

conversion. It therefore appears that NWC used a conversion factor of 3.29

compared with the 3.2 used by Hercules (3.29/4.0 = 0.822).

To compare NWC results with Hercules data, a factor of 3.20/3.29 =

0.973 should be applied to NWC dtt.j. To put MSC analysis results on a

comparable basis, the MSC results should be multiplied by 0.972/1.216 =

0.80. The data shown in Table V have been multiplied by the appropriate

factors. T!,a Hercules analysis and acoustic test data were multiplied by

3.2 for comparison in Table V.

In Table V there is quite good agreement between MSC results and NWC

&1a. In addition, the Hercules analysis and test data seem to confirm the

frL ies of the third and fourth longitudinal modes. To obtain this

agreement, the Hercules analysis frequencies previously given for the
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first, second, and third modes were assumed to correspond with the

second, third, and fourth modes instead. Natural frequencies were

determined by the frequency response method in the Hercules analysis and

j •a lower mode could have been overlooked. The second mode frequency

(403 Hz) determined by Hercules analysis is not in good agreement with

MSC and NWC data. Frequencies for the first and second tangential modes

(TI and T2 ) £s determined by Hercules tests, are not in agreement with the

corresponding MSC and NWC data. However, the frequencies labeled "Tl"

"under Hercules tests are in close agreement with the frequencies labeled

"T3" under MSC Analysis and NWC Tests. Likewise, the Hercules Test

frequencies labeled "T2" appear to be in agreement with the MSC and NWC

data labeled "T 6 ".

The MSC analysis results from Table V have been plotted in Figure 9

for three axial and three tangential modes for comparison with static firing

envelopes. Based on the data comparison shown in Figure 9, the following

modes are selected for use in Task 3 analyses:

A. Zero Burn Time

Since the first longitudinal mode does not occur in the

static firing data at a zero burn time and the second mode response is

generally weak, the third longitudinal mode at a calculated frequency of

770 Hz is selected for analysis of the zero burn time model. Response of

the model to the 770 11z mode will be used for comparison with static firing

data. In addition, the fourth longitudinal mode which occurs at 365 Hz in air

selected for analysis to provide results for comparison with the acoustic

testing of Task 4. During the Task 4 testing, a strong response was

observed at the 365 Hz frequency.

Since no static motor response is observed at the frequency

of the T2 tangential mode, the first and third modes are selected for use

in the Task 3 analyses (T1 = 668 Hz and T3 = 1327 Hz). Analytical results
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will be compared with static firing data at the T, and T3 frequencies.

B. Four Second Burn Time

; I The first longitudinal mode is active at the four second

burn time as tndicated in Figure 9. Also, frequencies near to the third

mode frequency are present. Therefore, the first and third longitudinal

Smodes are selected for Task 3 analyses. Using linear interpolation with

the values given in Table V gives Al = 281 Hz, A3 = 805 Hz, Ti = 634 Hz,

and T3 = 1220 Hz for the 4.0 second burn time.

Tangentials TI and T2 are selected for analysis at the

"I 4.0 second burn time because both occur at frequencies close to the

measured static firing response envelope of Figure 9. The interpolated

frequencies are T, = 634 Hz and T2  830 Hz. Mode shapes are discussed

in the next section.
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SECTION V

DEFINITION OF ACOUSTIC MODE SHAPES

The acoustic mode natural frequencies and the corresponding mode

shapes which were selected in Section IV are summarized in Table VI.

The longitudinal mode shapes, Al, A3 , and A4 are defined in Figure 1.

; I . i The tangential mode shapes TI, T2 , and T3 are discussed and defined in

this section.

I iApparently, the only source for the tangential mode shapes is the

acoustic testing performed by Hercules. Other potential sources were the

NWC testing and the MSC analyses. However, no tangential mode shapes

appear to be available from these other sources.

Using Hercules testing data has the disadvantage that only the

higher frequency modes were studied. For example, the first tangential

mode was determined to occur at 410 Hz in the model or, using the factor

of 3.2 previously discussed, at 1312 Hz under hot motor conditions. As

noted in Table VI, the third tangential mode was determined analytically to

occur at 1327 Hz. It is therefore assumed that the mode determined by

Hercules testing to occur at 1312 Hz is actually a third mode rather than a

first mode. The testing program apparently missed the lower frequency

modes.

The 1312 Hz tangential mode shape determined by Hercules acoustics

testing is shown in Figures 21 and 22. The circumferential pressure

distribution shown in Figure 22 was observed to occur all along the

cylindrical section of the motor. The mode shape indicated in Figure 1.

basically a first tangential mode rather than the expected third tangential

mode. The longitudinal pressure distribution shown in Figure 21 indit.ates

that the 1312 Hz mode appears to be a second longitudinal mode superimposed

on a first tangential mode. The mode shapes indicated in Figures 21 and 22
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will bebused to define the T3 mode shape as required in Table VI.

Since no specific information is available for definition Of the T1

and T2 mode shapes at approximately 668 Hz and 830 Hz, it will be assumed

that both are composed of the first tangential mode shape as shown in

Figure 22. '.he second mode at 830 Hz will be assumed to consist of the

first longitudinal superimposed on the first tangential and the first mode

at 668 Hz will be assumed to -be a pure first tangential mode distributed

uniformly along the length of the combustion cavity (i.e., no superimposed

I longitudinal mode).

None of the mode shapes defined in this section specify a pressure

distribution for the dome cavities. To account for the presence of the

combustion gas in the dome cavities, scalar springs will be used in the

appropriate finite-element models. The approach of using scalar sp.ings

in the dome cavities is in accordance with the approved program plan.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

Based on the data review and discussion given in this report, it

appears that the frequencies and mode shapes for the first four

longitudinal modes are fairly well established. The tangential mode

shapes are not as clearly defined.

It is recommended that the longitudinal and tangential acoustic

mode shapes and the corresponding frequencies defined in this report be

used in the analyses required -in Task 3.

B-2
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TABLE I

NATURAL FREQUENCIES FOR THE POSEIDON SECOND STAGE MOTOR CAVITY*

4

" iFrequency 
(Hertz)

Harmonic 0 Burn 3"' Burn••:•:' i ~ ~~(n) Mode . ... i , p
NASTRAN iExperi NASTRAN Experi-

(n ,mental mental

j 0 1 388.1 398 324.0 322

2 645,0 6115 678.3 689

3 962,01 962 1039.2 1051

,4 14N2.0 1422 1430.8 1425

5 1769.0 1728 1830.9 1831

6 2010.8 2130 1994.1

1 1 835.1 737.8
2 1313.,4 1216 833.9 868

3 1659.1 1620 131,11.0 13119

If 1832.8 1798 1558.2 1552

5 2105.7 1812.5

6 2236.8 2130,1 2094

*-Taken from Reference I
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TABLE II

"AXIAL ACOUSTIC MODE FREQUENCIES FROM NWC TESTS

Bn mAxial Mode Frequencies (Hz)
; ] Burn Time

(see) Al A2 A3

0 330 530 786

2.5 298 553 836

7.0 265 566 864

B
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TABLE III

ACOUSTIC MODEL t'REQUENCY CALCULATIONS
(NJWC DATA)

4 I. Axial Frequencies (superseded by Table II)

Mode No. + A1  A2  A A4  A A
2___ 3 45 6

Model 378 757 1134 1513 1892 2270
Motor 31]. 621 932 1243 1554 1864

2. Tangential Frequencies

0 sec 2:5 sec _. 7.0 sec
Mode No. Model Motor Modeli Motor Mod el Motor

T1 3.630 1340 1485 1221 1250 1028

T2 2705 2224 2463 2025 2074 1705

T3 3720 3058 3388 2785 2853 -2345

T4 4709 3871 4288 3525 3613. 2968
T5 5679 4668 3172 4251 4356 3581

T6 8004 6579 7290 5992 6139 5046

3. Radial Frequencies

0 sec 2.5 sec 7.0 sec

Mode No. Model Motor Model No tor Model Mo tor

R1  3392 2788 3n90 2540 2602 2139

R 6212 5106 5658 4651 4764 3916

Model to Motor Frequency Conversion Factor = 0.822
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TABLE IV

COMPARISON BETWEEN NWC DATA AND MSC EXPERIMENTAL DATA

Burn Mode NWC MSC "Experimental" Ratio•r
l.AI 330 398 1.206

S0" Burn A2  530' 645 1.217

LA 3  786 962 1.224

"Al 265 322 1.215
3" Burn,
7.0 Sec A2  566 689 1.217
Burn Time

A3  864 1051 1.216
Average 1.216
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TABLE V

COMPARISON BETWEEN DATA FROM FOUR SOURCES WITH
CORRECTION FACTORS APPLIED!I

Data Source _

Hercules Hercules
Burn Mode MSC Analysis NWC Tests Analysis Tests

Al 310 321

A2  516 517 403

A3  770 765 736 765

A4  1138 1138 1152 112'
0 Bur A5  1415 1382 1375'7 J0 Sec

Burn Time A6  1608 1704

TI 668 1306

T2 1050 973 2180

T3  i227 1296

T4  1466 1438

T5  1685

T6  1789

A1  2S9 I 258

A2  542 551

A3  831 841

A4  1145 1140
3" Burn A5  1465 1465
7.0 Sec
Burn Time A6  1596

TI 590 1080

T2  66? 694 1650

T3  1075 1079

T4 1247 1242

T5 1450L T6  1704 1675

B-32



11111TABLE VI

I SELECTED ACOUSTIC MODES FOR TASK 3 ANALYSES

Burn Time Frequency
"(sec) Mode (Hz)

• A3
A3 770

A4 365*
•, 0

TI 668

T3 1327

A• 281

A3  805

: i TI 634

T2  830

*In air
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a) Mode I. f 388.1 Hz
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P = l .0 7  .

.-.
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b) Mode 2. f 6h5.0 Hz

Figure la. Poseidon Second Stage Mode Shapes, n = 0, t = 0.0 Sec
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I I / I I
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d) Mode 4. f = 1,422.0 Hz

Figure lb. Poseidon Second Stage Mode Shapes, n 0, t =0.0 Sec
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So .5 o P:.377
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j i

e) Mode 5. f 1,769.0 Hz
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- _ _ _ - _ I -

f) Mode 6. f= 2,010.8, Hz

Figure 1c. Poseidon Second Stage Mode Shapes, n = 0, t 0.0 Sec
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•, "FREQUENCY IN AIR; MfULTIPLY BY 3.2 TO CONVERT TO HOT GAS
S~(STATIC FIRING ) CONDITION

AXISYMMETRIC MODEL

[\HALF OPEN SLOTS (EXTENSION OF CYL. PERFORATION), 231 H1z

COACOUSTIC TEST, 240 H1z

OPEN SLOTS (FINS REMOVED
ENTIRELY), 220 H1z

Figure 5. Comparison of Two Analytical Mode Shapes with Acoustic BenchS~Test Mode Shape, for Third Longitudinal Mode
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*1 MSC AALYTICAL RESULTS

KOO ___ 0 LONGITUDINAL MODES

0TANGENTIAL MODES

STATIC FIRING DATA

2000

1500 A2t

5010

TIME (SEC)

Figure 9. Envelopes Of Static Firing Data (from Reference 3)
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Figure 20. A Summary of the Accelerometer Data Given in Figures 10through 19
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1.0 THEORY FOR ANALYSIS OF FREQUENCY DEPENDENT MATERIALS

"Viscoelastic materials can be analyzed by NASTRAN in frequency response

problems. The properties of viscoelastic materials (for example, a solid

propellant rocket grain) include a combination of elastic and viscous pheno-

mena. For sinusoidal respotse, these may be described in terms of frequency

dependent material properties.

Elastic material properties available in NASTRAN are discussed in Section

4.2 of the Theorc..ical Manual. Section 9,3.3 shows how damping can be added

to the model. These material properties are used to compute the stiffness

matrix. Equation (16) of Section 9.3 is reproduced below. It shows the

standard stiffness matrix for direct frequency response.

2 4
du dd+3g " dl + d idd ()

where

K1 is the stiffness matrix for structural elements. Subscript d
dd refers to the "dynamics" degrees of freedom, e.g., set ud.

Kdd is the direct input matrix, wh.'ch is not an' "element" related
matrix.

4K dd is the element strustural danping matrix.

g is the overall structural damping.

Both K and K4 are formed bi the structural matrix assembler. Their values

are the sums of the element stiffness matrices. For.each element, a struc-

rural damping ge may be specified on the material property card. The K 4
0 elem

matrix for each element is ge times the K1  matrix.
elem

The viscoelastic properties can be described in terms of a complex shear

modulus and a Poisson's ratio. The modulus

0-6
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G(f) G'(f) + iG"(f) (2)

where

G' (f) is the shear storage modulus.

;j j G"(f)/G'(f) is the shear loss tangent.

The Poisson's ratio is a constant, typically just less than 0.5. The element

stiffness matrix is directly proportional to G(f), thus if the stiffness

matrix is known for a reference modulus G then the frequency dependent
9 ~~~~~~~~ref' hntefeuec eedn

matrix is G(f)/Gref times the known matrix.

The model with frequency dependent materials usually contains some

elements (such as the casing for the solid propellant) which do not have

viscoelastic damping characteristics. The two types of materials are handled

as follows:

1. All elastic material is specified with zero element damping. Thus

K4 will be zero for these elements. The value g (overall damping) is chosen

to be representativc for the elastic material.

2. All viscoelastic elements are specified with a material shear modul's

Gref, Poisson's ratio u, and element damping gref' The values Gref and gref

are chosen arbitrarily, but must be nvizero. The stiffness mairix for the

viscoelastic terms is not comp-:ted by (1), but rather by

1 4
(Kdd),iscoelem (l+ig) Kd + (TR(f)+iTI(f)) Kdd " (3)

{(1+gref TR(f))+i(g+gref TI(f))) Kdd

TR(f) and TI(fM are tables which are tsed by the frequency response module

to assemble the final matrix. The desired stiffness matrix for the visco-

elastic elements is

0-7



I~1

(Kdd)viscoelem {(G' (f'+iG"(f))/G r K= () ()/ref} dd "(4)

Comparing (3) and (4), it can be seen that the table values must be given by

TR(f) = ((G'/Gref)=l)/gref (5)

TI(f) = ((G"/Gref)-g)/gref (6)

In order to change the formula for the Kdd matrix from (1) to (3), two changes

.41
must be made. The GKAD module must not add the iK to the K matrix, and

the FRRDl module must add {TR(f)+iTI(f))K4 to K1.

In most cases Gref and g can be chosen arbitrarily. However, it

may be necessary to have an accurate value of K to get good interpolation

(at zero frequency). In such cases if the NASTRAN OMIT feature is to be

used, the reference modulus specified on a MATi data card should be a rep-

resentative value, and equations (5) and (6) must be computed. If OMIT's

are not used, then une may choose Gref such that Gref << G' and Gref < G"/g.

The gr can be chosen so Gref gref = 1. Then

TR(f) =-G'(f)

TI(f) = G"(f)

and no extra calculations are needed to prepare input tables.

The user must supply the following data:

1. Elastic Material - E, u, G on MATi data card.

g (damping) on PARAI G data card.

2. Viscoelastic Material - Gref, gref on MATi data card.

TR(f), TI(f) tables on TA2LED-i data cards,

selected by SDAPA in Case Control.

3. Element Geometry, Loads, Frequencies, etc., are specified in the

standard manner.

C-8
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4. A special ALTER is available to use the modules FRLG and FRRD1.

These modules separate the functions of load generation and response

calculation. The FRRD module can be used if cyclic symmetry is not

involved.

2.0 THEORY FOR CYCLIC SYMWETRY FREQUENCY RESPONSE ANALYSIS

Cyclic symmetry principles can be used to solve linear frequency response

problems. The theory is the same as for static analysis, which is defined

in Reference 1. The two basic differences are:

1. The mass and damping (as well as the stiffness) matrices must be

transformed to symmetric components for the solution.

2. The loads must be computed and transformed to symmetric components

for a set of frequencies. Thus allowance must be made for several loading

conditions and several frequencies.

No new theory is required, only a modification of thb i £cation. The

NASTRAN frequency response module 'RRD combines the functions of load

generation and response calculation, and hence is unsuited to cyclic

symmetry. The loads must be tronsf d from physical values to symmetric

component solution variables, which is done by the cyclic symmetry modules.

An ALTER is available for this task, which uses modules FRLG (load generator)

plus FRRDI (resporse calculation). Cyclic symmtery with frequency dependent

material properties can be done in one execution.

CI
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2.2 MSC/NASTRkN CYCLIC SYMMET7RY CAPABILITY

2.2.1 Introduction

Many structures, including pressure vessels, rotating machines, and

antennas for space communications, are made up of virtually identical

segments that are symmetrically arranged with respect to an axis. There

are two types of cyclic symmetry as shown in Figure 1 and 2: simple

rotational symmetry, in which the segments do not have planes of reflective

symmetry; and dihedral symnetry, in %hich each segment has a plane of reflcc.

tive symmetry. in both cases, it is most important for reasons of economy

to be able to calculate the thermal and structural response by analyzing

a subregion containing as few segments as possible.

Principles of reflective symmetry (which are not, in general, satisfied

by cyclicly symmetric bodies) can reduce the anna]),sis regicn to one-fourth

of the whole. Principles of cyclic symmetry, on the other hand, can reduce

the analysis region to a single segment in the case of dihedral symmetry and

to a pair of segments in the case of simple rotational symmetry. Neither

accuracy nor generality need be lost in the process, except that the treit-

ment is limited to linear relationships between degrees of freedom.

In using NASTRAN's cyclic symmetry capability, the user supplies

a mo'el via bulk data cards for one of the identical substructures. flo

also supplies lists of points on the boundaries. For the case of dihedral

symmetry, the ttpe of coordinate system used at boundary points must also

be specified. For rotational symmetry, the boundary list is a "paired"

list of points on the two boundar! s. There are several parameters, which

must be specified, including the ii-,iber of segments, the type of cyclic

N' C-10



symmetry, the transform index, K, for vibration modes, the range of K for

static analysis, and the method of sequencing the equations. Loads, tem-

peratures, and erforced displacements may be specified in static analysis

either for the physical segments or for the "transformed" segments which

result from the application of symmetry principles. Output may be for

either physical or transformed variables.

• he use of cyclic symmetry will allow the analyst to model (i.e.,

I make a BULK data deck for) only one of the identical substructures. There

will also be a time savings for some classes of problems, such as:

a. Statics problems where the use of the OMIT for all internal

degrees of freedom will greatly reduce the solution time.

b. Statics problems with particular types of loading (such as gravity

or uniform pressures) which require a limited range of symmetrical

components for solution,

c. Vibration modes for a limited range of k.

2.2.2 Theory

Symumetry principles can be used to simlify the solution of linear

problems with cyclic symmetric •ometry. Two such types of symmetry

are shown in Figures 1 and Z, where they are called rotationaZ symmetry

and dihedraZ symmetry. Note that dihedral symmetry is a special case of

rotrtional symmetry. In both ci.ses, the body is composed of identical

segments, each of which obeys the same laws. The distortions (deflections

or temperature changes) of the segments are not independent, but must-

satisfy compatibility at the boundarie'ý between segments. Cyclic trans-

0-11



forms will be defined, w-hich are linear combina.tions of the distortions of

I! the segments. The transforned equations of compability are such that the

"transformed segments" are coupled singly or in pairs which can be solved

independently.

In the theory given below, the form of thU transformation is not

derived, but just stated. The validity of the method is then demonstrated.

The procedure follows the following steps:

a. The structure is described as a set of identical segments

(substructures), each of which obeys C v same physical laws.

For static analysis, loads a:re defined ro-- the segi.ents. A set

of intersegment compatibility relat~iornhiis are written which

insure continuity across the segment bouuadaries,

b. The Phase J transformation is introduo,,d. Both the equations

of equilibrium of the segments and the interseg:erit compatibility

relations are transformed.

c. A set of independent variables is chosen for solution. TheI
resulting equations are sho,,n to be unioup:ed into groups

associated with a cyclic index, K. The dependent variables

(constrained to satisfy compabiliry) are determined from a

Phase II transformation.

Since the transformed equations describe the same equilibrium and

compatability conditions, they will produce the same results as the direct

solution; no approximation is required or made.

C-12



2.2.2.1 General Rotational Symmetry

The total body consists of N identical segments, which are numbered

consecutively from I to N. The user supplies a NASTRAN model for one
A; segment. All quantities arc given in the segment coordinate system. The

boundaries must be conformable; i.e., when the segments are put together,

the grid poiiats and the local displacement coordinate systems of adjacent

segments must coincide. This is easiest to insure if a cylindrical or

spherical coordinate system is used, but such is not required. The user

will also supply 5 paired list of grid points where connections will be

made. For static analysis, the user may also supply a set of loads and/or

enforced displacements fo'L each of the N segments.

The two boundaries will be called sides 1 a%'d 2. Side 2 of element

n is connected to side 1 of element n+l, see Figure 1. -,.us, the compo-

nents of displacement satisfy

n+l n
ul = u2  n= I N. (1)

This •tpplies to all degrees of f:-eedom which are joined together. We also

define uN+l so Equation 1 refers to all boundaries Equation 1 is

the equation of constraint between '., .'iysica'l segments. The notation

system is discussed in Appendix A.

The rotational transformation is given by

Sn -0 [L k co -ks n-114/
11 + U cos(n-l)ka + uk sni(n-) , +(-I) u ? (2)

k=l

a = 2v/N, n 1, 2,.,N,

C-13
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" where un can be any componcilt of a displacement, force, stress, temperature,

th
etc., in the n segment. The last term exists only when N is even. The

•-o

summation limit kL = (N-l)/2 if N is odd and (N-2)/2 if N is even. u,

akc, -ks N1
u ,-k , and u are tho transforecd quantities which will be referred

to as sytmietricaZ Foc~c3. Fquatiuii 2 can be displayed in the matrix

form

l- uJ tuij [T1] ,(31U U (3)

where

t u u, U 3  " UJ

Sjo-is -2c -2s ... GN/2

and

1 col; a cos 2a • cos (N-l)a

0 sin a sin 2a ' sin (N-1)a

I cos 2a cos 4a cos (N-l)2a

(T] .. (4)

"o sin kLa sin 2 kLa " * " sin (N-I)kL a

"" -. 9 9 -

c-14
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•'"A The !ast row exists only for even N. Th6 transfoirnation is shown as a row

operation, since it involves the similar degrees of freedom of all of the

segments; see Appendix A. The transformation matrix, [T], has 'the property,

N

N/ 2
N/ 2

[Tr
[T] [)= [D] = N/2 (5)

, N

i.e., the rows of r are orthogonal.

Since D is nonsingular,

[T] [T]T [i] [i]. (6)

-I T -lanThus, I-1T [T] []" and

L-l = LUJ [T]"-l ul [TTD']. (7)

In summation form, Equation 7 becomes

-o • un (8-a)
U i/N)

n=1

N
-uc =(2/N) , un ios(n-l)ka (8-b)

ks Nu • (2/,N)n uT1 sin~n-1)ka, C8-C)

-N/2 ((_)n-1 11
S((1)N) u (N even only)(8-d)

0-15



:7 iIt should be noted that Equations 8 apply to applied loads, and to internal

forces, as well as displacement components. The validity of the symmetrical

components LuJ to represent the motions of the system follows from the exis-

tence of [T]-. It remains only to show that they are useful. 1he equations

of motion at points interior to the segments are linear (homogenous of degree 1)

. in displacements, forces and temperatures, they are identical foP all segments,

and they are not coupled between segments. It follows that the equations for

the transformed variables Luj are identical in form to those of the physical

segments.

To transform the compatibility equations of constraint (1), notice that

_ 1c 1/
n+l =o 0 ,-kc -ks -Nu 1 1 + ! Lu1 cos nt:a + u1  sin nka] + (- 1 )n u1 /

Using the identities cos nka = cos(n-l)ka.cos ka - sin(n-l)ka-sin ka and

sin nka = sin(n-l)ka-cos ka + cos(n-l)ha.sin ka, Equation 9 may be written

k (kcos ka + -ks sin ka)cos(n-I)ka
n+1 -oU 1S1 =CL( j - (-1) n-l u/2 (10)k I s- M •'uCO kajsin(n-l)ka

c0-16



Compai.ing Equation 10 with Equati6n 2 evaluated at side 2 as required by

"Equation 1,

S- 0ý - 0 ( l a
I U 2 (11-a)

,•7~k -s -kc

-u1 cos ka + uIssn ka = u k (11-b)
k = ,".*,kL

-kc .-ks ,. -1a. (L-c
-uI sin ka + u cos ,a = u2

- N/2 = N/2 (11-d)

Equations 11 are the equations of constraint for the symmetrical components.

The only symmetrical components coupled by the compatibility constraints are

1-c and l-s, 2-c and 2-s, etc. Thus, there are several uncoupZed models:

the K ̂ - u model contains the 0 degrees of freedom; the K = 1 model, the
-Ic -i1s
1, and 'm degrees of freedom, etc.

There is a somewhat arbitrary choice of where to transform the variables

in the NASTRAN analysis. NASTRAN structural analysis can start with a

structure defined with single and multipoint constr'aints, applied loads,

thermal fields, etc., and reduce th j b]om to the "analysis set,"' Ua,

where

[K] {ua = Pa (12)
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The vector (u contains only independent degrees of freedom. The decision

was made to first reduce each segment individually to the "analysis" degrees

of freedom, and then to rotationally transform them. This approach has

several advantages, including elimination of the requirement to transform

temperature vectors and single-point enforced displacements, because these

quantities are first converted into equivalent loads. Also, the ,0MITT"

feature can partition internal degrees of freedom, thus greatly reducing

the number of degrees of freedom which must be transformed. The user

specifies all constraints internal to the segmr.nts with standard NASTRAN

data cards. If constraints (with MPC, SPC, or OMIT) are applied to degrees

of freedom on the boundaries, they will take precedence over the interseg-

ment compatibility constraints; i.e., an intersegment compatibility con-

straint will not be applied to any degree of freedom which is constrained

in some other way. SUPRT data cards are forbiddAn because they are

intended to apply to overall rigid body motions and will not, therefore,

be applied to each segment. The analysis equation (Equation 12) for the

segments is
s[K] {un = {p1n , n = 1, 2..., N (13)

The analysis equations for the symzetrical components, prior to applying

the intersegrment constraints, is

[K] •lx = {f,}X, x 0 0, le, Is, 2c "", N/2, (14)

where {P)x is calculated u-ing Equations S. The matrix [K] is the same for

Equations 13 and 14, and is the KAA stiffness matrix of NASTRLN for one segment.

Ile come now to the patter of applying the interseirdent compr.tibility con-

straints. We recognize that not all of the degrees of freedom in any transformed

model can be independent, but it is easy to choose an independent set.

0-18
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Ile include in the independent set, {u 1,'all points in the interior and on

boundary I (for both i and u ,-if they exist). The Values of displace-

ment components at points on boundary 2 can then be determined from Equations

11. Ili& transformations to independent degrees of freedom are indicated by

{5}kc [Gck](15- a)

}ks [Gs ] {5i}K, (15-b)

where each row of [GCk] or [Gsk] contains only a single 'nonzero term if it is

an interior or side 1 degree of freedom and either one or two nonzero terms

if it is a degree of freedom on side 2. In arranginv, the order of terms in
-.Cu] K, the user can specify either that they be se•uenced with all' {u} c terms

preceding al!{i)ks terms, or that they be sequenced with' {d}kc and {5}ks

grid points alternating. It should be eiphasized that tho CAIn ofv ......

used in transformation Equations 3 and 15 are quite different. In Equation 3,

there is one component (or columr for each segment; in Equation 15, there is

one component (or row) for each degree of freedom in a segment.

Equation 15 is used to transform Equation 14 to a set of equations whici'

satisfy the intersegment compatilbi1 .) conditions

[paKg)K_(16-a)

where

KG T KGsk] (16-b)
[Kn [ck c'k sk sk

,}K [G T kc + [G]T 0} kr. (16-c)
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After solving Equation 16-a by decomposition and substitution, the symmetrical

kc, kscomponent variables, .u} and" {lk, are found from Equation 15. The physical

segment variables, {u}n, are found from Equation 3. The {u}n are NASTRAN

vectors of the analysis set. They may be expanded to' {u size by recovering

r !dependent quantities. Stresses in the physical segments are then obtained via

the normol stress reduction procedures.

I The user may take an alternate route if he knows the transformed values

for the forcing functions (loads, enforced displacements, and temperatures);

j i.e., ') and i}ks. These may be input to NASTRIN, which will convert thom

directly to the transformed load vectors,' {P}) . Data reduction may also be

performed on the transformed quantities..

An approximate method for static analysis is available by merely setting

K = 0 (17)

for all K< kMIN or K> KMAX. This is similar to truncating a Fourier series. The

stiffness associated with larger K's (short azimuthal wave lengths) tends

to be large, thus these components of displacement tend to be small.

The cyclic transform method can also be used for vibration analysis.

The equation of motion in terms of independent degrees of freedom is

K 2 K K (8
[K - W m2K] {u} = 0, (18)

where [M)]K is derivcd by replacing [K] by [M] in Equation 16-b. The symmetrical

components are recovered with Equation 15. Physical segment displacements

can be recovered by Equation 3.
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For frequency response, the method is the same as for statics, except

that the mass and damping matrices must be transformed similar to Equation 16-b.

2.2.2.2 Dihedral Symmetry

Dihedral symmetry refers to the case when each individual segment has

a plane of reflective symmetry; see Figure 2. The segments are divided about

designated as side 2. The other boundary, which must also be planar in order

to be conformable, is called side 1. The two halves of the segment are called

the right "R" and left "L1 halves. The user prepares model information for

one R half segment. lie must also supply a lisi. of points on side 1 and another

list of points on side 2, and information about the orientation of the global

* coordinate system.

"For the case of dihedral symmetry, the cyclic transformation described in

Section 2.2.2.1 is used ir conjunction with reflective symmetry of thr segments.

The physical quantities are related to the symmetric components by:

unR u +u )cos(n-l)ka + (u-+uS )sin(n-l)ka (19-a)
k

n, 1, 4 ~4c-kc a -ks -ks*
un Z (u-k-u-*)cos.-n)La + (u -u )sin(N-n)ka (19-b)

k

Here, the superscript n refers to the nth s6gment, R and L to the right and

left halves. Th 'iperscript k for the symmetric components is an index in thc

range 0 < k < (N/2). The c and s refer to cosine and sine terms. Unstar and

star (*) refer to symmetric and antisymmetric motion. It is to be understood

that there are no sine terms, u0 s, when k = 0 since their coefficients would

be identically zero. Also, if N is even, for the maximum value of k (i.e., N/2)
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-NI2,s
there will be no sine term u Equations 19-a and 19-b can be inverted

in the same fashion used for rotational symmetry.

-kc
- nu Rcos(nl)ka-±un'Lcos
'F csnlk (N-n)ka) (20-a)

aiks / 6F" ,

..ks* = (UnRs sn(n-1)ka~un'Lsin(N-n)ka) (20-b)

"where the upper sign goes with the unstar term and

S1/2 if k=0 or 2k=N,
S=I iotherwise.

For the case of reflective symmetry (or antisymmetry), the range of summation

is over half of the substructures; the factor outside the equation must be

multiplied by two; and only the unstar (or star) term is nonzero.

The constraints between half segments are for ensuring displacement com-

• ~patibility. At each boundary, a grid. point is associated with its mirror

image point on an adjoining segment. Compatibility always involves a left

and a right-hand coordinate system. Some components will be called "even,"

for which compatibility states that the components of the two points are equal.

IDisplacements parall 'el to the boundary and rotations about axes normal to the

boundary are even. The other components, called "odd," require that the com-

ponents change sign. These conditions must be transformed to the symmetric

components, resulting in:

Side 1, even

j-kc*-k s 
(21)

u =0
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Side 1, odd

-kc
u =0 (22)-ks* (2

U =0

Side 2, even

-kc ka -ks ka
SsIn 7 +u cosu= (23)
..kc* ka -ks* ka = 0

U COST -U Si~lly
"" ~Side 2. odd -kc ka - -ks sinka

"c uOsTn (24)

S-Ic*. ka -ks* . ka

The method to satisfy the constraint is to relate each to an independent
- k*

variable 5k and u , much as was done for the rotational case

-ikc -
S= Gkc u

u = ks u k

ak* (25)
-ks* = 5k*
u = kc,

-ks* ik
U G ks*U

where Equations 25 will satisfy Eu'-.. 21 - 24 exactly. Note that this canl

be done by choosing Gkc* = -Gj- and Gks* = Gkc. Thus the unstar and the star

equations will be identical. The stiffness matrix for the solution set vari-

""k
ables u and u arr the same, and the two types can be treated as two loading

-I conditions.

2.2.3 User Information

The cyclic symmetry modification to NASTRAN allows the solution of

structures with rotational or dihedral sry.metry by modeling only one of
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litc identical segm ents. Special data cards and parameters are introduced

to specify the method of joining the segments. In static analysis, input

and output data for each individual segment are contained in separate sub-'

cases. The constrained degrees of freedom and material properties must be

the same for all segments. For static analysis, the loads, the values of

enforced displacements, and the temperatures may vary from element to

element.

The SPCD bulk data card (Figure 3) is useful for applying enforced

boundary displacements (or temperatures). These values are requested by

a load set; thus, if diff-rent displacemonts are specified on different

segments (i.e., in different subcases), the requested SPC constraint set

will not change. This must be done, since looping on cons~traint sets is

not supported in cyclic symmetry analysis.

A bulk data card, CYJOIN, (see Figure 4) is used to specify how the

segments are to be connected. Existing MPC, SPC, and OMIT constraints

may be used within the segments. The SUPORT card for free bodies is for-

bidden %hen cyclic synmmetry is used, since sepment fr'ee body modes do not

necessarily imply overalZ free body modes. Constraints between segments

are applied automatically to the degrees of freedom at grid points specified

on CYJ0IN bulk data cards which are not otherwise constrained. Grid points

are not allowed to be placed on the axis of symmetry.

The user parameters are:

CTYPR BCD. Type of problem: RPT ior rotational symmetry,
DIH for dihedral symmetry, DSYM and DANT for dihedral
with symmetry or antisymmetry.

N Integcr. The nutmber of segments.
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K Integer. The value of the harmonic index., used only for
eigenvaluo analysis.

M• AX,KWIN Integers. The maximum and minimum value of K, used ,for
static analysis. (Default is ALL)

DMPATCYCI S Integer. +d for physical segment representation, -i for
SC SRN Tcyclic transform representation foh inplU andraoutput of

data. Static analysis, default = i.

in CYCSEQ Integer. Used for method of.sequencing the equations in the
t s t solution set. +A for all cosine then all sine terms, -i for_;,. alternating. Default = -1.

a NLAD The number of loading conditions in static analysis.
S~Default = 1.

TDoP ALTERS are required to utilize the cyclic symmetry capability in

nMSC/NASTRAN. To relieve the user of the busden of the preparation and manip-•i ulation of the cards for t1.3se ALTERS, we have included thec required ALTER

for static analysis (RIGD Fubs IAT d ) and for reahl eigenvt ]e analysis (RIGID

Fo\itA d 3) in the Drl AP ALnd l in Library. The user is referred to RFI/6 and RF3/6

in Section 4 of the MSC/NASTRAN Application Manual. Complete instructions for

the selection of these ALTERS from the Library are also provided in Section r

and in Section 7.6 e f the MSC/NASeRAN Application .anual.

To. provide an overview of the UF" - the current cyclic symmetry capability

in MSCiNIASTRAN, the following summariJes are presented.

STATICS

1. A se[ •rato wbcase is defined for each segment (h•alf segment for
dihedral) and loading caadition. Segnments are ordered sequentially,
with cosine terms before sine terms. Additional loads will appear
as consecutive subcases.

2. Static loads for vech suhc': -e are spcified with LOAD, 'TEMPERATURE
(LOAD), or DE .-I, oiectic.-,!•. Enforced deformations may be specified
on SPCD (or SPC) data cards.

3. SPC's and MPC's vust be sekcted above the subcase level.
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4. If desired, the inp-ut and ontqut may refer to syma'trical components,

rather than to J)hys~cal In that case (CYCI0 = -1), the
subcases refer to symimetrical components.

S. Output may include displacel,.e..nts, static loads, single point con-
straint forces, eJolent fcrces and stresses, and undeformed and
deformed plots of the -substrcc:-ures. Constraint forces at the
joined points are not available.

6. The parameters DMAX and KMIN, which limit the range of the cyclic index K,
may be specified on a P.PAXA bulk data card.

7. ifTe GU),,rT (for L.i,>uguiunt), Vfl:ASS, IRES, and COUPBAIR parameters
are operational.+" K

NORMAL MODES

k .: 1. Constraints must be specified above the subcaie level. SUP0RT is
not allowed.

2. The cyclic inde.K p.rameter K must be supplied by the user on a
PARAN bullk data card.

3. An i-IGR card ic ,;c1r:(cted i) case control by METETHD selection.
The amplitudo must be noxamaizcd on MASS or 1AX.

4. The "automatic" eigcnvalue s,,u;uuary will be printed.

S. Output may incluiý, the displacements, constraint foices, element
forces 8nd stress, all of which will be in terms of physical
components. (This will result in many subcases per mode in many
cases.) Undoform.:cd and deformed plots are available.

2.2.4 Example Problems

Several examples of the application of cyclic symmetry are presented in

4 Section 3.2 of the MSC/NAS1 ZAN Application Manual.
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-Sc'gent N

•Sid

T Seg ent n N

Conformable Interface

1. The u.se" r.-odeis one seg-len1t.

2. Each segi~uit 's its own corJ.Inate syszerm.

3. Segrmnnt: bou:ndarics t;:y be cm've'd. 'Iho local dispf'cei:ent coordinate

systems (global) must conform at the joining points. The user gives a paired

list of po'A.ts on Side 1 and Side 2 ihich arc to he Joined.

Figure 1. Rotational Symmetry
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Seginent 2L Segncnt 2R

Segirncnt IL

Segment IR

Plane of Overe
_SJde 1 /Reflective Sys

N

. The user models one half scgpjent (a.n R segment). 'The L half segments

are mirror inines of the R hali segments.

2. Each half seg.egnt has it. own coordinate systmn., The 1, "alves use

left h}nid Coord'nate systc.s.

3. Seg.,,nt boundaries must be planar. L.oc.:! displacement s'ste;,s ave!,

associated l:ith inw.er-s•oent bound,irics, must be in the plaite or nor.al

to the plane. "the user lists the 1),.j its on Side ] and Side 2.

Figure 2. Dihedral Symmetry



:Input DatIa Card _____

Description: Definos an enforced displacement value for static 'analysis,
which is requested as a LPPD.

Foi•.at and Example:

1 2 3 4 S 6 7 8 9 10

JPCD SCD G C__GC D

- ICD 100 ' 32 36 -2.6 5 +2.9

Field Contents

SID Identifizatien nunber of a static load set. (Integer > 0)

G Grid orscalar point identification number (Integer > 0)

C Corponent numiber (6> Integer > 0 ; up to six unique
such digits may be placed in tie field with no imbodded
b lanks)

D Value of enforced displacen:ent for all coordinates
designated by G and C (Real)

Remarks: 1. A coordinate referenced on' this card n-ust be referenced by
a selected SPC or SPC1 data card.

2. Values of D %.,ill override to the values specified on a SPC
bulk data card, if ti 9AD set is requcsted.

3. The bulk data LfAD combination card will not request an SPCD.

4. At least one bulk data load card (FORCE, SL0AD, etc.) is required
in the load set selected in case control.

Figure 3. SPCD Bulk Data Card Format
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Input Data Card CDJOIN

LDescription: Defines the boundary points of a segment ir• cyclic symmetry problcms.

F,.rvrat and Example:

I .2 3 4 5 6 7 8 9 10
6.1 FG GS G6 : ,b . .

I G• , lNi 1 9 j 1 ',25 3. j64

..L.7 G.9 -etc._ p *1 .H
ltrwý. te Forn

fj),;) rx SjDE__ C GITD!IMRY' GI D2

~YJ0 ' is J6 j 32 ___ _________

__ld Contents

SIDI1 Side Identifination (Integer I or 2)

Type of coordinate system used on boundaries of dihedral
problems (ECD)

Gi,Gli| Grid or scalar point identification nuimbers (Integer > 0)

vR*,a•:rks: 1, CYJOIN I.ilk daLa cards are only used for cyclic sylmmvetx)' prob!.o::.,
A parameter (CTYPJ[) must spncify rotational *or dihedral sywl.etry.

2. For rotationa1 problems there must be one log* cal card for SID!':i
and one for SIDE=2. The two lists specify grid points to be ten-
nected, hence both lists must have the samie length.

3. For dihedral pro.1ems, side 1 refers to the boundary between
scnji'zit-s and side 2 refers to the middle of a segment. The grid point
degree of freedom which is normal to the boundary must be specified
in field 3 as "TI", "T2", or "T3" ("R", rectangular, and "C", cylin-
drical, are the some as T2, while "S", spherical, is the same as T3).
For SCALAR and IviJtA points wivn one aegree oi freecom, cnese sliould
be specified as "blank", T2 or T3 if they are to have the sae Sign,
and TI if the two connected points are opposite in sign.

4. All componcnts of displacement at boundary points are connected to
adjacent segments, exceot those constrained by SPC, WPC, or ý,MIT.

[- ... Figure 4. CYJ0IN Bulk Data Card Format
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APPENDIX A TO APPENDIX C

NOTATION

The notation used in the text jumps back and forth between the use

of matrices and vectors, and the use of explicit summation. In general

NASTRAN use, the displacements are described in terms of a vector

U2

'* ( 1)

where there is one component for every degree of freedom. The components

refer to displacements in the global coordinate system. Another vector

with similar form is the load vector, which looks the same as Equation 1,

except the letter P replaces u.

j vFor cyclic symmetry problems, the displacements and forces will be

I ~ ~given in terms of a matrix 1**

S1 N
Ul2  U 2

(u] (2)

I U N.

where there is one row for each degree of ±reedom in a segment, and one

column for each segment. All of the displacements in Equation 2 are not

independent, since points on the bounuaries must satisfy compatibility.
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The Phase I transformation is a linear relationship between the

-unknowns for the "similar" degrees of freedom of the segments; thus,*• 1 it involves terms in the same row of Equation 2. The operation is a

post multiplication by the transformation matrix-, as hown in Equation 3

__, 1of the text. The transformed degrees of freedom, called symmetric compo-

nents u, are also displayed in a matrix like Equation 2, only now there

is one column for each syrnmetrical 'component, instead of for each segment.
I 2)

Superscripts are used for segment numbers u , u', etc., and also for

-2csynmmetrical compor.onts, u . The bar is used to distinguish a symmetrical

component from a physical component. Subscripts are used to refer to a

subset of degrees of freedom, hence uI and UI are physical and symmetric

components of displacement on side 1.
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STHE MACNEAL-SCHWENIlDLER CORPORATION

7442 NO. FIGUEROA STREET LOS ANGELESCALIFOPNIA 90041 " 254-34S6

4

- JOB NO: EC-254

"MEMO NO: RLH-2

DATE: 15 October 1973

SUBJECT: Storage of Cyclic S>ymetry Variables

In cyclic s)yn'netry problems three types of variables are used. The

hysical components refer to displacements, loads, etc. for individual

Isubstructures. The symn.etric components refe:, to the terms of the finite

I Fourier series. Both physical components and symmetric components must

satisfy equations of compatibility. The symmetric components are expressed

• . ;in terjas of an independent set of variables called the solution set.

Rules have been imposed relating the relationship between the columns

of a matrix (or a subcase ID) and the type of variable involved. Four types

of transformations, are to be used, called ROT, DII-1, DSYUM and DANTI.

a. Rules for Subcases (loads and displacements). The identifiers for

physical components are:

1. (LOAD COND). Separate sub•i •s are needed for each loading condition.

The user will supply a parameter NLOAD (default - 1) to specify a

number.

2. (SEGMENT ID). Seg-ents are identified 1, 2, .. , N, where N is a

user specified para:;;ter (no defaul ). (An exception is given below

"for DSYM,'%! and DANTI.)

3. (R,L). For the cases of DII!, DSY2! and DANTI, each seg.:ent conslists

"of tZ:o substiucturcs called R (right) , L (left). The user
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I
models only one substructure. For the rotational case, there are

only R substructures.

4. (FREQ), within a subcase. For frequency response problems, several

frequencies are defined in each subcase. The number must be the

same for all subcases.

The order for subcases (or for columns in a set of vectors) is the

order specified above, with Load Cond the outer loop, Segmont ID next, etc.

"For example,

1. DIH, N=2, NLOAD 3, NFREQ = 2

Subcase Load Cond Sdg ID (R,L) Freq

1 1 1 R ±
1 1 1 R 2
2 1 1 L 1
2 1 1 L 2
3 1 2 R 1
3 1 2 R 2
4 1 2 L 1
4 1 2 L 2

5 thru 12 repeates for loads 2 and 3 (24 total vectors)

2. ROT,..N=S, NLOAD 1-, NFREQ = 1

Subcase" Load Cond Seg ID (R,L) Freq

1 1 1 R I
2 1 2 R 1
3 3 1 3 R 1.
4 1 4 R 1
5 1 5 P, 1

The following algorithm can be used to compute the nunber of sub-

structures. The basic number

NSUIB N
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If the type is DIH, multiply NSUB by 2. The total number of. physical

vectors is

WNSUB x NLOAD x NFREQ

b. Rules for storing symimetric components. The identifiers for the

components are

1. K The index of the loop. The value of K must be between M~IN

MWand IAX where 0 .LE. MNIN .LE. 1,4AX .LE. (N/2).

•"2. (UNSTAR, STAR). The star (*) is used'for uns:m.!,.ctric terms, and

"2 'the lack of a star for symmetric terms. This is similar to the

conical shell convention. Thare are three cases:

TYPE TERMS USED

ROT, DSY,\LM UNSTAR only

DANTI STAR on] y

DIH UNSTAR and STAR

3. (COS, SIN). In the general case, there are both cos and sin terms.

In the special cases r = 0 and 2K = N, there are only cos torms.

4. (LOAD COND). If the user is solvxiig several loading conditions in

one run, separate v(:e-ors are required for each. The number of

loading conditiwis is specified by the parameter NLOAD.

S. (FREQ). In frequency response and eigenvalue problems there may

be more than one frequency. The number of frequencies must be

determined by the cyclic transformation modules, based upon the

number of vectors input.
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SThe following algor.,th,- can be used to compute the number of symmetric

A components. The number of K values is1LX - LKIIN+I. 'The number of sin

and cos types is twice this, (except if W'IIN = 0, or 2MAX = N).

NTEM'EIS = 2(WMAX - KIIN+l)

If PIIN = .0, decrease NTERIMS by 1. If 2* WAX = N, decrease NTERMS by 1.

For the case DIII, there are both unstar and star terms, thus NTERMS should

be doubled, Examples are:

TYPE N WIIN IMIAX NTEMMS

ROT 5 0 2 5 = (2"3-1)
(0c, lc, 'Is, 2c, 2s)

DIH 6 0 3 12 = 2(2"4-1-1)
(0c, Oc*, lc, Is, lc*, Is*, 2c, 2s, 2c*, 2s*, 3c, 3c*)

DSa -4. 3 1 • 2 (2"1)
(ic, Is)

DANTI 4 0 0 1 = (2'1-1)
(Oc*)

The order shown in the above table i determinei by using K in the outer

loop, (UNSTAR, STAR) in the next loo1, etc. The total number of vector's

is equal to NTEHRIS * NL0AD * NFREQ.

c. Ru'es for solution set. Th solution set is solved for one value

of K at a time. For each K, the ide tifiers are

1. (UNSTAR, STAR)

2. (LOAD COND)

3. (FREQ)
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The number of terms in the. solution set NSSET is 1, except for'DIII,

when it is 2. The total number of vectors is NSSET * NL0AD * NFREQ, -Ihe

order is implied by the above list, with all unstar terms before star, 1st

load unstar before 2 nd load unstar, etc.

P

t a
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THE MACNEAL-SCHWENDLER CORPORATION

7442 NO. F'IGUEROA STREET LOS ANGELESCALIFORNIA 90041 54-34F.

JOB NO: EC-254

MEMO NO: RLH-3

DATE: 4 January 1974

SUBJECT: Changes Made in Cyclic Symmetry During November - December 1973

Those users who have previously used the program may be interested in

what changes have been made.ii ~I
1. A change has been made to allow multiple frequencies. This is the

main feature needed to extend the capability to include frequency response.

The same code is used for mode analysis, which al]ows the mode data to be

output for physical quantities rather than symmetric components.

2. A change has been made in subcase order for the multiple loading

conditions. In the new arrangement, all segments are defined in adjacent

subcases. Thus if the user wishes to add more loads, the new subcases are

added at the end.

3. The statics ALTER has been modified to break the matrix partition

operation into several steps. This is recommended when CHECKPOINTing large

problems due to possible long times spent in the SMP module.

4. The dihedral method has been changed to be easier to understand and

more efficient. The old "DRL" and "DSA" designations were dropped, since

it is believed that no users aie likely to resolve the loads on left and

right half segments into symmetric and ahtisymmetric components. The new

designation DIII is equivalent to the old FURL. 'Two new forms DSYM and DANT

are available when the results are symmtric about a plane. The theory was

changed so that the plane of symmetry lies between segments 1-R and N-L,
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A (instead of 1-R and l-L). Subcases are needed only for the substructures

on one side of this plane, starting with 1-R. The method of specifying

the global coordinate system for bounidary connections on the CYJ0IN data

card, has been changed to allow the user to specify Ti, T2, T3, whichever

is the component normal to cho boundary (the specification C and S for

cylindrical and spherical are still allowed).

S. The parameter DIIN has been added to static anialysis.
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THE MACNEAL-SCHWENDLER CORPORATION4 7442 NO. FIGUEROA STREET LOS ANGELES,CALIFORNIA 90041 254-34S6

"JOB NO: EC-2S4

MMBO NO: RLII-4

"DATE: 3 January 1974

SUBJECT: Sample Problem

The following problem illustrates the solution for frequency dependent

material properties using the methods of cyclic symmetry.

Figures I and 2 show the model and loading conditions. The hexagonal

model consists of a frequency dependent solid (modoledi with IIEXA2 elements),

inside of a case (modeled with QUAD2 elements). Three slots are cut into

the solid. The base is fixed. Loads are applied on the inner surface.

This structure has a first vibration frequency of 724 cps. It is desired

to find the response at 0, 1500, and 3000 cps. for two loading conditions.

There are several choices available to model with finite elements.

" 2-" Structure

V Method Fraction
Mineumonic Modeled N Comments

DM 1/6 z Six substructures

ROT 1/3 3 Three substructures

DIIi 1/2 1 This is ordinary reflective
_ _ _symmetry.

S DS 1/6 3 Requires loads symmetric about

D Y1/• midplane.

Only the first mfthod iill be illustrated. The model, shown in Figure 3,

Sconsists of eight grid points and two structural elements. Fo: the general

probl;m, o'ne-half of a sy~mmetric substructure is modeled. Any o.f NASTRAN's

C-44
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general structural elements can be used. The NASTDNi rn is shown in

Figure 4.

The executive control deck requires:

S•1. ID card

-•2. APP DISP

i!3. SOL 8,1

4. $MERGF psNDALTER for the ALTER.

It is recommended that DIAG 8 be used. The iimple also illustrates RESTART.

The case control deck may referenct .P' s or MPC's, however tIey must

j be above the Fubcase level. SPC's have '.z- u-,ed in this problem for the

boundary conditions. Note that SPC's an; N3'C's are not used for compatibility

between segments. Other required cards ýr,:

PREQ (to select FREQ dala card)

DLOAD (in subcases to select loads)

SDAMP (select table which defines viscoelastic material)

The optional cards include OUTPUT requests, PLOT requests, TITLE's, direct

input matrices (above subcase level). ThTv is one subcase for each sub-

structure, The first six subcn_.;s are used to define the loads and request

output for the six substruct,.res in the first loading condition, These sub-

cases must be present even if there are no loads and no output requests, In

the present examples there are two loading conditions. For each additional

loading condition, extra subcases must be added to the end of the deck,

The Bulk data deck will be discussed in the sorted order (see page 8 of

output).
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1-2. The HEXA2 element is used for the solid.

3-4. A cylindrical coordinate system is recommended. This is the
easiest way to guarantee that the inter-segment compatibility
is met.

¶ 5. The QUA,2 element is used for the case.

6-7. The CYJ0IN defines side .1 and side 2. Field 3 must identify the
translation component normal to the boundary. If grid 201 were
listed on side 1, there would be no slot.

8-10, These define the magnitude of the loads.

11-15. Not used. These are for static and vibration analysis.

16. Specifies frequency range.

17-24. Specifies the grid points. Note th&t the cylindrical coordinates
are referenced,

25. The material property for the case. Field 9 (the element damping)
should be zero. See .tem 31.

p 26. The mate3rial property for the propellant. Note that Gref 500.
and g = .50 are arbitrarily selected values.

27. PARA1M COUPANWSS = I selects coupled mass. This is not generally
recommended for frequency response problems, but was used to
allow GIVIN',; method for eigenvalue extraction of vibration modes.

28. This PARAi is req':ired for cyclic symmetry problems. The options
include DI.1, R0T, DSYM and DANT.

29. This P1,RAM is defaulted to -1, the recommended value. The value
used here changes the order of the equations.

30. The DEC,71PT should be set to the SYMIETRIC option (2 for IBM,
4 for CDC).

31. The PARAW G is used for overall damping. It is recommended for
the damping of the case and must be entered into the calculation
of the table TI (see 40-43.)

32. N is the number of segments. For the dihedral symmetry, each seg-
ment has a left ana a right substructure.

33. NL0AD is required if not equal to one.

0,34. This parameter will cause the value of k to be printed in every

loop.
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•" i 35. The thickness of the case.

36-37. Assigns table 1000 for the frequency dependence of loads.

S38. Removes matrix singularity since there is no stiffness for

.rotations associated with the solid elements.

S39. Boundary condition for base.

40-43. Table for frequency dependent materials, computed by:

Frequency 0. 1500. 3000.

Data G' 500. 860. 1180.

G"/G .00 S.. .53

TR = (G/G'rof-l)/ge 0. 1.44 2.72

TI = (G"/Gref-g)/ge 0. 1.92AA 251

o where Grf 500. gr .5 (see 26) and g = 0. (see 31.). The table for

TI is one greater than for TR. TR is selected b)y SDAMP in case control.

44-45. The frequency dependence of the loads is a• constant.

The results are shown for displacements in the solution set. If desired,

data recovery could be used for dependent displacements, element forces,

constraint forces, plots, etc. For interpreting results, the user should

remember that a local displacement coordinate system is used. A left hand

system is used for the "1," subttructures. Compare, for example, the motion

of point 211 in subcase I and 2, which represents the same physical displace-

Iment.
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1. Eleme(nts used: plates (QUAD2) and solids (!IEXA2)

2. Geometry (cylindrical coordinate system)

Inner radius 1.0
Outer Radius 3.0
fleight 2.0
Plate thickness 0.1

3. Material Properties

Plate E = 1. x 107, u = .25, p 2. x 10- 4, g 0.0

r Solid U = .49, p " 1.66 x 10-

f = 0. 1SO0. 3000.

Shear Storage Modulus G' 500. 860. 1180.
Shear Loss Tangent G"/G' 0. .56 53

4. b•ot-dary condition. Base fixed.

S. Loads. Two conditions on inner face, see Figure 2.

Fi-,,re 1

"The IIEX Model-
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0,1102-1 1

IIXAI2
736

Firu1 2

Top View of Ili;X Showinig I'lcments and Loads
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202 212

j: 210 I-
;; TT

2-R 1011-
212 1-2

¶ 201T2

20i TrI side 1 20\\

2-0L

Figure 3

The dihedral (DIII) rodel. (Note that L-half segments have left-hand

-oordinate systems). the grid points on the bottom layer have ID's 100 less.

Q-10 is a Q'hAD2 elerient and V'-20 is a IIrXA2 elcmeie,c. The slot has been shol.n

with finite width for clarity. Only the 1-11 substructure is modeled.
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APPENDIX D

TASK 4 FINAL REPORT
VIBRATION TESTING OF THE BASELINE MOTOR

RPL COMPONENT VIBRATION PROGRAM

Because a large volume of data was produced during
the test program, this report has been abridged by
removing all but the most important data. The
omitted data were in the original Task 4 final
report which ;,s on file at the AFRPL, Edwards, Ca.
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t
FOREWORD

, •This report was written under Task 4 of Air Force Contract No.
F04611-73-C-0025. Results of acoustic vibration testing on an inert
Poseidon C3 S/S motor are reported herein. This report is not a required

* •contract data item. This work was performed by Hercules Incorporated,
Systems Group, at the Bacchus Works, Magna, Utah. The cognizant project
engineer is Dr. D. George, AFRPL, Edwards AFB, California.
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ABSTRACT

I.. The purpose of Task 4 of Contract No. F04611-73-C-0025 was to obtain
the vibration response characteristics of an inert Poseidon C3 S/S motor.
A testing program was conducted on an inert motor using a loudspeaker
mounted in the combustion cavity as a source of excitation. Results from
this testing program will be used in Taak 5 for comparison with results
obtained from finite-element models.

Mode shapes of the motor structure, oscillating in response to the
stimulus .of the loudspeaker, were obtained by using a movable accelerometer.
By using double-backed adhesive tape to mount the accelerometer, it was
possible to quickly move the accelerometer from one location to another on
the motor structure, recording the acceleration response magnitude and
phase at each location. The mapping was carried out at several selected
frequencies.

; In addition to the mode shape mapping, frequency response plots were

obtained at selected locations on the structure by recording the accelero-
meter output as a function of loudspeaker (input) frequency on an x-y
recorder. The loudspeaker input frequency was swept from 50 Hz to 1000 Hz
as the accelerometer output was plotted.

This report describes the test procedures and presents the testing
results. All* applicable raw data are included for reference and some 'me
mode shapes are plotted to illustrate the use of the data. No attempt I
made to further interpret, evaluate, or analyze the data. The data will
be studied in Task 5.

*See note on page D-1.
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SECTION I

INTRODUCTION AND SUMMARY

A. INTRODUCTION

The purpose of this report is to describe the testing and document
the detailed results for the acoustic vibration experiments carried out
under Task 4 of AFRPL Contract No. F04611-73-C-0025. This report is not
a required contract data item.

The objective of the testing program was to characterize the vibration
response of.rhe S/S Poseidon C3 motor in such a way that results could be
used for verification of finite-element models that are being developed

program plan1 provides a general description of the testing program that
has been conducted. However, details of the testing program actually
conducted vary considerably from those given in the published testing plan.
The actual testing program evolved through a series of check-out and
evaluation tests. After preliminary tests had been conducted, an approach
was formulated and an informal preliminary test report was issued.
Significant details of the new approach were discussed with the project
engineer at RPL, Dr. D. George, and concurrence was obtained on the general
approach.

The tests were conducted on Poseidon S/S inert motor number STV-4D.
The motor was obtained from the Lockheed Missiles and Space Company, Sunnyvale,
California, on a six-month loan. Hardware from a Hercules lobby display
motor were installed on the inert motor and the dummy training nozzle was
replaced with a production full-scale nozzle furnished by the Hercules
Poseidon program office. The motor, complete with hardware, was placed in
Building 33 at Hercules Plant 81 where the testing was conducted.

In the following sections of this report, the test set-up is described
and the test procedure is given. Then results of the testing program are
presented and discussed. The final section contains the conclusions reached
as a result of the testing program.

B. SUMMARY

A loudspeaker was placed in the combustion cavity to provide a source
of acoustic excitation. A variable frequency oscillator was used to alter
the excitation frequency. Structural response levels were recorded using a
movable accelerometer. Acoustic sound pressure levels were recorded using
a microphone on a probe in the combustion cavity. The motor was pressurized
to 50 psi for all Lests to provide separation between the chamber insulator

I
-Program Plan for Analytical Prediction of Motor Component Vibrations Driven
by Acoustic Combustion Instability, 8 January 1973, for AFFTC, Edwards AFB,
California, by Hercules Incorporated, Bacchus Works, Magna, Utah
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and grain shrinkage flaps in the domes. Tests on the forward dome were
performed with the motor in the horizontal position. Tests on the aft dome
were completed with the motor in a vertical attitude, nozzle-up.

Two different kinds of data were gathered during the testing: (1) mode
shape mappings at a constant frequency, and (2) frequency sweeps with the
accelerometer placed at selected locations. The mode shape mappings resulted
in data that can be used to plot the mode shapes of the structure responding
to an input at a particular frequency. The frequency sweep data provided
the means for resonant frequency assessments.

tD1 S~D-lO



SECTION II

TEST SET-UP DESCRIPTION

j •4 Full-scale, inert Poseidon second stage motor STV-4D was used as a
test vehicle for this program. The following major hardware were on the
motor:

(1) Nozzle assembly

2 (2) Flight control electronics package

! (3) Hydraulic power unit (HPU)

(4) Inert gas generator

(5) Pitch and yaw actuators

(6) Thrust termination (TT) portt

Two serarate series of tests were performed: (1) forward dome testinf,
with the motor in the horizontal position restiag on a standard handling
dolly, and (2) aft dome testing with the motor in the vert 4 cal position,
nozzle up. In the vertical position, the motor was supported by a special
stand that was borrowed from the manufacturing department. An aluminum
handling fixture (ring around aft skirt attachment area, see Figure V, was
supported and held up away from the aft skirt by a special supporting
structure. Since the handling fixture was held away from the motor, it was
possible for the test conductors to stand on the fixture during testing to
access the aft dome accelerometer locations. The sketches shown in Figure I
illustrate the two test configurations. The aft dome testing was performed

with the motor in the vertical position because preliminary check-out tests
indicated that the cantilevered nozzle in the horizontal position has a
strong effect on the symmetry of, some of the basic dome modesI. The forward
dome testing was carried out before the motor was rotated to the vertical
position because the forward dome is difficult to access when the motor is
in the vertical position.

A block diagram showing the instrumentation used to record pressure and
acceleration response is shown in Figure 2. Using the sot-up shown, the
frequency of a particular resonance can be determined accurately with a
frequency meter. A phase meter is used to measure phase between the reference
accelerometer output and the movable accelerometer output (or the microphone
output). A digital voltmeter is used to measure movable accelerometer output
at a particular frequency. For frequency sweeps, the movable accelerometer
output was plo&,ed as a function of frequency by an x-y plotter.

An eight-inch cone type loudspeaker was placed in the slotted region
of the combustion cavity to provide the source of acoustic excitation. A
special nozzle closure for containing the 50 psi chamber pressure was designed,

IPreliminary Testing Report, Acoustic Testing, Task 4, "Analytical Prediction
of Motor Component Vibration Driven by Acoustic Combustion Instability"

Program, Contract F04611-73-C-0025, AFRPL, by Hercules Incorporated, Magna,

Utah, 12 April 1973.

D-11



constructed, and installed in the test chamber. Nitrogen gas was used to
pressurize the chamber to 50 psi-. An existing pressure tap in the- forward
closure was used to supply nitrogen to the chamber from a commercial
nitrogen bottle. The pressure gage and regulator supplied with the nitrogen
bottle were used to control the motor chamber pressure. Figure 3 is a
sketch of the general motor testing set-up. Figures 4 and 5 are photographs
showing the actual test instrumentation used and the vertical motor
configuration.

D-1
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SECTION YII

TEST PROCEDURE

Two basic test procedures are described here, one procedure for
"frequency response testing and one procedure for mode shape mapping. The

frequency response testing was performed first so that results could be-
used as a guide in choosing frequencies for mode shape mapping.

The frequency response testing was performed for a limited number of
points selected on the domes and on the components. The movable accelero-
meter was mounted at a selected location using double-backed adhesive tape.*
The power amplifier supplying the speaker was adjusted for an eight-volt
output. The audio oscillator dials were then slowly turned to sweep the

'•• frequency from 50 Hz to 1000 Hz while the accelerometer output was plotted

as a function of frequency on the x-y recorder. The resulting plot of
acceleration amplitude versuts frequency was examined to determine apparent

Sj ' resonant frequencies. Peaks may occur in the plot _.ther due to acoustic
cavity resonance or due to structural resonance. Significant resonance
frequencies of both types were selected for mode shape mapping.1 To map a mode shape, the audio oscillator was set to the selected
frequency and the power amplifier output (speaker input) was adjusted to
eight volt-. Cenerally, the audio oscillator was fine-tuned to marimize

the accelerometer signal from a selected location by observing the response
on the oscilloscope as the oscillator frequency control was adjusted. The
reference acceierometer was installed at a specified location. The movable
accclerometer was moved from location to location until each point in the
area being mapped was covered. For each point at which the movable accelero-
metei was located, the accelerometer output was read on the digital voltmeter
and recorded on a data sheet, The phase angle between the response from
the reference accelerometer and the response from the movable accelerometer
was noted on the phase meter and recorded on the data sheet. Thus, results
from a mode shape mapping were obtained in the form of a table giving
acceleration amplitude and phase at a set of mapping points. Double-backed
adhesive tape was used at each mapping location to allow easy and quick
installation Lnd removal of the movable accelerometer.

The accelerometer mapping locations fox the forward dome are shown in
Figure 6, Since there are many locations and the numbering system can be
confusing, the order in which the dome layout is numbered is indicated in
Figure 7. For example, the numbering system starts with 93 at the 00 point
on the adapter, and positions located radially outward are numbered in
sequence through 108. This is indicated in Figure 7 by the " 1 " line.
The numbering sequence is continued at line 2 in Figure 7, etc.

*Double-backed adhesive tape was shown to provide a satisfactory accelerometer

mounting system, as reported in the preliminary testing report.
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ii

•!. I The accelerometer mapping locations for the aft dome structure are

given in Figure 8 and the numbering sequence is shown in Figure 9. Accelero-
meter locations for the components are shown in Figure 10 and those for the
nozzle in Figure 11. Photographs showing more precisely the locations of
the accelerometers on the aft dome are given in Figures 12 through 16. It
was noý. pos-sible to install accelerometers at each numbered location due
to interference with existing equipment. The data given in Section IV
indicate which locations were used. The manufactured nozzle closure is
shown in Figure 17.

Frequency response testing and acoustic mode mapping were carried out
for the combustion cavity by using the microphone in place of the movable

f accelerometer in the procedures described above. The microphone location
used in conjunction with the forward dome tasting is shown in Figure 3.
Frequency response data were obtained for the microphone location of
Figure 3. For the aft dome testing, the microphone was mounted on a probe
so that acoustic modes could be mapped in the cylinderical section between
the speaker and the nozzle closure. Mapping locations for the cavity are
defined in Figure 18.
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SECTION IV

RESULTS

A. FORWARD DOME FREQUENCY RESPONSE TESTING

Frequency response data were obtained for different points on the
forward dome. A separate graph was obtained from the x-y plotter for each
point showing acceleration response as a function of frequency. One graph
i: given in Figure 19. The frequency response graphs are included in this
report as they were received from the x-y plotteL.. A frequency scale and
notations have been added to each graph, but no tracing or other redrawing
has been done.

The notations on each graph indicate the day (date), time of day, and
location of the accelerometer for each test. The vertical line near the
0 frequency mark is a calibration line showing unit acceleration response
amplitude so that amplitudes on different graphs can be compared. For
those graphs that have no calibration line, the line on a preceeding graph
applies; the calibration line was only plotted when the gain settings were
changed. For some selected peaks on the graphs, the frequency at which
the peak occurred, as read on the frequency meter, has been written near
the peak. In addition, the phase angle read on the phase meter is denoted
after the peak frequency for some of the data. During this testing the
reference accelerometer was located as position number 93; position numbers
given correspond with Figure 6.

B. FORWARD DOME MODE SHAPE MAPPING

By reviewing the frequency response data, six significar., frequencies
were selected for detailed mode shape mapping of the forward dome. The
forward dome was mapped in detail at frequencies of 100, 155, 192, 262,
320, and 367 Hz. The response was recorded at each of the points defined
in Figure 6 for each of the above six frequencies. A limited mapping,

usually consisting of making measurements along only one radial line, was
additionally conducted at frequencies of 34, 386, 460, 517, 590, 620, 675,
and 805 Hz.

The mapping data are obtained in a tabular foin giving measured
aniplitude and phase at each mapping point. All "raw" data obtained during
the forward dome mapping tests are provided in Appendix A of the original

Task 4 final report.

To illustrate the use of the acquired data, consider the following
example of steady state response for a system with two degrees of freedom:

At point one the amplitude, yl(t), may be expressed as a function of
time as:

yl(t) = Y1 Sin (wt + 4I)
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At point two the amplitude would then be,

y2 (t) = Y2 Sin (Wt + 02)

The terms ýi and ' 2 are the phase angles measured relative to some arbitrary
reference, and Yj and Y2 are the corresponding maximum (single amplitude)
response amplitudes at points one and two. During the mapping process,
maximum amplitudes Yi and phase angles 4i are obtained. To study the mode
shape of the response oscillations, it is usual to maximize a particular
response of interest; i.e., it is common to choose a t~me, to, such that
yi(t) = Yi for an i of interest. Thus a time, to, such that wto + 41 900,
would maximize yl(t) and the mode shape at to would be:

t Yl(to) YI

Y2 (to) Y2 Sin (- +I 2 )

Some of the data given in Appendix A* have been reduced and the amplitudes,
yi(to), are given on the data sheets in the column titled "amplitude". -The
reduced data have been plotted to show mole shapes for oscillations at 100,
155, 192, 262, and 367 Hz. Some mode shape plots are given in Figure 20
through 24,

C. ACOUSTIC CAVITY FREQUENCY RESPONSE TESTING

adFrequency response plots were obtained for microphone locations 1, 8,

and 15 (refer to Figure 18). The plots are presented in Figures 25, 26,
and 27.

D. ACOUSTIC CAVITY MODE SHAPE MAPPING

Acoustic pressure mode shapes were recorded for the combustion cavity
at frequencies of 57, 158, 192, 265, 315, and 364 Hz. Mapping locations are
shown in Figure 18. The raw data are given in Appendix B for 2 frequencies.
The acoustic mode shape for 364 Rz has been plotted and is shown in
Figure 28.

E. MOTOR AFT-END FREQUENCY RESPONSE TESTING

Frequency response data was obtained for 15 different points on the
aft end of the motor. The graphs are given in Figures 29 through 41. The
location numbers given on the graphs correspond with Figures 8, 10 and 11.

F. MOTOR AFT-END MODE SHAPE MAPPING

The motor aft end was mapped in detail at frequencies of 56, 262, and
363 Hz. For the detailed mappings, data were obtained at the locatione
defined in Figures 8 through 11. In addition, a partial mapping was carried
out on the components at several other frequencies. The Flight Electronics
unit was mapped at frequencies of 104, 134, 269, 367, 409, and 685 Hz. The

*Refer to the original Task 4 final report.
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HPU and Gas Generator units were mapped at frequencies of 70, 89, and 150 Hz.
Some typical data obtained from these tests is given in Appendix C.

An effort was made to assure that one or two of the fundamental
cantilever modes for the components would be mapped. To determine the
fundamental cantilever mode of the Flight Electronics unit, an accelerometer
was placed on the unit at location 585. The Flight Electronics unit ;uas
theni "thumped" with the heel of a hand and the decaying response from the

4 accelerometer was observed on an osc'illoscope. An effort was then made to
estimate the frequency of the decaying oscillatious. Using this approach,
the fundamental cantilever mode of the Flight Electronics unit was estimat.ed
to be approximately 100 Hz. To excite this mode with the speaker-driver,I the response from two accelerometers, one mounted at 583 and one at 585,
was viewed on a dual-beam scope while the oscillator was tuned near 100 Hz.
The response ratio (585/583) peaked out at 104 Hz. Thus, it was determined
that the fundamental cantilever mode for the Flight Electronics unit occurs
at 104 Hz.

A similar twang or thumping test was conducted on the coupled HPU and
Gas Generator assembly. For this assembly, the fundamental cantilever mode
apparently occurs at 89 Hz. This mode is likely to be more complex than
simple beam cantilever motion, however, due to the more complicated geometry.

G. EFFECT OF HELIUM VERSUS NITROGEN ON FREQUENCY RESPONSE RESULTS

The frequency response plots presented up to this point exhibit "peakW"
at various particular frequencies. The peaks occur at resonant frequencies
for the total system. It seems likely that some of the peaks occur mainly
because of structural resonance while others are probably due mostly toSacoustic cavity resonance. In order to identify structural resonailt frequencies,,

a gas different from nitrogen, a helium and nitrogen mixture, was used to
pressurize the chamber. The different gas has a different speed of sound

,than nitrogen, which results in a different frequency of oscillation for a
given acoustic mode.

At the beginning of this testing, the goal was to obtain two sets of
frequency response data for a selected group of accelerometer locations, with
the only differences in the data being the gas used to pressurize the chamber.
With this goal in mind, frequency response plots were obtained for 10 different
points while nitroget, gas was used to pressurize the chamber. The data
for point 93 are presented in Figure 42. During this testing, various
testing system failures were experienced. The digital frequency counter was
repaired, an accelerometer cable was replaced, and the speaker/driver was
,eplaced.

In order to cancel out effects of changes in the testing system, the
tests using nitrogen were repeated at three locations: 304, 585, and 594.
Results from these tests are given in Figures 43, 44, and 45.
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Directly following completion of the above test, where three frequency
response plots were obtained using nitrogen, a gas mixture was created and
three corresponding frequency response plots were obtained for comparison.
The gas mixture was obtained by bleeding of the nitrogen gas until a chamber
pressure of 25 psi was measured. The chamber was then repressurized to
50 psi using helium gas. The frequency response plots obtained using the
nitrogen/helium mixture are shown in Figures 46, 47, and 48.

A final series of frequency response tests were run by using only
helium gas to pressurize the motor to 50 psi. Data from the helium tests

• Iis presented in Figures 49 through 53.
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SECTION V

CONCLUSIONS
a,

The purpose of this report was 'to describe the test procedure and

present the results for the acoustic vibration testing of inert motor STV-4D
as required in Task 4. The tests were conducted to provide data for compari-
son with finite element results to verify the adequacy of the finite element

3 models. No effort has been made to analyze or interpret the testing results
obtained., The Task 4 testing appears to have been successful in providing
various sets of data that can be used for verifying finite element models.
However, a better judgement of the quality of the data can only be made

after the data are studied in more detail and used in comparisons in the
work of Task 5.
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APPENDIX A

FORWARD DOME MODE SHAPE MAPPING

(RAW TEST DATA)

SBecause a large volume of data was produced during the test

program, only the most important raw data are included in the
final report. All raw data obtained from forward dome mode

mapping have been omitted. The deleted raw data are included
in the original Task 4 report which is on file at the AFRPL,
Edwards, California.
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APPENDIX B

ACOUSTIC MODE MAPPING RESULTS

(RAW TEST DATA)

This appendix has been abridged by including

i only data for the 265 Hz and 364 Hz mappings.
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V

Test Series 6-19-73

j ' Speaker: Type Utah 8" , Location Fwd Slots , Voltage_ 8 (RMS)

Datalfrom Acc No._____

Motor Pressure 50 Phase Ret Station. 300

Frequency 265 Established at Station 300

Voltage Phase Voltage Phase
(RMS) Angle (RMS) Angle

Station V0 Station It

1 0.139 -30 21 0.069 -56

2 0.143 -30 22 0.048 -75

3 0.131 -33 23 0.036 -115

4 0.119 -38 24 0.045 -162

5 0.093 -43 25 0.070 -175

6 0.068 -54 26 0.090 '-174

7 ,0.052 -73 27 0.107 -163

8 0.030 -130 28 0.126 +156

9 0.041 -165 29 0.129 +156

10 0.065 -175 30 0.131 +156

11 0.087 +167 2 0.139 -30

12 0.108 +162 31 0.136 -33

13 0.121 +156 32 0.143 -24

14 0.133 +151 33 0.139 -32

15 0.124 +142 17 -- --

16 0.140 -30 14 0.123 +147

17 0.139 -30 34 0.126 +149

18 0.131 -32 35 0.128 +152

19 0.115 -40 36 0.130 +156

20 0.092 -46 29 -- --
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I%
ACOUSTIC ODE MAPPING

Test Series 5-23-73

Speaker: Type Utah 8" , Location Fwd Slots , Voltage 8 (RMS)

Data from Aec Mi No.

Motor Pressure 50 Phase Ret Station 300

Frequency 364 Established at Station 300

Voltage Phase Voltage Phase
(RMS) Angle (RMS) AngleSStation v Station

1 0.159 -173 26 0.194 +32
2 0.086 +126 27 0.061 -75

3 0.257 +64 28 0.267 -121

4 0.458 +54 29 0.465 -127
S5 0.610 +50 30ý 0.626 -132

II 6 0.691 +48 2

7 0.718 +47 31

8 0.665 +44 32

9 0.544 +42 33
10 0.331 +35 17 Couldn't read due to

11 0.176 +21 14 open ground

12 0.125 -80 34

13 0.344 -120 35

14 0.537 -126 36
15 0.673 -125 29)

16 0.159 -165 15 - 0° 0.641 -128

17 0.104 +115 15 - 450 0.575 -136
18 0.193 +75 15 - 900 0.614 -136

19 0.370 +59 15 - 1350 0.629 -136

20 0.547 +54 15 - 1800 0.616 -135
21 0.651 +50 15 - 2250 0.612 -135
22 0.704 +50 15 - 450 0.556 -133

23 0.674 +45 15 - 00 0.633 -130

24 0.566 +46 15 - 3150 0.638 -133
25 0.408 +44 15 - 2700 0.629 -130

. D-76



APPENDIX C

MOTOR AFT-END MODE SHlAPE MAPPI-NG

(RAW TEST DATk)

This appendix has been abridged by including
data only for the 363 Hz mappings.

D-77

$ ij
T. . . .• - -



Test Series 5-2-73 0915

Speaker: Type Utah 8" , Location Fd Slott•_, Voltage 8 (RMS)

Data from( Mic No.

Motor Pressure 50 Phase Eat Station 300

Frequency 363 Established at Station 300

Voltage Phase Voltage Phase
(RMS) Angle (RMS) Angle

Station V 0 Station v
300 0.605 +1 329 1.304 +97

301 0.569 +40 330 1.148 +41
302 0.859 +71 331 1.563 +16
303 1.535 +78 332 2.080 -31
304 2.465 +74 333 1.537 -54
305 2.974 +63 334 0.512 -84
306 2.573 +45 335 0.076 +133
307 1.672 +8 336 0.750 +3
308 1.825 -54 337 0.589 +24
309 2.446 -85 338 0.511 +61
310 2.441 -108 339 1.061 +109
311 1.691 -132 340 1.979 +121
312 0.635 +6 341 2.089 +119
317 2.084 +85 342 0.779 +88
318 1.90 +72 343 1.206 -26
319 1.256 +46 344 2.329 -40
320 0.928 +20 345 1.968 -43
321 1.349 -68 346 0.436 -37
322 1.299 -103 347 0.090 +110
323 0.844 -136 348 0.202' +13
324 0.317 +63 349 0.169 +8
325 0.312 +111 350 0,445 +74
326 0.641 +134 351 1.012 +83
327 1.10' +133 352 1.743 +73
328 L.425 +124 353 2.255 +58
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Continuation of Series 5-2-73 0915

d Voltage Phase Voltage Phase
(RMS) Angle (RMS) AngleStation v Station v 0

354 2.455 +36 383 2.230 +78

355 2.296 +10 317 2.053 +86

356 2.049 +17 384 ' 2.059 +86

357 1.677 -48 385 1.999' +85

358 1.390 -84 386 1.914 +92

359 1.172 -120/-128 387 1.840 +93

360 0.701 +1 388 1.659 +94

361 0.727 +13 329 ±.320 +102

312 0.693 +12 389 1.152 +108

362 0.494 +4 390 1.186 +122

363 0.320 +21 391 0.822 +124

324 0.295 +62 392 0.757 +131

366 0.648 +70 393 0.860 +131

367 0.674 +62 394 0.879 +131

336 0.739 +3 395 1.084 +129

369 0.804 +6 396 1.264 +127

370 0.845 +14 397 1.536 +126

372 0.666 -31 398 1.783 +123

373 0.471 -32 399 1.896 +119

348 0.216 +16 341 2.099 +115

374 0.135 +30 400 2.304 +112

375 0.226 +68 401 2.761 +108

376 0.330 +67 402 2.943 +103

377 0.393 +43 403 3.233 +98

378 0.459 +16 404 3.276 +96
S300 0.674 +1 405 3.419 +90

379 3.08 +64 407 2.734 +68

380 3.029 +62 408 2.576 +68

381 2.795 +67 409 2.158 +68

382 2.518 +71 410 1.970 +61
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'4,
Continuation of Series 5-2-73 0915

Voltage Phase Voltage Phase
(RMS) Angle (RMS) Angle

Station v Station v

353 2.301 +50 441 0.562 +140

411 2.321 +42 442 0.877 +158

412 2.271 +29 443 0.872 +139

413 2.236 +32 444 0.736 +129

414 2,037 +43 445 0.622 +144

415 1.932 +51 366 0.607 +62

416 1.945 +57 446 ,1.017 +132

417 2.038 +56 447 1.412 +140

418 2.176 +63 394 0.884 +131

419 2.320 +65 448 2.101 -30

420 2.523 +66 6,49 2.225 -31

421 2.738 +64 450 0.089 +96

305 2.879 +61 451 0.596 +40

422 0.623 +142 452 2.361 +90

423 0.659 +103 405 3.279 +90

424 0.399 +88 453 1.727 +66

425 0.239 +86 454 2.305 -72

426 0.167 +93 455 0.866 -92

427 0.039 +106 376 0.310 +49

428 0.045 -173 456 0.712 +92

429 0.040 +138 457 1.849 +72

430 0.040 +134 416 2.073 +54

431 0.036 +166 458 2.651 +8

432 0.044 -178 459 2.649 -58

433 0.040 -150 460 1.395 -148

434 0.050 -136 461 2.339 -93

435 0.031 -74 462 1.929 -90

436 0.023 -97 321 1.529 -74

437 0.152 -58 463 1.819 -70

438 0.110 +36 464 2.035 -58

439 0.497 +100 333 1.724 -58

440 0,429 +98 465 1.920 -35
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Continuation of Series 5-2-73 0915

Voltage Phase Voltage Phase
(RMS) Angle (RMS) Angle

Station v 0 Station v 0

N 466 2.056 -30 510 0.111 +168

449 1.802 -44 511 0.367 +176

467 1.738 -38 512 0.409 -180

Q 468 1.973 -37 513 0.392 -168

345 2.023 -43 514 0.097 +4

454 2.320 -67 515 0.605 -24

357 1.671 -45 516 0.469 -30

459 2.619 -57 517 0.093 +30

309 2.368 -80 518 0.269 +10

659 0.104 -134 577 0.279 +2

660 0.257 -176 578 0.185 +70

661 0.245 -150 579 0.139 -26

662 0.243 +160 580 0.157 -171

663 0.169 -65 581 0.027 -97

664 0.141 +75 582 0.216 -43

665 0.058 +138 583 0.428 -29

666 0.031 -55 584 0.776 -142

671 0.227 -156 585 0.285 -108

672 0.255 +164 586 0.918 -65

673 0.084 +150 587 0.355 +1

674 0.088 -145 588 1.730 +38

675 0.242 -76 589 0.461 +13

676 0.156 -100 591 0.386 -62

500 2.412 -145 592 0.051 +147

501 5.279 -49 593 0.267 +97

"502 1.013 -47 594 0.709 -32

503 0.586 +40 595 0.642 +161

504 0.533 +10 597 0.307 +55

505 0.494 -59 598 0.325 -40

506 0.775 +1 599 0.155 -127

507 0.086 +62

508 0.313 -62

509 0.175 -102
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FLIGHT ELECT. MDDES

Test Series 5-15-73

Speaker: Type Utah 8" , Location Fwd Slots , Voltage 8 (RMS)

Date from ACC No.

Motor Pressure 53 Phase Ret Station 300

Frequency Variable Established at Station 300

Voltage Phase Voltage Phase
(RMS) Angle (RMS) Angle

Station.___n v 0 Station V

300 0.026 +5 300 0.446 +3
578 0.086 -12 578 0.161 +115
580 0.045 -23 530 0.137 +135

*0* 581 0.02 -140 • 581 0.046 -42
583 0.099 -8 583 0.86 +12

584 0.21 -10 584 0.87 +16
S• 585 0.83 -28 585 2.659 -152

586 0.135 -12 586 0.679 +6
587 0.27 -44 587 2.93 -180
588 0.65 -28 588 0.899 +90

300 0.011 +40 300 0.176 +11
578 0.01 -105 578 0.079 +75
580 0.01 -85 580 0.055 -94
581 0.011 -97 o 581 0.15 -95
583 0.163 -110 l 583 0.126 +40
584 0.67 +100 584 0.30 +40

44 585 1.46 +67 4 585 2.5 +77
586 2.50 +55 586 0.32 -90
587 0.076 +73 587 1.25 +75
588 1.31 -112 588 1.56 -109

300 0.443 +5
578 0.265 +61
580 0.1 -145

o581 0.216 -138
S583 0.413 +21

584 0.168 +5
S585 0.775 -125

586 0.031 +60
587 0.89 -146
588 0.147 -170
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I• APPENDIX E

EVALUATION OF THE BASELINE MOTOR ANALYSIS
TASK V FINAL REPORT

AS PREVIOUSLY PUBLISHED
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4IERCULES INCORPORATED
INDUSTRIAL SVSTEIS DEPARTM (NT SYSTEMS GROUP

P.O. BOX Of. MAGNA. UTAH 14044 . TELEPHONE: 297-5911

8 January 1975

In Reply Refer To:
0025/6/40-4680

Mr. W. Andrepont/DYSC
Air Force Rocket Propulsion Laboratory
Edwards Air Force Base, California 93523

Subject: Contract No. F04611-73-C-0025

Dear Sir:
The Task V final report for the subject contract is enclosed. This

report provides an evaluation of the Phase I work and summarizes most of
the progress made to date on the component vibration program.

Very truly yours,

,I A ' .I '

S. C. Br6wning, Mana'ýer
Product Engineering/"

SCB/FRJensen/pj

Enclosures

J
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EVALUATION OF THE BASELINE MOTOR ANALYSIS
TASK 5 FINAL REPORT

RPL CONTRACT F04611-73-G-0025
COMPONENT VIBRATION PROGRAM

I. INTRODUCTION

The intent of Phase I of the Component Vibration Program was to produce
a detailed full-blown dynamic structural analysis of a complete rocket motor.
The analysis was to have been as detailed and as complete as present state-

ii of-the-art techniques would allow. The purpose of the detailed analysis was
to provide a baseline for judging modeling simplifications to be studied later
in the program. However, as the work progressed, it was realized that even

this detailed state-of-the-art model would necessarily contain some significant
simplifications and modeling compromises. in the prescic program, the study
on modeling simplifications, (Phase II), has been modified to include a study
of some characteristics of the refined model, (e.g. the grain grid refinement
study and the scalar spring study).

Phase I consists of five tasks. In Task 1, the Poseidon C-3 second stage
motor was selected as the baseline motor to be analyzed. Acoustic modes and

a associated natural frequencies for the Poseidon motor were defined in Task 2.

In Task 3, a detailed structural dynamics analysis was conducted on the base-
line motor. Task 4 was an experimental task designed to collect data which
could be used to evaluate the detailed structural analysis. Task 5 gives an
evaluation of the Phase I detailed structural dynamics analysis.

At the beginning of this program, NASTRAN level 15 was specified as
the state-of-the-art tool to be used in the structural analyses. The size
and complexity of the finite element models required to analyze a rocket
motor, complete with components, are the features that distinguish this
analysis problem jiom routine structural dynamics analyses. Initially, the
problem was to be divided into several smaller substructures and the modal
synthesis method used to obtain a total structure solution. The modal synthesis
approach was found to have the following three disadvantages:

a) The size of a particular substructure was limited to about
300 degrees-of-freedom by the practical limit on the size
of problem that can be handled by the Given's eigenvalue
extraction routine in NASTRAN.

b) A satisfactory way for handling the frequency dependent

grain modulus was not available.

c) The modal synthesis approach was not automated on NASTRAN
and some •ime would have been required for development of
appropriate DMAP instructions.
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At the suggestion of RPL, an alternate approach was investigated. The
alternate approach consisted of using a cyclic symmetric finite element model
to represent the motor proper and using the mechanical impedance method to
account for the components in a frequency response analysis of the total
motor. This .opoach was found to have the following three disadvantages:

a) The natural frequencies and mode shapes for the structure
are not determined when frequency response analyses are
performed.

b) A major change t, the basic NASTRAN program would be required
to incorporate the c:apability to analyze cyclic symtric
structures in the Frequency Response rigid format.

c) fome time would be required to develop DMAP instructions to
mplement the mechanical impedance approach on NASTRAN.

Weighing :he pros and cons of each approach, the decision was made to employ
the cyclic symmetry-mechanical impedance approach. The inability of modal
synthesis to handle the frequency dependent grain and the more involved DMAP
instructions that would be required are the major factors upon which the
decision was based. The MacNeal-Schwendler Corporation was hired to make
the necessary changes to NASTRAN.

The cyclic symmetry approach was used in Task 3 to analyzc the complete
motor at eight different frequencies. To evaluate these analyses, results
have been compared with data from static motor firiigs. In addition, ex-
perimental results from Task 4 have been used to ev'aluate the structural
dynamics analyses. Details of these evaluations and a discussion on the
applicability of preliminary established error limits are included in this
Task 5 report.
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II. STRUCTURAL DYNAMICS ANALYSIS APPROACH

Two different finite element models, representing the clean motor, (no
asymmetric components attached), at two different burn times, were analyzed
using the NASTRAN program. The two models represent burn times of zero
and 4.0 seconds. The burn times, frequencies, and mode shapes used in the
analyses are shown below in Table I.

TABLE I

MOTOR CONFIGURATIONS AND CONDITIONS USED
IN THE TASK III STRUCTURAL DYNAMICS ANALYSES

Analysis Mode
Identification Burn Frequency (L = Longitudinal)
Number 'rime (sec.) (Hz) (T - Tangential) Comments

1 0.0 265. L3  'Cold gas modes selected
to match Task 4 experiment

2 0.0 365. L4  )conditions.

3 0.0 668. To
Hot gas modes selected

4 0.0 770. L3 to match static firing

Lest conditions.
5 0.0 1327. T3 = L2 + T,

6 4.0 281. LI Hot gas, advanced burn t
Cold gas, selected for co

74.0 365. L parison with 2 above.

8 4.0 634. Tj Hot gas, advanced burn t]J

The finite element grids used for both zero and advanced burn times have
been shown in previous monthly reports, (see References 1 and 2). Either grid
represents a 1/24 section slice of the total motor. Therefore, using a cyclic
symmetry analysis, the effective circumferential grid refinement is a longi-
tudinal-radial plane of nodes every 150 around the motor circumference. The
most important nodes in the model are the nodes where the components are
attached. With a node every 150 around the circumference of the aft adapter
ring, the nodes nearest to actual component connection points were selected
to represent the connection points. The nodes that represent the component
connection points are shown in Figure 1 together with a sketch of the aft
dome components.

As indicated in Table I, some analyses were conducted with cold gas modes
and others were conducted with hot gas modes. A particular mode will occur in
cold gas at a different frequency than the corresponding mode in hot gas becausv
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of the difference in the speeds of' sound., For example, the third long-i-
.tudinal mode occurs. at 265 Hz, with- cold gas, (room. temperature. Nitrogen)A
and at 770 Mz in the hot combustion gases during a firing.. Two cold gas
modes, L3 and L4 at 265 and 365 Hz respectively, were- included in, the
onalyses to provide results for comparison with the cold- gas tests th'at were
performed in 'Task 4 using, an ifii~rt motor. The _385 Hz ~ana-lysis, using L4 ýw'as
conducted on both the zero burn time model and the adyanced burn, time model
so that the effect of burn time on results could be assessed. The other
five analyses were conducted with hot gas modes to provide results for com-

" parison with static firing data.

Application of the Mechanical Impedance Method to this particular
rocket motor analysis was discussed in References 3 and 4. The equations
given in' References 3 and 4 are in terms of forces, velocities, impedance
-matrices, and admittance matrices. As a matter of convenience, the problem
was solved in texms of displacements rather than velocities. Adopting the
terminology used-in Reference 5, receptance matrices replace admittance
matrices and inverse receptance matrices replace impedance matrices when
displacem6-ts are used in place of velocities. If Rm is the
receptance matrix for the motor, and Rc is the set of matrices representing
component receptances, then the equation that is solved can be written:

I +[I RRc) (U+ 1
(UT) - U (1)

The identity matrix is denoted I. The displacements at the component con-
nection points resulting from pressure mode loading with no components at-tached, is denoted Uo. Then, UT is the total displacement vector calculated

to represent the response of the motor (including components) at the component

connection points. For the compbnent connection points shown in Figure 1,
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 equation:

(U] - [R] (F] (2)

Solution of equation (1) results in displacements only at component
connection points. Some data recovery operations are necessary if displace-
ments at other points are desired. If displacements at Ue coordinates are
desired, after UT has been obtained, then equation (2) can be partitioned and
solved for Ue:

(Ue] [Re] (F) (3)

In equation (3), Re is part of the receptance matrix that corresponds to the
extra coordinates Ue. The Re matrix can be formed at the same time as the R
matrix. The forces F must include both the pressure loading and the inter-
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1. •I connection forces. The most convenient way to get Ue is to superimpose

(Ue)o from the pressure load with (Ue)i resulting from the interconnection
forces. Once the interconnection displacements, UT, are obtained from (1),
the interconnection fcrces can be determined from:

(Fil = [Rc 1 HUT) (4)

Then, superimposing: tUe} = (Ue)o + [Re][Rc'](UT) (5)

Equation (5) defines the data recovery operations required to obtain displace-
ments at points other than the component connection points.

E-7
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III. STRUCTURAL DYNAMICS ANALYSIS RESULTS

Accelerometers mounted on the aft adapter ring during static firing
m6asure accelerations in the longitudinal direction. Nodal accelerations
at the component connection points in the longitudinal direction are listed
in Table II. The nodal accelerations were obtained by multiplying appropriateSi displacements from UT by (W2/g) where w is the circular frequency. The listed
accelerations represent the response of the motor to an acoustic pressure mode

with maximum pressure amplitude of + 1.0 psi.

During static firing, the amplitude of the pressure oscillations are
measured by a Kistler pressure gage with a tap through the forward closure.
Therefore, it is convenient to normalize the analysis results for:a pressure
mode shape of unit value at the forward closure. The third longitudinal mode
(L3 ), for example, has a value of + 0.69 psi at the forward closure when the
maximum value along the length is ; 1.0 psi. To normalize the displacement
amplitudes for a unit pressure at the forward closure, calculated values for
L3 are divided by 0.69. The list of accelerations that have been normalized
for a unit value of head end pressure is given in Table III.

In order to plot mode shapes from the analysis results, data recovery
calculations were performed for the 265 and 365 Hz cold gas modes. The plotted
mode shapes for dome deformations have been included in previous monthly
reports, (see References 2, 6, and 7). Since data recovery was not performed
for hot gas modes, the only forward dome response available is from the cold
gas analyses. Therefore, accelerations on the forward adapter and the forward
closure have been calculited from cold gas analyses for comparison with static
firing data. The forward dome accelerations are given in Table IV. Data re-
covery was not performed for hot gas modes because static firings do not furnish
sufficient data for plotting of mode shapes.

The locations of points 9 and 21, referred to in Table IV, are shown in
the mode shape plot given in Reference 7. Point 9 is near the center of the
forward closure. Point (node) 21 is on the forward adapter ring.

An eigenvalue solution was obtained for the Flight Electronics Unit with
connection nodes constrained to zero displacement. The first eight natural
modes are plotted in Reference 7.
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IV. ANALYSIS EVALUATION

to The finite element models analyzed with NASTRAN have been constructed
to represent a typical S/S Poseidon motor. The--extent to which the models
actually do represent a motor is the subject of this evaluation. A quanti-
tative measure of the extent to which model results agree with motor results
is obtained by applying previously established error limits as reported in
Reference 8.

The analysis approach selected for 'this program consists of performing
frequency response analyses on the motor. To perform an analysis, a set of
in-phase steady-state forces are applied to the motor at a particular fre-
quency. The motor structure responds at the forcing frequency. The fre-
quencies are selected to coincide with acoustic cavity natural frequencies,,
not structural natural frequencies. Therefore, it is the accuracy of the
response of the structure at non-resonant frequencies that is at question.

There are three main factors that effect the accuracy obtained with

a finite element model: 1) the mass distribution, 2) the stiffness distri-
bution, and 3) the damping distribution. A relatively accurate mass dis-
tribution is probably easiest to obtain because motor volume is fairly easy
to model, and material densities are easily measured and well known. Ob-
taining an accurate stiffness distribution for a complicated structure can
be difficult. Some of the factors that contribute to the difficulty in
obtaining an accurate stiffness model are the following:

1) The ease material is orthotropic.

2) The grain is viscoelastic.

3) The gases in the dome cavities must be considered.

4) Stiffnesses of joints such as the Y-joint and the
elastomeric joint and stiffnesses at material inter-
faces such as between dome and adapter, are difficult
to model.

5) Stiffnesses at bolted connections are difficult to
model because of possible slippage and effects of
bolt preload.

The damping distribution required for accurate modeling is also difficult to
determine. Using NASTRAN, only equivalent viscous damping may be input. For

I• the rocket motor model, the propellant grain provides the major damping forces.
The grain damping is input as a function of frequency as determined from dynamic
complex modulus material tests.

Errors or inaccuracies in the mass or stiffness modeling can result in
errors in the natural frequencies and the shapes of the individual modes.
Errors in the damping modeling should affect mainly the accuracy of the ampli-
tude of response but should have a negligible effect on the natural frequencies
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and mode shapes. In general, a finite element model can be expected to
perform best at the lower frequencies, becoming more inaccurate as the
excitation frequency is increased.

Wher. the clean motor model was constructed, the mass of the model was
compared with the mass of the motor -and adjustments were made until good
agreement was obtained. The stiffness of the model was checked by applying
a static uniform pressure in the combustion cavity and comparing dome dis-
placements with hydrotest data. Again, adjustments were made until good
agreement was obtained between the hydrotest and static pressure analysis.

Next, the L3 and L4 longitudinal acoustic pressure modes were applied
to the motor so that mode shapes could be compared with data from the Task 4
-testing program, (see References 9 and 10 for a description of the testing
program and testing results). Calculated and measured mode shapes for the
forward and aft domes are compared in References 2, 6, and 7. Me eight mode
plots in Reference 2 have been normalized so that the maximum'deformation for
any-particular mode is unity. Figure I of Reference 2 shows that both calcu-
lated and measured mode shapes have a bulge along the dome for the 365 Hz L4
excitation. However, the bulges occur at different points along the dome for
the two iaode shapes and the mode ampiitudes at the aft adapter are significantly
different. Figures 2, 3, and 4 of Reference 2 show similar agreement between
measured and calculated mode shapes at different locations around- the motor
circumference. The conclusion is that measured and calculated mode shapes,
although somewhat similar do not'generally agree well. The same conclusion
holds for Figures 5 through 8 of Reference 2, the mode shapes for the 265 Hz
L3 excitation, and for the forward dome mode shapes shown in Figures I and 2

of Reference 7. Some possible reasons why better agreement is not obtained
are:

(1) The model may be responding in a similar but basically
different mode than was observed in the test. A small
frequency shift might excite the similar mode.

(2) The model stiffness distribution may be too inaccurate near
the area of the bulge in the measured mode shape.

(3) The scalar springs used in the donm cavity of the model may
not be providing the same dome excitation as the actual dome
cavity pressure distribution that existed during the test.

Item (3) will be investigated in Task VII.

Some other mode shapes of interest are those for the Flight Electronics
Unit shown in Figures 3 through 6 in Reference 7. Extra effort was expended
in modeling the Flight Electronics Unit in an attempt to match some of the
natural frequencies and mode shapes that were measured in the Task 4 testing.
The basic cantilever mode shown in Figure 3 of Reference 7 occurs at 108.9 Hz
in the model. The test data shown on page C25 of Reference 10 indicates a
frequency of 104 Hz for the same basic mode. The model was adjusted to give
this good agreement. The second mode is also in fairly good agreement. The
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data in Reference 10, page C25, indicates that the second mode occurs at
134 Hz and consists of a side-to-side swaying motion coupled with a twisting

F• mode (one side up and one side down)'of smaller amplitude; The side-to-side

swaying mode shown in Figure 3 of Reference 7 occurs at 140.8 Hz. The next
mode shown in the test data has a frequency of 269 Hz. The corresponding mode
shape appears to be a twisting mode coupled with other motions. The analysis
produced a third mode at 268.2 Hz and a corresponding twisting mode shape.

! iý Notice that frequencies higher than the third natural fre.duency have associated
S mode shapes that consist of local structural deformation as opposed to the

general overall bending, swaying, or twisting motions of the first three modes,
yy (see Figures 3 through 6, Reference 7). No attempt was made to accurately

model the detailed package that is mounted on the basic frame structure. Such
a detailed model would have required too much time. Therefore, the modes that
consist of significant local structural deformation, such as mode 4, (Refer-
ence 7), cannot possibly be representative. The part that is deforming does
not model, or represent, anything on the actual structure. It thus appears
that 300 Hz is about the upper limit for the validity of the Flight Electronics
Unit model. Time was not available to study the Hydraulic Power Unit and Gas
Generator models to estimate an upper limit frequency, however, 300 Hz should
be a good estimate.

The final comparisons to be made are those between analysis results and
static firing data. Tables III and IV contain the significant analysis results.
Table IV shows that the response to the symmetric L3 and L4 modes is quite
symmetric around the circumference of the motor. Thus the asymmetrically
mounted components on the aft dome appear to have little effect on the sym-
metry of response at the forward dome.

Reference 11 is a report on analysis of static firing data. Data from
three motors that were static fired with components attached has been analyzed
and is presented in a format selected to facilitate comparisons with analysis
data.

As mentioned earlier, the analysis procedure only yields accelerations
of the component connection points, all of which are located on the aft adapter,
(refer to Figure 1). During the static firings, only two accelerometers were
mounted on the aft adapter ring. Figures 2, 3, and 4 in Reference 11 show the
locations of longitudinal aft adapter accelerometers AC-250 and AC-261. AC-250
is near component connection point E and AC-261 is near component connection.
point Q, (see Figure 1). The comparisons between analysis results and static
firing data, at the two points that coincide, are given in Table V.

To apply the error limits that were established in Task 1, the calculated
values are multiplied by a factor and compared with the static test data. For
convenient reference, the table of values from Reference 8 is reproduced below:

Confidence Level Error Limits
95% r < 1.94 m
99% r < 2.3 6 m

99.87% r < 2.71 m

In the above table, m is the calculated response and r is the measured (ac-
celerometer) response.
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Table VI was .generated using the 1.94 factor that corresponds to a confidence
level of 95%. Comparing the values in Table VI, it is seen that the
accelerometer data exceeds the error limits at-281 Hz and at 1327 Hz. Using
the highest confidence level- of 99.8% cures the problem at 1327 Hz. How-
ever, the error at 281 Hz is nearly two orders of magnitude, a calculated
response of 0.29 g's/psi, compared to a measured level of 23.38 g'slpsi.
The possibility of an error in the static firing data was considered, how-
ever, the high response level measured at 281-Hz at three locations on the
same motor (SP-0149), gives added confidence that the static firing data
is vali] ,(see Table I in Reference 11). On the other hand, no high response

level was measured at 281 Hz for motors SP-OI31 and SP-0160. Further
investigati6n is needed.

E i

E -1

-E-1



V. CONCLUSIONS

Mode shape comparisons for the low frequency 265 and 365 Hz analyses
showed only medium-good to medium-poor agrcement. However, the agreement

* achieved is believed to be typical of that to be expected from an analysis
of this type. Reasonable care was exercised in the construction of the model
and a relatively refined grid was used. The grid had about 1000 degrees-of-
freedom per slice which is equivalent to a total motor model having 12,000
degrees-of-freedom, or more if the components are ineluded in the total.

The Flight Electronics Unit model was judged to be inaccurate above
300 Hz. But, in spite of the poor mode shape agreement and the limited capa-
bility of the component models, relatively good agreement with static firing
data was achieved up to 1327 Hz. If the calculated values are multiplied by
a factor of 2.0, (1.94 was used above), they apparently become reasonably
good estimates of the maximum accelerometer response. However, the use of
only 3 motors does not provide a good statistical evaluation of the 2.0 factor.
It would be desirable to have a larger data base. One problem in obtaining
more data is that motors are not routinely static fired with all components
attached.

Another problem appears to be that of missing a structural mode. The
difference in the model response and the motor response at 281 Hz cannot be
attributed to statistical variation. There appears to be three possibilities
that warrant further investigations:

1) The model may contain the mode that yields the high response,
but a small shift in frequency away from 281 Hz may be necessary
"to excite it.

2) Due to shortcomings of the model, it may not be capable of modeling
the high response mode.

3) The test data may be in error.

The work of Task VII is expected to give additional insight into the behavior
the detailed motor model. Therefore, conclusions made here will be reviewed and
modified or updated, if necessary, based on Task VII results.

bE1
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TABLE II

NODAL ACCELERATIONS IN THE LONGITUDINAL DIRECTION
FOR THE COMPONENT CONNECTION NODES !ROM

EIGHT FINITE ELEMENT ANALYSES (Poseidon S/S C-3)

"" •Aalysis Longitudinal Nodal Accelerations (g's)
Identification Frequency Component Connection Point (See Figure 1)•"Number.. 3z 4 53 8 9

1 265 1.024 0.921 0.949 1.342' 1.140 0.691 0.685
",2 365 0.605' 0.695 0.657 0.676 0.708 0.726 0.665
3 668 4.529 1.231 5.102 4.080 4.049 3.213 2.706
4 770 1.737 1.095 1.388 1.129 0.531 0.846 0.636
5 1327- 0.917 0.538 1.643 1.653 1.917 0.412 0.889
6 281 0.686 0.264 0.749 0.527 0.325 0.289 0.445
7 365 0.694 0.751 0.765 0.777 0.748 0.806 0.815
8 634 2.654 0.468 2.092 1.220 3.047 1.534 1.940

TABLE III

NODAL ACCELERATIONS OF TABLE II CORRECTED
FOR A UNIT VALUE OF HEAD END PRESSURE

Analysis Lonzitudiinal Nodal Accelerations I
Identification Frequency Component Connection Point (See Figure 1)

Number (Hz) 1 3 4 5 6 8 9

1 265 1.48 1.33 1.38 1.94 1.65 1.00 0.99
2 365 0.66 ,0.76 0.72 0.74 0.78 0.80 0.73
3 668 4.53 1.23 5.10 4.08 4.05 3.21 2.71
4 770 2.52 1.59 2.01 1.64 0.77 1.23 0,92
5 1327 1.50 0.88 2.69 2.71 3.14 0.68 1.46
6 281 0.69 0.26 0.75 0.53 0.32 0.29 0.44
7 365 0.76 0.83 0.84 0.85 0.82 0.89 0.90
8 634 2.65 0.47 2.09 )..22 3.05 1.53 1.94
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TABLE IV

NODAL ACCELERATIONS FOR TWO NODESI • ON THE FORWARD DOME

Calculated Corrected* Calculated Corrected*
Circumferential Accelerations Accelerations Accelerations Accelerations

Node Direction Location (g's)(f=265Hz) (g's)(f=265Hz)(g's)(f=365Hz) (g's)(f=365Hz)

9 Z 00 9.08 13.17 9.28 10.20

9 Z 900 9.09 13.17 9.28 10.20

9 Z 1800 9.08 13.16 9.28 10.20

9 Z 2700 9.08 13.16 9.28 10.20

21 R 00 0.67 0.97 0.62 0.69

21 R 900 0.61 0.89 0.63 0.69

21 R 1800 0.64 0.92 0.64 0.70

j 21 R 2700 0.69 1.00 0.63. 0.69

21 Z 00 6.76 9.79 6.86 7.54

21 Z 900 6.79 9.84 6.86 7.S4

21 Z 1800 6.72 9.74 6.86 7.54

21 Z 2700 6.63 9.61 6.86 7.54

*Corrected accelerations have been normalized for a
unit head end pressure

TABLE V

COMPARISON BETWEEN STATIC FIRING DATA
AND NASTRAN ANALYSIS RESULTS

Acceleration Response (g's/psi) For Upit Head End Pressure Ampl.
Analysis Results AC-250 Static Analysis Resu ts AC-261 Static

Frequency (Hz) For Point Q Firing Data For Point 8 Firing Data

281 0.75 - 0.29 23.38
634 2.09 1.45 to 3.14 1.53 1.71

668/680* 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. The static firing
data analysis was erroneously conducted at 680 Hz.
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TABLE VI

EVALUATION OF ANALYSIS RESULTS

' -en () USING ERROR LIMIT FACTOR 1.94

Frequency (Hz) 1.94 x AC-250 1.94 x8l AC-261

281 1.46 - .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
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I

TASK 8 FINAL REPORT
A •MODELING TECHNIQUES EVALUATION

I. INTRODUCTION

The basic objective of the component vibration program, (contract
P"• F04611-73-C-0025), is to develop simplf.fied techniques for structural

dynamics analyses of rocket motors. The techniquies are to be applicable
to analyses of rocket motors performed for the purpose of calculating the
response of attached components when the motor is undergoing acoustic
"pressure oscillations. To accomplish the program objectives, the program
is subdivided into three phase3.

In Phase I, a detailed structural dynamics analysis was performed
on the S/S Poseidon (C3) motor. The S/S Poseidon motor was selected to
provide baseline data for use in evaluation of modeling simplifications.
The objective of Phase I was to provide analysis data that would serve
as a standard for judging the adequacy and accuracy of the proposed

modeling simplifications. Cold gas acoustics testingof an inert motor
to determine structural response was included in the Phase I work. Results
from the testing program were used to evaluate the detailed baseline motor
analysis. The work of Phase I was reported in the Task 5 final report for

this program.

Original plans for Phase II of the program called for the develop-
ment of simplified modeling techniques. As the program progressed through
the Phase I work, it became apparent that additional study of the charac-
teristics of the detailed baseline model would be required before any
reasonable consideration could be given to simplifications. The Phase II
work thus evolved into a study of some important characteristics of the
detailed model used in Phase I. The study was intended to result in
improvements and simplifications, if justified, in the baseline motor
model, and in a better understanding of the behavior of the model. Results
from the Phase II modeling techniques studies are reported and evaluated in
this Task 8 Final Report.

Phase III of the program was intended as a verification of proposed
simplified modeling techniques. Present plans call for an analysis of the
third stage Minuteman III motor during Phase III. Any simplifications or
modeling improvements discovered in Phase II will be incorporated in the
Phase III analyses.

The next section of this report contains a description of the
general approach used in the Phase II simplified modeling studies. Three
sections are then devoted to the three main modeling concepts which were
selected by the AFRPL from a list of options given in a Hercules proposal.
The selected options were incorporated into the program in a recent contract
modification. The scaler spring study is Option C, the course grid study is
Opti.on E, and the half motor model study is Option G. Sections III, IV, and
V of this report cover OptivLi... C, C, and E respectively. Each section con-
tains its own figures and conclusions.
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II. GENERAL APPROACH

It was necessary to acquire a good understanding of the behavior
of the baseline motor model before considering any modeling simplifica-
tions. Answers to the following questions were sought:

1) How refined must the finite-element grid for the domes be
in order to accurately represent mode shapes of the domes
up to a particular frequency? The refinement in both the
meridional and circumferential directions is at question.

2) How refined must the finite element grid for the grain be
in order to accurately represent grain mode shapes over a
particular frequency range?

"" 3) Is it necessary to accurately represent grain mode shapes
in the model in order to obtain accurate component response?

4) What role do the scalar springs play in the baseline motor
model? (Scalar springs are used to represent combustion
gases in the dome cavities so that grain motion canf be
transmitted through the gases to the'domes.) This includes
determination of how much load is transmitted through the
springs and determination of how the springs restrict or
modify dome motion.

5) Are response modes in the motor uncoupled to the extent
that sufficiently accurate component response can be
obtained by modeling only a portion of the structure such
as one half of the total motor?

6) Are motor resonances generally broad enough (on a frequency
basis) that a small error in frequency will not be critical,
or are sharp resonances that make excitation frequency cri-
tical generally encountered?

7) Is structural response very sensitive to load distribution,
or is frequency of the applied loads the predominant factor
in determining response amplitudes and in determining which
natural modes participate in the response?

f In an attempt to provide answers to the above questions, five dif-
ferent models were analyzed. A full motor model, a half motor model, a
half grain mindel, a full grain model, and an aft dome model were each
analyzed separately. The NASTRAN program was used to perform static,
real eigenvalue, direct frequency response, and model frequency response
analyses. The aft dome model and half grain models were obtained simply
by separating the half motor model at the ti.ngent line. The half motor
model was obtained •from the full motor modc.l. The grid points along the
cut line, (a radial line approximately at the motor cepter), were reposi-
tioned so that a tmooth cut plane would form one boundary of the half motor
model. Other than the grid point relocations, the half motor model was
exactly the same as the aft half of the full motor model. The full motor
grain model was obtained by removing the domes from the full motor model.
No wedge elements were used in any of the grids.
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The analyses were kept as simple as possible to minimize expenses.
The models were analyzed without using cyclic symmetry and without the
components attached. Each model consists of a slice of the motor, (for

'7, most models the slice has an included angle of 150). Since cyclic sym-
metry was not used to obtain the general three-dimensional solution, it
"was necessary to use symmetry boundary conditions along the faces of each
slice. The use of such symmetry boundary conditions resulted in a special
set of solutions that were valid only for the special boundary conditions.
The models used were thus similar to axisymmetric models. The limited
solutions obtained by not using cyclic symmetry are only for comparative
purposes and are considered to be entirely adequate for studying certain
aspects of the more general cyclic symmetry model. Omission of the com-•i ~ponents from the models is also considered to be acceptable since only ,

comparative solutions were desired.
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J III. HALF MOTOR MODEL

A. Introduction

The objective of this study was to determine whether a half
motor model could be used in place of a full motor model for calculation
of component response. Accuracy to be expected and limitations of the
"half motor model were-to be determined. The approach consisted of
analyzing the half and full motor models under conditions that were as
similar as possible. The aft half of the motor was selected for study
because that is where the major motor components are mounted. Sketches
of the half and full motor model's used in the analyses are shown in
Figures 1 and 2, respectively.

B. Dynamic Analysis Approach

When some thought was given to the problem of applying boundary
conditions to the half motor model to simulate conditions of the full motor
model, some of the shortcomings of a half motor model became very evident.

Consider the full motor model in Figure 3a. The motor in
Figure 3a is shown with a constraint in the axial direction applied at
the forre.rd skirt. Such a constraint might be used for a motor attached
to a test stand or attached to an upper stage by the forward skirt. The
likely approach would be an attempt to represent the motor of Figure 3a
by a half motor with symmetry boundary conditions as shown in Figure 3b.
The half motor model could also be used to obtain the solution for a
symmetric structure by solving with symmetric and asymmetric boundary
conditions and then summing the solutions. If this werp te, the struc-
ture being solved would appear as shown in Figure 3c. nus becomes

obvious that a half motor model cannot be used to C. rectly represent the
boundary conditions shown in Figure 3a.

Another problem to be considered in using a half motor model
is that of applying the load. To demonstrate this problem, assume that a
solution of the full motor is desired for the pressure mode shown in
Figure 3d. If half of the pressure mode as shown in Figure 3e is applied
to the half motor shown in Figure 3b, the solution obtained is for a full
length pressure mode that is symnmetric as shown in Figure 3f. The pres-
sure distribution of Figure 3f will likely excite quite different grain
modes than the pressure mode of Figure 3d.

If a half motor model, as in Figure 3b, is analyzed, just one

time with half of a pressure modq, as in Figure 3e, there are three items
I to be considered:

a) How well does a symmetric motor represent the actual
motor? (It the actual motor has a bonded dome on one
end and a flapped dome on the other, poorer results
might be expected.)

b) How well does a symmetric pressure mode represent the
actual pressure mode?
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c) How well can symmetric constraints be used to represent
J the actual constraints?

When the half motor model is analyzed twice, once with symmetric boundary
conditions and once with asymmetric boundary conditions, and the results
summed, question b) can be erased. In this case, the loads used in each
solution are adjusted so that the load sum produces the desired pressure
mode. Questions a) and c) always apply to half motor analyses.

The half motor model is represented by a 150 slice of the
total motor as shown in Figure 1. A cylinderical coordinate system is
used with Tr, T9 , and Tz representing translational displacements in the
motor radial (r), hoop (0), and axial (z) directions respectively. Rota-
tional displacements about the corresponding r, 0, and z axes are denoted
by Rr, R9, and Rz. Symmetry boundary conditions were applied to the sides
of the slice, (the r-z planes at 0 = 0 and at 0 = 150), by constraining
all nodes in the side planes to have zero displacement for Te, Rr, and Rz.
Since the slice is only one elemenc thick, the bouindary conditions were
applied to all nodes. Symmetry conditions were applied to the nodes along
the cut plane by setting Tz and R9 to zero. (Note that Rr, Re, and Rz are
constrained to zero for all nodes that appear only in CHEXA2 elements inorder to remove singularities from the stiffness matrix.)

To obtain the best possible agreement between half and full
motor analyses, the full motor was analyzed with an axial constraint at
mid-motor like the constraint shown in Figure 3c for the symmetric motor,
Frequency response analyses were conducted on both the half and full
motor models by applying the third longitudiril (L3 ) pressure mode at
265 Hz and the L4 pressure mode at 365 Hz.

C. Results

The aft dome is considered to be the most important structural
member of the motor model because motion of the aft dome is applied directly
to the mounted components. Therefore, response of the aft dome is given
major consideration throughout this report. The performance of the half
motor model is compared with that of the full motor model by comparing
mode shapes of the aft dome as shown in Figures 4, 5, and 6.

In frequency response analyses, the mode shapes of the struc-
ture change with time. To plot the mode shapes shown in Figures 4, 5, and
6, times for which the displacement at the nozzle adapter was a maximum
were selected. To simplify comparison of the mode shapes, all modes were
normalized to have unit deflection at the nozzle adapter.

The mode shapes shown in Figure 4 represent the dome response
to the L3 mode at 265 Hz. The same scalar springs (8000 lb/in.) that were
used in the clean motor model analyses of Task 3 were also used for these
analyses. There are three pairs of springs attached to the dome as shown
in Figure 4.

Since rather poor e eement was found between the modes shown
in Figure 4, the analyses were eated with no scalar springs being used.
When the scalar springs were removed, the modes shown in Figure 5 were ob-
tained. Modes resulting from the L4 pressure mode at 365 Hz are shown in
Figure 6.
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The' mode shape plots, were normalized' so, that mode-, shape com-
parisons.could be made without r~egard to magnitude.. A comparison, of the
magnitudes; between, half' and' full motor model responses. at selected: nodes.
is givenm in, Table, I. The, following, general observations apply- to. the
frequency response analysis results::

a) At node 255•,, located at the base of the' adapter.,, as
well as along, most, of the adapter andbdome,, the magni-
tude of., Lhe, displacement tends: to be' larger in the
full mocor for, the 265: Hz' L3 , mode,.

b)- The, phase angles. in• the R' direction are nearly the same
for the half and' full motor models4 at 265 Hz.

c); At 365, Hz,, the, phase' angles' of the z, direction- displace-
ment are approximately' equal for the half and full motor.

d), Again,, the magnitudes of the displacement infthe z direc-
tion. are slightly larger at the adapter for the'full
motor than fo' the half motor.

D. Discussion of Results.

Figure 4 shows that. the' aft dome mode shapes, ar~e significantly
different for the half and full motor. models at. 265 Hz when, scalpz springs
are used. Figure 5, shows that full and half motor models produce differcnt
mode shapes even' when no scalar springs are used. Figure 6 adds another
data point and shows that full and half motor models. also disagree at 365 Hz
using the L4 pressure mode.

The data in Table I show, that the difference in the response
(in the axial direction) at the aft adapter.,, where the components are
attached, is only 0.40 x i0-"5 or about 9 percent. This agreement between
half and full motor models is surprising consideringthe poor mode shape
agreement. The fact that the L4 pressure mode is nearly symmetrical about
the motor mid-plane is probably partially responsible for the good agree-
ment between magnitudes. Another frequency, or pressure mode might be
expected to produce much poorer agreement.

In the analyses discussed in, this section,, the difference
between half and full motor models is, probably due, to two factors:

a) The symmetric motor model does not simulate the actual
motor very well.

b) The symmetric loading distribution (represented by half
motor analysis) does not represent the actual loading
distribution'with sufficient accuracy.

E. Conclusions and Recommendations

The limitations and approximations involved in using a'half
motor model to represent a full motor model have been explained. Resuits
showing normalized response mode shapes and' results showing absolute
displacement magnitudes and phases have been given for comparison between
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half and full motor models. Results from this half motor model study
should be of value to the structural analyst who is considering the use

of a half motor model to represent a full motor. The analyst should
keep in mind the fact that half motor model results were made to look as

•; I favorable as possible bj analyzing the full motor, used for comparison,
• .. with a mid-motor axial constraint.

The case against the use of half motor models is not entirely
clear cut. The results obtained in this study show that a half motor

model may likewise not represent a motor attached to a test stand or
bolted to other missile stages. Whenever a complete structure cannot be
included in an analysis model, a decision is usually made to cut the
structure at a particular location and apply boundary conditions to the
model at that point to represent the effect of the omitted structure.
The more that is known about the behavior of the structure, the easier
it is to select a reasonable cut-off location and apply reasonable boun-
dary conditions. The remainder of this report, covering the scalar spring
study and the grid refinement study, contains considerable information on
general structrual behavior of the motor.

The conclusion from this study is that significant differences
between half and full motor models can exist. it is recommended that the
structural analyst give careful consideration to the shortcomings of the
half motor model to assure that the shortcomings do not cause problems iii
a particular model application. The half motor model cannot be recommended
for general use because of the inaccurate representation of boundary condi-tions that it provides. Even a coarse grid forward motor half used with
the aft motor half grid could provide the capability to represent general
boundary conditions and would probably provide significantly better results.
If sufficient degrees of freedom are not available to allow modeling of the
entire motor, a substructure or mechanical impedance approach might be
considered. The performance of two analyses, one with symmetry boundary
conditions and one with asymmetry boundary conditions should provide con-

siderably improved agreement between half and full motor models, however,
no results are available to show the improved agreement. When the two
analyses are performed, the load must be adjusted so that the summed
loading distribution from the two analyses will match the actual applied
loading distribution.

The MacNeal-Schwendler Corporation, working with the Aerojet
Solid Propulsion Company (ASPC), analyzed the Minuteman III Third Stage
motor using a half motor model. The analysis is reported in Reference I.
According to the report, the missing half of the motor was treated as a
rigid body. Details of the boundary conditions applied to the half motor
model were not made clear in the report and this study was not intended as
an evaluation of the MSC-ASPC analysis.
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(a) TYPICAL FULL MOTOR BOUNDARY
CONDITIONS

(d) TYPICAL FULL MO,.OR PRESSURE MODE
LOADING DISTRIBUTION

/ 
I

(b) MID-PLANE SYMMETRY BOUNDARY
CONDITIONS APPLIED TO THE

HALFCDMOTOR MODEL (e) PORTION OF FULL MOTOR LOADING DISTRIBUTION

HAPPLIED TO THE HALF MOTOR MODEL

(c) SYMMETRIC MOTOR GEOMETRY
REPRESENTED BY HALF MOTOR

MODEL WITH SYMMETRY BOUNDARY (f) SYMMETRIC LOADING DISTRIBUTION

CONDITIONS REPRESENTED BY ANALYSIS OF

HALF MOTOR MODEL WITH SYMMETRY

BOUNDARY CONDITIONS

Figure 3. Some Boundary Conditions and Loading Conditionb Applicable to the

Half Motor Model
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HAL? MOTOR MODEL

355\

FULL MOTOR MODEL

353

120 HALF MOTOR MODEL

V-'•7 FULL MOTOR MODEL

THIS NODE REPRESENTS THE
AFT ADAPTER

Figure 4. Aft Dome Mode Shapes for the Half and Fall Motor Models with 8000 lb/in.
Scalar Springs, Response to the L3 Mode at 265 Hz
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Figure 5. Aft Dome Mode Shapes for the Half and Full Motor Models Without
Scalar Springs, Response to the LI Mode at 265 Hz
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Figure 6. Aft Dome Mode Shapes for the Half and Full Motor Models with 8000 lb/in. ScalarSprings, Response to the L4 Mode at 365 Hz
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IV. SCALAR SPRING STUDY

A. Introduction

The work statement for this program specified that scalar springs
be used to represent gases isolated in dome cavities. When motors with
unbonded domes are pressurized, the domes can expand outward leaving gaps

between the domes and the grain. When the motor is experiencing acoustic
pressure oscillations, grain motion may cause the gases in the dome cavities
to be repeatedly compressed and expanded. The effects of grain motion may

thus be transmitted to the domes through the gases in the dome cavities.

The scalar springs are intended to provide a similar load path in the finite-
element model. The scalar springs are connected between the domes and the
grain. This investigation was initiated to study the characteristics of

the load path provided by the scalar springs.

A previous analysisI on the Minuteman III Third Stage motor utilized
scalar springs to represent the gases in the forwaid dome cavity. Apparently,
the grain of the Minuteman motor is forced down around the igniter, upon
ignition of the motor, so that the forward dome cavity is physically sealed off
from the combustion cavity until grain burning has occurred sufficient to
open the seal. The Minuteman III situation is thus basically different from
that of the Poseidon C-3 Second Stage motor used as a baseline motor in

Task III. The Poseidon motor is unbonded at both forward and aft domes and
the dome cavities open into the combustion cavity as soon as the motor is

pressurized. Scalar springs were used in the model of the baseline motor for
the Task III analyses. This study is based upon the baseline motor model.

B. Approach

Several different analyses were performed to study the behavior of
the scalar springs. Frequency response analyses were performed on the full
motor model at two different frequencies using two different modes (L3 and L4 ).

The analyses were repeated both with and without the scalar springs installed.
Forces in the scalar .,prings have been calculated as have the corresponding
effective pressure distributions. One pair of scalar springs in the half

motor model were released from the aft dome and given a unit deformation in
the axial direction (with a static load) to determine what fraction of the
unit deformation could be attributed to grain flexibility and what fraction

could be attributed to spring flexibility. Frequency response analyses were
performed on the half grain model with the dome end of the scalar springs

constrained to zero displacement. Forces in the scalar springs were plotted

as a function of frequency to show how the load transmitted to the dome could
change with frequency. In addition, frequency response analyses were

performed on the aft dome model using various combinations of positive and
negative unit forces in place of the springs. Results from the various

analyses lumped together under the heading: "Scalar Spring Study", provide

insight on the general structural behavior of the motor model.

C. Static and Dynamic Analyses

i) Calculation of Scalar Spring Stiffnesses

Calculation of the spring coefficients for the scalar springs

used in the baseline motor analysis was based on a simple application of
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j• Boyle's law; Po Vo0 = PI V1 . The initial pressure and volume for the gases
in a segment of the dome cavity to be represented by scalar springs are
denoted Po and Vo, respectivelyý. The volume is bounded on one side by the

inside of the dome and on the other side by the propellant grain. A uniform
movement of the grain tending to close the gap causes a compression of the

gases to P1 and a reduction in volume to Vl. The force required to effect
the volume change is AF = (PI - Po)A, where A is the effective surface area of
the grain over which the pressure acts. For a linear spring, the stiffness
is defined by: k = AF/AX, where AX is the deflection of the grain that
causes the volume to be reduced from Vo to V1 . The geometry for the assumed
dome cavity is shown in Figure 7.

Solving the AF equation for Pl gives:

SAF + Po
PI- A

The expression for Vl is: Vl = Vo - AAX

Substituting for P1 and VI in Boyle's law gives:

Po Vo =A- + Po) - )AU

This can be reduced to:

AF Po A o
k 7 X _X_

This equation shows '.hat k is not a constant since AX appears on the right-hand
side. The effecti,,e stiffness of the gas in this sample modal is a function of
displacement.

Assuming that AX is small compared with Xo, and using the values
Po = 200 psi, A = 40 in. 2 , and Xo = 0.5 in., a value of k = 16000 lb/in. is
calculated. Since two springs are used, one on each side of the grid slice,

each spring must have a stiffness of 8000 lb/in. In the actual motor, grain
deformations probably force gas from the dome cavities, into the centerbore
with very little increase in pressure. Therefore, this closed volume model is

not likely to be very accurate.

2) Motor Frequency Response Analyses

Frequency response analyses were performed on both half motor
and full motor models at 265 Hz and 365 Hz using the L3 and L4 modes. The
analyses were performed both with and without scalar springs. Aft dome mode
shapes comparing half and full motor models were shown in Figures 4 and 5.
The mode shapes have been replotted to compare results with and without the
use of scalar springs in Figures 8 and 9.
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3) Dome Pressure Caused by Scalar Springs

In the frequency response analyses, pressure modes L3 and L4
were applied along the centerbore of the grain. Both pressure modes are
normalized to have a maximum value along the centerbore of 1.0 psi. The
pressure distributions applied along the centerbore of the grain cause the
grain to deform and compress the scalar springs. The forces in the springs
effectively apply a pressure distribution to the dome. The magnitude and
distribution of the pressure applied to the dome is of interest.

Locations and identifications of the scalar springs in the
aft dome cavity are shown in Figure 4. Forces in the scalar springs and
corresponding equivalent pressures are shown in Table II. The full motor
model had scalar springs in the aft dome only. The forward dome was left
unconstrained; i.e., the grain was not attached (bonded) to the dome. Since
the half motor model was analyzed with symmetry boupdary conditions, results
obtained are applicable to a motor loaded with a symmetric load.

4) Scalar Spring Stiffness Relative to Grain Stiffness

If the scalar springs in the dome cavities were rigid links,
then any dome modes that involved motion of the spring connection points
would require a corresponding motion of the grain. Since the grain is heavily
damped, the use of rigid links could impose an unrealistic damping on the
dome motion. On the other hand, if the scalar springs were soft in comparison
with the grain, the grain damping would have little effect on the dome motion.

To determine the relative stiffness between the grain and the
scalar springs, a pair of springs was disconnected from the dome of the half
motor model and the disconnected ends given a unit displacement. The con-
figuration for this static analysis is indicated in Figure 10. For a scalar
spring stiffness of 8000 lb/in., and a grain shear modulus of 333 psi, a
grain deformation of 0.68 inch was calculated at the spring attach points.
Thus, of a 1.0 inch applied displacement, 68 percent occurs in the grain,
and only 32 percent is due to stretching of the spring. When the spring
stiffness was reduced to 1000 lb/in., 23 percent of tha deformation was due
to grain movement while 77 percent was due to spring stretch. The grain shear
modulus of 333 psi represents grain stiffness only at very low frequencies
(close to I Hz). At higher frequencies, the grain stiffness increases due
to the viscoelastic behavior of the propellant. At 100 liz, the grain stiffness
is three to four times higher. Even with a stiffer grain, it appears that a
significant amount of grain motion must occur when the 8000 lb/in. scalar
springs are stretched or compressed.

5) Frequency Response Analyses of the Aft Dome

To determine how the dome responds to forces applied by the
scalar springs, a series of frequency response analyses were performed. The
three loading systems used are shown in Figure 11. Any general scalar spring
force distribution can be represented by the appropriate combination of the

three loading systems shown. The forces were applied at the spring attach
points.

In order to efficiently calculate the dome response at many
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different frequencies, a real eigenvalue analysis was performed and a
coordinate transformation to modal coordinates was made (NASTRANRigid
Format No. 11). The first 40 natural modes, covering frequencies up to
2150 Hz, were used as generalized coordinates in the modal analyses. The
,ivens method in NASTRAN was used to calculate all 166 eigenvalues for the
dome-only model. The solution required 5 to 6 minutes CPU time including
recovery of 40 eigenvectors.

The frequency response analyses covered the range from 1.0
to 1000 Hz in 5 Hz increments for each of the three different loading condi-
tions. These analyses were performed by using a restart from a previous run
where eigenvalues were caldulated. About 24 minutes CPU time were required
to complete all frequency response analyses. Several computer-generated
plots were obtained from the frequency response computer run.

Figure 11 shows the radial displacement response at node 199
as a function of frequency for the three different loading systems. The
locations of the nodes are shown in Figure 11. The axial displacement
responses at nodes 229 and 237 are slowza in Figure 12. The axial displacement
response at node 225 and the axial acceleration response at node 257 are
shown in Figure 13. The axial and radial displacement responses at node 257
are shown in Fig&re 14. Node 257 represents the point on the adapter ring
where the components are attached. The three loading systems shown in
Figure 11 are denoted (plus, plus, plus), (plus, minus, plus), and (plus,
plus, minus) in bottom to top order. In each of the figures showing response
curves, the three curves shown are for the three corresponding loading condi-
tions in the same bottom to top order as shown in Figure 11.

6) Radial to Axial Motion Transfer

When it was discovered that the forces in the scalar springs
were very small, it became evident that the applied centerbore radial
piessure loads were transmitted to the domes in some way other than through
the scalar springs. The only other possible load path is through the wye
joints. The possibility that dome axial motion is mainly a result of axial
motion at the wye joint seems unlikely because the cylindrical case is
quite stiff in the axial direction and corresponding axial displacements at
the wye joints are small. Therefore, the dome axial motion must be strongly
coupled to the radial motion at the wye joints.

Several computer runs were made to study the relationship
between the case radial motion and the dome axial motion. First, a static
unit load was applied at the wye joint (qode 199) in a radial direction. As
shown in Figure 15, an outward case deflection causes an inward dome
deflection. The ratio between radial wye-joint deflection and axial adapter
ring deflection (19 9R/257A), is 2.5 for a static load.

Frequency response analyses were conducted by varying the
frequency of the applied unit load from 0 to 1000 Hz. The analyses are
similar to those discussed above where three sets of unit loads were applied
at the scalar spring attachment points. The radial displacement response
and the forces required to maintain the constraints at the wye joint are
plotted as a function of frequency in Figure 15. The corresponding displace-
ment and acceleration responses for three other points along the dome and
for the adapter (node 257) are shown in Figure 16. Also shown in Figure 16
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is the acceleration response at node 257 in the axial direction.

D. Discussion of Results

Results from the analyses discussed above clearly show the
behavior of the scalar springs used in the baseline motor analysis. In
addition, results from some of the analyses give added insight into the
general dynamic structural behavior of the motor model. The springs appear

_A to be stiff compared to the grain. In spite of their apparent stiffness,
the springs transmit only very small forces to the domes. The small forces
transmitted to the domes by the springs do not approximate the pressure
distributions in the dome cavities that are due to oscillations in the
combustion cavity in a particular acoustic mode. The scalar springs were
used in the finite-element model in lieu of applying a pressure distribution
in the dome cavities. The scalar springs were used to allow motion of the
grain to be transmitted to the domes through the combustion gases.

The apparent stiffness of the scalar springs relative to the grain
is no doubt partially due to che fact that only three pairs of springs
were used to represent all of the gases in the dome cavity. The three
lumped sprii.gs only provide a crude approximation to the actual continuous
gas distribution in the dome cavity and stress concentrations no doubt occur
in the grain at the spring attach points. If a larger number of springs had
been used, each spring would have a smaller stiffness value and therefore
would appear less stiff relative to the grain.

I) Spring Stiffness Calculations

The use of Boyle's law to calculate scalar spring stiffnesses
may seem like an oversimplification, but the use of a more refined closed
volume model was not considered to be warranted since the actual dome cavity
volumes are open to the combustion cavity. The fact that the dome cavities

f are open should reduce the effective stiffness of the gas from that calculated
for a closed volume. The 8000 lb/in, spring stiffnesses used in the baseline
motor analysis should apparently be considered as upper limit stiffnesses, and
yet the pressures applied to the domes by the springs are very low, as shown
in Table II.

2) Frequency Response of the Motor

Even though the forces in the scalar springs are small, the
scalar springs can apparently cause a change in the mode shape of the response.
Figure 8 shows the difference in the mode shapes calculated for the full
motor model with and without using scalar springs. On the other hand,

•, Figure 9 shows that the mode of response for the half motor model is nearlythe same with or without scalar springs.

The reasons for the differences between results from the
half and full motor models probably have to do with the boundary conditions
used in the half motor model. The mode shapes shown in Figure 8 represent
the aft dome response to the third longitudinal acoustic mode. The third mode
tends to be somewhat asymmetric about the motor midplane in such a way that
the pressure is positive in the forward end while it is negative in the aft
end. An asymmetric type mode (such as L3 ) would tend to cause more longitudinal
motion of the grain than a symmetric loading (such as 14). The spring
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pressures shown in Table II for the L3 mode and the.L4 mode tend to bear
out the idea that more axial grain motion is associated with the L3 mode
than with the L4 mode. The axial grain motion would not occur in the half
motor model, to a large extent, because the motor mid-plane is fixed against
axial displacement. The fixed mid-plane of the half motor model is probably
responsible for the low spring pressures shown in Table II for the half
motor model. The maximum spring pressure in the half motor model for the
L3 mode was 0.0047 psi compared to 0.0303 psi for the full motor model.
Apparently, the small spring forces in the half motor model were not suffi-
cient, in either magnitude or distribution, to cause a significantly
different aft dome response mode (as shown in Figure 9).

3) Frequency Response Analyses of the Aft Dome

The frequency response analyses were conducted to determine
how the dome could be expected to respond to general loads ;pplied through
the scalar springs and to determine how sensitive the response would be to
changes in load distribution. The response plots shown in Figures 11, 12,
13, and 14 show the general response behavior of the aft dome.

The response curves for the three different loading systems
are strikingly different. For example, the displacement response in the
radial direction at node 199, Figure 11, shows a major peak at about 320 Hz
for the (plus, plus, plus) load distribution. The corresponding peak on
the response curve for the (plus, minus, plus) load distribution is relatively
small. The (plus, plus, plus) response curve has a minor peak at about
430 Hz which does not show up at all on the (plus, minus, plus) response
curve and on the (plus, plus, minus) response curve, the 430 Hz peak is
the major response peak. Similar comparisons can be made between the plots
of Figures 12, 13, and 14.

The aft dome fraquency response analysis results are very
important because they show that realistic and accurate loading distributions
must be input to the dome in order to accurately calculate the dome frequency
response. The comparisons made above, between response curves for different
loading distributions, indicate the magnitudes of errors that might be expected
when incorrect loading distributions are used.

In the baseline motor analysis, no pressure distributions were
applied to the domes. Instead, scalar springs were used to allow the grain

to transmit forces to the domes. The small pressures applied by the scalar
springs are no doubt inaccurate. The task of determining accurate and
realistic pressure distributions is not an easy one. The extent to which
dome cavities open up and the timing with which they open up during a firing
are not well known. The model 2 of the acoustic cavity that was used to
calculate the gas modes used in the baseline motor analysis did not include
dome cavities. Recent analyses performed on an acoustic model with dome
cavities indicates that pressurcs as high as those in the centerbore can be
expected in the dome cavities. In addition, pressure mode shapes in the
dome cavities appear to be extensions of the mode shapes in the main
combustion cavity.

F-24



4) Radial to Axial Motion Transfer

When pressure oscillations occur in the combustion cavity,
the cylindrical portion of the case is caused to expand and contract in a
radial direction. The radial expansion and contraction of the cylindrical
case section can cause axial dome motion as shown in Figure 15. The re-

& sponse of the aft adapter calculated in the baseline motor analysis is
probably due mostly to radial case/grain motion. During actual motor oper-
ation, the response at the aft adapter is likely the result of both radial
case/grain motion and the pressure oscillations that occur in the dome
cavities.

The response plots shown in Figures 15 and 16 indicate the
general dome behavior to be expected from oscillatory radial case motion.
In the aft dome model analyzed, the axial displacement and the r-z plane
rotation were constrained to zero. The SPC (constraint) forces required to
maintain the displacement and rotation constraints are plotted as a function
of frequency in Figure 15. The plots shown in Figures 15 and 16 show that
most of the dome modes can be excited by the radial motion input at the
wye joints. This is in contrast to the dome pressure loading where some
modes were not excited at all by a particular loading distribution.

E. Conclusions and Recommendations

The behavior of the motor model with scalar springs used in the
dome cavities has been studied in detail. Perhaps it may seem that too
much detail was included in the study. However, the insight gained into the
general structural behavior of the motor model should prove to be very worth-
while. In particular, results from the dome frequency response analyses and
the radial-to-axial motion transfer should provide a better understanding of
general dome behavior.

Results from this study show that the scalar springs used in the
baseline motor analyses were inadcquate. The springs did not apply a realis-
tic pressure distribution in the dome cavities, and the possibility that
spring coupling could result in the grain acting to damp out dome vibrations,
unrealistically, was pointed out. For these reasons, the use of scalar
springs in similar applications is not recommended. It is recommended that
estimated (calculated) pressure distributions be applied in dome cavities
to both the grain and the case in place of using scalar springs. To obtain
the dome cavity pressure distributions, acoustic models with dome cavities
could be analyzed or experimental data could be used.

The conclusions and recommendations given here do not apply to
a previous analysis 1 which was conducted on the third stage Minuteman III

I.motor. Apparently, the Minuteman motor has the peculiar characteristic
that upon pressurization, the grain is forced down around the igniter pro-
viding a stong physical seal for the gases in the dome cavity. Since the
gases in the dome cavity are in a closed volume, it L, not possible for
acoustic modes in the combustion cavity to affect the pressure distribution
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in the closed dome cavity directly. However, grain motion could cause a
bulk ccmpression of the gas -entrapped in the cavity, thereby transmitting
oscillatory motion to the dome. The trapped gas model used in Reference 1
utilized scalar springs, scalar masses, and multi-point constraints to modc'!
this mode of load transfer. Good results were reported for the particular
trapped gas model used.
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TABLE II

SCALAR SPRING FORCES AND CORRESPONDING PRESSURES
4 FOR HALF AND FULL MOTOR MODELS

FULL MOTO MODEL

Spring No. L3 Mode at 265 Hz L4 Mode at 365 Hz

(See Fig. 4) Force (Lbs) Pressure (Psi) Force (Lbs) Pressure (Psi)

351 1.540 0.03030 0.2237 0.00383
•A I353 -0.0938 -0.00029 -0.325 -0.00593

355 0.4181 0.00323 -0.4774 -0.00474

1HALF MOTOR MODEL
L Mode at 265 11z

Spring No. Force (Lbs) Pressure (Psi)
(§Se Fig. 4)

351 0.23883 0.00473
353 -0.05413 -0.00100

355 -0.27854 -0.00280

TABLE III

RELATIVE GRAIN/SPRING STIFFNESS DATA

Scalar Spring Grain Shear Grain Spring
Stiffness (Lb/In) Modulus (ti) Deformation (In.) Deformation (In.)

8000 333 0.68 0.32
1000 333 0.23 0.77
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Figure 7. Sketch Showing Assumed Dome Cavity Geometry Used in Scalar Spring
Stiffness Calculations
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Figure 8. Full Motor Aft Dome Mode Shapes With and Without Scalar Springs
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Figure 9. Half Motor Aft Dome Mode Shapes With and Without Scalar Springs
for the C-3 Poseidon S/S Motor, Response to the L3 Mode at 265 Hz

F-30



{I

'ii

3 •, 
SPRING DISCONNECTED FROM
DOME AND GIVEN UNIT AXIAL

DEFORMATION

!. 353

Z GRAIN DEFORMATION DUE •

TO THE LOAD IN THE 1 351
SPRING

Figure 10. Static Analysis Configuration Used to Determine Relative Stiffness
Between Grain and Scalar Springs

P'::31



.* . . . • . . . . . . . .•

:,PLUS, LS IU

INU

I *O

-• ' ""LOAD DISTRIBUTION

Ia .. ........

i; a

.. PLUS, LS IU
. LOA DISTRIBUTION

a. .. .a . a. . a. .a . . .. 199 (NODE LOCATIONS)
., 225

" 29

"PLUS, PLUS, PLUS 257

..................... LOAD DISTRIBUTION

S *.* a€a ... a,, r•

Figure 11. Aft Dome Load Distributions and Frequency Response Plots for Node 199

F-32



NODE 229 NODE 237

CJ

.........

.•+ e..+,.,gr 11-. Axial Diplceen Frequenc Res•loopos Plots. for Nodes 229 andl, 237

F-3

A 'So

*Ulll ~ llH I i ~ • fl UU5 USE lfl flll ? l I I m Il Il JflUUSUUU *U/ l

US o.SU. •....5 US • 1 .UU/SI • • • • . • . 55 5 US5S SU.UI.UUVI

%**I*IUU5USUUP.SUPI S5* 
I55RU5U tSfUUU*U SUSS

55 , U 
U,

* . . . . . . .. . . . .. •*. . . .UU, :

I, ihlI II, Il ll ,II+• II ~lIIl~ Il II +lO O ll ~o l ~ ll loll~ II II 41l~ll~ ll II~ ll .I l i l I lUI I

U.U 
* U U.UU~IIII I 41 1

U,



"NODE 257 NODE 225

* a.�. •. ... . .. . . . . . . .

i,• I i

.......

* *1.I * I

* I,.

) ,,,,i, ~cH¢! t0

*,I IS,I hd Ol (l*l LIt.[e. CLII0 **¢CI* I *e11 Ol*IItUI .. ,I..pInI,.Ie 5e1*,

Fiue13. Axial AceeainFrequency Response Plots for Node 257 and Axial
Displacement Response Plots for Node ?25

F-34



"RADIAL DISPLACEMENT AXIAL DISPLACEMENT

2 .e . . . . .

I~
i~ii

t I I .

, .C i

* L

, ,

Fir 1

*¢II 4 / C.C I CCl III *¢ 'S.C C IC. ~II* .CC C .I C.C, CI. CI, 'CI• CCI•SI I * C . 111111, 11 ,S•II

(N d 25 is a c m oet ............... ...)F-35 CC

3,C. 11

j C IIIlll t~ IV •V ll~ I I l IIl ll l II • l lll I

11111 C./C I I II I I I I I IICII p1 CCCI 11 ,ICCI, II II 1511C C II •I C ICIICC 111 CII I11 i .I I I I Il I I I

, Figure 14. Radial and Axial Displacement Frequency Response Plots for Node 257
(Node 257 is a component attachinent peointy

F- 35



. ..4 .

. -UNIT LOAD

SPC FORCE FOR 199 - ROTATION CONSTRAINT

"...............................!....

-.. "... .. .DISPLACEMENTS SHOWN BY VECTORS

UNIT LOAD

*............... C.,: " ',I, .. . ... ..... .. .. .. ..... ..

SPC FORCE FOR 199 - AXIAL DIRECTION

• ~ . . . . . . .. . . .• .

C,.' a.. 4

DISPLACED POSITION SHOWN BY DASHED LINES

DISPLACEMENT RESPONSE FOR 199-
RADIAL DIRECTION

Figure 15. Aft Dome Static Deformations for a Radial Unit Load Applied at the

Wye Joint and Corresponding Response Plots for Load Frequencies

Between 0 and 1000 Hz

F-36



C /, 1 *5.

*,.S.... .. . ..
* '45 .5 5***

.. S

5 .•.4.5° . • . 5•

DISPLACEMENT RESPONSE FOR 257 - DISPLACEMENT RESPONSE FOR 237'-
AXIAL DIRECTION AXIAL DIRECTION.

..... ....
5,...

* .51

ACCELERATION RESPONSE FOR 257 - DISPLACEMENT RESPONSE FOR 229 -

AXIAL DIRECTION AXIAL DIRECTION

. . . .. . . . . . . . .
D Ro

A*'* •F-37

DISPLACEMENT RESPONSE FOR 257 - DISPLACEMENT RESPONSE FOR 225 -

SRADIAL DIRECTION AXIAL DIRECTION

•,Figure 16. Respo~nse Plots for Nodes on the Aft Dome Responding to a Unit Radial Load
at the Wye Joint

F-7



V. GRID REFINEMENT STUDY

A. Introduction

Since acoustic modes at very high frequencies are commonly
observed, it would be desirable to have a finite element model that could
produce accurate results at high frequencies. A rocket motor, being a
continuous structure, exhibits an infinite number of natural frequencies.
A finite element model, having only a finite number of degrees of freedom,
can have only a finite number of natural frequencies. Each finite element
model therefore has a maximucit natural frequency and any natural frequency
in the motor above the maximum model natural frequency is not represented
by the model. As the frequency increases toward the maximum, the natural
mode shapes become more complex and the accuracy of mode representation pro-
vided by the model decreases. A portion of this grid refinement study was
directed at determining the frequency range Dver which valid (reasonably
aceuratýeXL results -could be obtai-nA ýs' t fi • -P alement mode-

The question of valid frequency range cannot be answered in
general because the mode of response depends to a large extent on the load
distribution. The effect of load distribution on the frequency response of
the aft dome was illustrated previously under the scalar spring study. A

more appropriate question might therefore be: "For a particular load
distribution, what is the valid frequency range for the model?" Studying
the structure frequency resp.in3e for a large timber of load distributions
would not be practical. The problem can be simplified by rephrasing the
question to ask for the minimum valid frequency range; i.e., the frequency
range for which the model would yield reasonably accurate results assuming
the most adverse loading distribution. The pioblem could also be simplified
by assuming a typical high frequency mode load distribution. Both simplifica-
tions have been used.

When the finite element grid for the full motor model was con-
structed. an attempt was made to make the grid as refined as possible while
maintaining reasonable run times for a compute- analysis. The grid refine-
ment used in the dome portions of the model was selected t• allow for
reasonable definition of the changes in the orthotropic case properties. No
guide lines were available on grid refinement required to accurately model
natural mode shapes in a particular frequency range. The objective of this

study was to assess the effect that grid refinement would have on the
accuracy of the response of the model. The possibility of using a model with
a coarser grid was to be evaluated as a possible modeling simplification.

As with the scalar spring study, the approach for the grid refinement
study consisted of performing several separate analyses. Real eigenvalue
solutions were obtained for the aft dome model and mode shapes were plotted
over the frequency range of interest. Real eigenvalue solutions were also
obtained for the half grain model. Half grain modes were plotted over the
frequency range of interest. A full motor model with a very coarse grid was
constructed and analyzed at 265 and 365 Hz with the L3 and 14 acoustic pres-
sure modes. The coarse grain model was included in the study to evaluate the
possibility that component response is not greatly dependent upon tne accuracy
with which the grain is modeled. The grain is a very massive and very heavily
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damped part of the rocket motor structure. The possibility that the

4 sluggish response of the grain might cause the component response to be in-

sensitive to locations of peaks and valleys in the grain response curve, was

considered to be worth investigating.

B. Approach

One way to determine the limiting grid refinement for a par-
ticular structure, being forced at a given frequency and with a given load
distribution, would be to construct a series of finite element models with
decreasing degrees of grid refinement. Each model would be analyzed with'I the same load and at the same frequency. When displacement response
results from a particular model were found to be significantly different
from, the-rsu1ts of Ohe most refined model, tfre minimum acceptable grid
refinement would be established. This approach was judged to be too
costly and time consuming.

Another approach to the problem of establishing the degree of
adequate g.'id refinement for a particular model is to study the natural
mode shapes of the model. A rule-of-thumb that is commonly used for
judging the adequac; of refinement of a particular grid is that three
nodes should be used to define each half wave of the mode shape. In this
study, mode shapes of the aft dome model and of the half grain model were
examined in an effort to establish an upper limit frequency, above which
results would possibly be in error for the particular grids being studied,

To better understand the rule-of-thumb for adequate grid
refinement stated above, a uniform pinned-pinned beam was analyzed using
an eight element NASTRAN model and using closed form solution. Compar-isons

between the theoretical and the NASTRAN models are given showing the
increasing inaccuracy of the NASTRAN model with increasing mode number.

Results from the beam analyses should provide a background for judging
the results from the dome and grain models.

The full motor model was modified to include a very coarse grid
to represent the grain. Frequency response analyses were performed using
the L3 and L4 pressure modes. Comparisons are shown between results from
the model with coarse grid and the original model.

C. Dynamic Analyses

1) Simply Supported Beam Analysis

A sketch of the beam model is shown in Figure 17. The
equations shown on the face of Figure 17 give the closed form solutions for
the beam. A NASTRAN real eigenvalue analysis was performed on the eight
element model shown in the figure. A comparison between the NASTRAN cal-
'culated natural frequencies and the closed form solutions is shown in Table
IV. The corresponding mode shape comparisons are shown in Figure 18. Notice
that the values calculated by NASTRAN, (shown as circled points in Figure 18),
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are coirrect for all seven modes. The errors occur because sufficient nodes
are not available to define a wave in- the mode shape.

When a varticular load distribution at a particular fre-
4• quency is applied to the beam model, the response mode can be expressed in

terms of a sum of fractions of each natural mode when model coordinates
are used. When the applied load distribution matches exactly a natural
mode the beam responds only in that mode independent of the applied fre-
quency. The condition of the !Dading distribution exactly matching a
natural mode shape would be rare. The response of the beam (or motor) to
a similar but not exactly matching load distribution would be of more
interest.

SFigure 19 shows an applied load distribution and the
corresponding. closed form displacement response. The load distribution
was arbitrarily selected to be similar to the beam second mode that occurs
at 157.6 Hz. If the applied loading distribution exactly matched the
second mode, then the response would be purely in the second mode. As
shown, the response looks like a combinati3n of second mode and fourth mode.
The frequency of application of the applied load was exactly the same as
the fourth mode natural frequency. This result shows that a high fre-
quency mode can be excited by a low frequency-type load distribution
applied at a high frequency.

2) Aft Dome Real Eigenvalue Analysis

Real eigenvalue analyses, (NASTRAN Rigid Format 3), were
performed on the aft dome model. The same model used for the frequency
response analyses under the scalar spring study was also used for the real
eigenvalue analyses. The first 20 natural modes and corresponding natural
frequencies are shown in Figures 20, 21, and 22. To simplify the problem
of making reference to two typical types of mode shapes, the typical shapes
will be referred to as "oil can modes" and "twisting modes". "Oil can mode"
is used to describe the axisymmetric deformation of the dame that causes
axisymmetric bending stresses similar to those that occur in the bottom of
an oil can when the center of the can bottom is depressed with the thumab.
"Twisting mode" refers to the apparent twisting of the one slice model.
With reference to the total motor, lobar type modes would appear as one-
slice twisting modes. Twisting modes are characterized by the two nodes
opposite each other in the one slice model having equal displacements but
in opposite directions. The first two twisting modes shown in Figure 20
are shown again as the two sketches at the bottom of Figure 22 to better
show what is meant by "twisting mode".

The twisting modes that are calculated from any par-
ticular analysis are a function of the size of slice used in the .. iodel.
A 150 angle is included between the two faces of the slice used in the
model that resulted in Figures 20, 21, and 22. If a 300 slice had been
used, twisting modes at different frequenc;ies would have resulted. A
possible lobar (twisting) mode for a 300 slice is shown in the center of
Figure 22. Twisting modes are of very little interest in this grid refine-
ment study.

The finite element grid refinement in the circumferential
direction is of interest. A comparison between the approximation of a circle
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obtained by using 24 fifteen degree slices and 12 thirty degree slices is
shown in the middle of Figure 22. To obtain a 300 slice model, the grid
point locations for the grid points on one face of the 15° slice model

were changed. The two models are thus exactly alit±k except for grid
point locations. A real eigenvalue analysis was performed on the 300'
slice model. The results are shown in Figure 23.

Because of large differences between results from the
150 and 300 slice models, one additional model was analyzed. A 50 slice'1 model was formed by repositioning the grid- points again. The mode shapes
and natural frequencies obtained from the 50 slice are shown in Figure 24.

3) Half Grain Model Real Eigenvalue Analyses

Real eigenvalue analyses similar to those performed on the
dome were also performed on the half grain model. Results from the analyses
are shown in Figures 25, 26, and 27.

Accurate results cannot be expected from a real eigenvalue
analysis of the propellant grain because the grain properties are frequenpy
dependent. Nevertheless, the analysis is useful for identifying approximate
natural frequencies and associated mode shapes so that judgements concerning
the adequacy of the model over a particular frequency range can be made.

The mode shapes shown in Figures 25, 26, and 27 were ob-
tained using a very low grain shear modulus of 333 psi. The 333 psi shear
modulus corresponds to a low frequency of about 1 Hz. The natural fre-
quencies shown in Figures 25, 26, and 27 were obtained by correcting the
calculated frequency by iterating with the following equation:

f/ --- -= 33 T333

where: fn - is the natural frequency estimate.

f333 - is the natural frequency calculated in the real
eigenvalue analysis using a grain shear modulus
of G = 333 psi.

G(fn) - is the grain shear modulus corresponding to
frequency fn.

It was necessary to iterate to obtain the solution because G(fn) depends on
the solution, fn-

The first 10 mode shapes and frequency estimates for the
grain model with symmetry boundary conditions at the mid plane are shown
in Figure 25. The corresponding first 10 modes and frequencies for dsym-
metric boundary conditions at the midplane are shown in Figure 26. Figure
27 was included to show some mode shapes at higher natural frequencies.
The 30th through the 39th mode shape and corresponding frequencies are shown
in Figure 27. Scalar springs were attached to the grain for all analyses
as they were for the baseline motor analyses. The case (dome) ends of the
scalar springs were constrained to have zero displacement for these real
eigenvalue analyses.
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4) Coarse 'Irain Grid Model Analyses

A clean motor model with an textra coarse grid to represent
the grain was constructed. A comparison-between the regular and coarse
grid -models is shown in Figure 28. The coarse grid analysis was intended
to be identical to the regular grid analysis in every way except for the
grid refinement. However, it was discovered that the same load distribu-
tion could not be applied to the coarse grid model because fewer grain

nodes were available at which to apply the loads.

Both coarse and regular grid models were analyzed using
the L3 pressure mode at 265 Hz. The load distributions used on each were

not exactly the same because of differences in node spacing. To keep the
net effect of each load the same as nearly as possible, the total positive
or negative forces in each half wave of the mode shape were made equiva-
lent. The displacement response of the coarse and regular grid models is
compared at several selected points in Table 5.

D. Discussion of Results

(1) Simply Supported Beam

Results from analyses on a simple beam model cannot be
applied on a one-to-one basis to results from the more complicated motor
models. However, having a knowledge of the performance of a beam model
should be of value in making qujalitative judgements on the adequacy of
the motor models.

The degradation of the mode shapes supplied by the beam
finite element model with increasing natural frequency is shown in Figure
18. The rule-of-thumb that 3 nodes should be available to define each
half wave of a mode can be justified by the results shown in Figure 18.
The second mode has 3 nodes per half wave and the comparison between closed
form solution and NASTRAN solution shows very good agreement. The corres-
ponding frequency comparison as shown in Table IV indicates that NASTRAN
and theoretical frequencies are within .032 percent, surprisingly good
agreement. When only two nodes are available to define a half wave of the
mode shape, as in the third mode of Figure 18, the errors, (differences
between theoretical and NASTRAN solutions), become more evident.

It is interesting to note that the correct displacement
amplitude is calculated by NASTRAN at each node even up to the 7th mode.
That is, the calculated points, shown in Figure 18 as circled points, all
fall on the theoretical mode shape. The errors in mode shape prediction
occur because the node density and spacing are not sufficient to define
the deformed mode shape.

Based on evaluation of results from the beam analyses, it
appears that the three node per half wave rule-of-thumb may be too restric-
tive. It is recommended that each calculated mode be judged individually
without using a rigid "go" or "no-go" criteria. The curves of Figure 18
can be used as a guide. The possibility of errors should be considered
when fewer than three nodes are available to define a half wave of the mode
shape.
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Experiments with closed form frequency response solutionsZ ~for the beam model showed that in many cases the mode of the beam response
followed quite closely the general shape of the load distribution. The
result shown in Figure 19 is an ,xception because the response appears to
contain higher frequency harmonics than the input load distribution. The
response is a distorted fourth natural mode while the load distribution is
most similar to a second mode shape. To relate tiese results to the beam
finite element model, we conclude that the finite element model would have
to be sufficiently refined to represent the fourth beam bending mode in
order to provide a sufficiently accurate solution for the loading distri-
Lution shown in Figure 19 when the loading frequency is 630 Hz.

To generalize these results, we conclude that a model
should be capable of representing natural mode shapes over a frequency
range that includes the frequency range of the applied loading systems.
In addition, the model should be capable of representing response mode
shapes that are likely to be excited by the particular load distribution
being applied.

2) Aft Dome Real Eigenvalue Analysis

j A study of the real eigenvalue analysis results shown in
Figtures 20 through 24 should provide valuable insight into the structural
dy~ianic behavior of the aft dome model. In the first mode, (fl), as shown
in Figure 20, the dome and nozzle move in and out together. The f 4 mode
in the same figure ,hows the dome and nozzle moving in opposite directicais
causing deformation of the nozzle flex-seal. In some of the higher fre-
quency modes the dome forms various waves while the nozzle is relatively
quiet.

The peaks and valleys on some of the frequency response
plots shown in Figures 11 through 16 can be correlated with these real
eigenvalue analysis results. For example, consider the response at node
229 shown in Figure 12 for the three different loading distributions. The
response plot for th, plus-plus-plus loading distribution, shown in Figure
12, contains one major peak near 300 Hz. The peak is apparently a combin-
ation of response in the f 4 and f 5 modes shown in Figure 20 since both
modes would likely be excited by the plus-plus-plus load distribution and
the frequticies, 304 to 319 Hz, correspond with the response plot. The plus-
minus-plus load distribution response plot in Figure 12 shows major response
at about 320 Hz and 540 Hz. Apparently this non-uniform load distribution
causes a large response in both the f 5 and the f 7 modes. An examination of
tne plus-minus-plus character of the f 7 modL shape shows clearly why a large
response in this mode could be expected from a plus-minus-plus load distri-
bution.

A main purpose in obtaining the real eigenvalue solution
plots shown in Figures 20, 21, and 22, was to show the performance of the
particular finite element grid as a function of frequency. For the f 8
mode at 620 Hz shown in Figure 20, only two nodes are available to represent
half waves at two different places along the dome. Basad on the experience
with the beam analysis, we might judge the model to be adequate at 620 Hz
but also realize that che quality (accuracy) of mode shapes for higher fre-
quencies will decre~.se as the frequency increases.
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The original dome model was constructed to represent a
1/24 section (150 slice) o.f the motor. The 1[24 section-was selectea,
because the total motor could be represented -by such a section PiL a cyclic
symmetry analysis. The motor has 12 slots in the propellant grain. An
r-z plane through the middle of a slot and another heiz way-beOtween the
slots forms a 150 slice. For a motor with fewer sloi;s, similar reasoning
would produce a large slice. A motor modeled with sections 'tger than
!505 would have less grid refinement in the circumferential direction. To
study the effects of more or less grid refinement in the cicu6ferential
direction, 50 and 300 slices were analyzed.

The results from analysis of the 300 slic, are shown in
Figure 23. The mode shapes and natural frequencies do not :,mpare well
with those obtained for the 150 slice shown in Figure 20. ',he first
"natural mode for the 300 slice occurs at a frequency 24% igher than the
43.3 Hz calculated for the 150 slice. The nozzle-dome mc,' (f 3 for the
300 slice) occurs at a frequency of 335 Hz which is 10% '_,)her than the
corresponding 304 Hz mode in the 150 slice model. Othex todes in the 300
slice model have similarly large errors when compared tc-result frcom the
150 slice model.

The results from analysis of the 50 ;i ce model as shown
in Figure 24 can be compared with the results from tjl, ±.ý6 slice model in
Figure 20. The first natural frequency of the 150 sliie model is in error

¾ by 11% when compared to the 50 sbice results. No twtiiing modes were
found among the first 8 modes in the 50 slice model.

A peculiar difference between the 5" -lice and the 150
slice is seen by comparing the nozzle-dome modes for each model, (the
"1 tnozzle-dome mode" refers to the mode where the nozzle and dome move in
opposite directions). In the 15' slice model, the nozzle-dome mode occurs
with the dome in a first-oil-can type mode at 304 Hz. In the 50 slice
model, a dome mode occurs at 251 Hz without any aignificant nozzle parti-
cipation. Then, two modes involving the nozzle occuz along with higher
order dome modes at 299 11z and 310 Hz, (f 3 and f 4 in Figure 24). Based
on this analysis, it appears that even a 150 licQ may not be providing
sufficient grid refinement in the circumferential. direction.

3) Half Grain Model Real Eigenvalue Analysis

The three-node-per-half-wave rule discussed above can be
applied to results from the half grain analyses. The fl 0 mode shown in
Figure 25 has the following sequence of radial displacements for nodes
along the center bore starting at the motor mid-plane and moving aft:
positive, positive, negative, negative, positive,,negative. For the 203
1iz fl 0 mode, only one or two nodes define each half wave of the mode shape
along the center bore. Since less than three nodes per half wave are
available to define the mode shape, we conclude that the mode shape
accuracy provided by the half grain model deteriorates above approxi-
mately 200 Hz. The mode shapes for the asymmetric boundary conditions
shown in Figure 26 appear to be of approximately equal quality with those
shown in Figure 25. The higher frequency mode shapes shown in Figure 27
are definitely of inferior quality. Several twisting modes are shown and
many of the uniform modes have only one node to define a half wave of the
deformed shape.
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The conclusion that the accuracy of results obtained
from the half grain model deteriorates for frequencies above 200 Hz needs
to be clarified. Obviously the mode shapes obtained from real eigenvalue
analyses of the model will be inaccurate for natural frequencies above
about 200 Hz. However, the main use of a grain model is for frequency
response analysis. For frequency response analyses, the 200 Hz fre-
quency limitation would apply only if the loading distribution were such
that modes like fl0 in Figure 25 would be excited. For frequency re-
sponse analyses, it is recommended that response modes be examined and
judged for t.-ach different loading distribution and each different frequency.
To estimate the grid refinement required for the grain before the model is
constructed, the response modes must be estimated. The loading distribu-
tions to be applied and the natural mode shapes shown in Figures 25, 26,
and 27 can be used as a guide. To provide one additional result to guide
estimation of response modes, the response of the grain surface along the
center bore, to the L3 acoustic mode at 770 Hz, is plotted in Figure 29.

4 4) Coarse Grain Grid Model

The response of the coarse grid model compares quite well
with the response of the regular grid model considering that the grain
representations are very different between the two models (see Figure 28).

/ As shown in Table 5, the radial displacement at the wye joint was under-
estimated by the coarse grid mod:l by about 21%. The axial displacement
at the aft adapter where the components are mounted was underestimated by
the coarse grid model by about 17%. The largest percentage error for the
data shown in Table 5 occurs at node 145.where the coarse grid underesti-

Smates the deflection by 86%. For the particular frequency and load distri-
bution used in these comparison analysLs, the coarse gSid generally under-
estimates the response. With a differ:ent loading distribution and a dif-
ferent frequency, the coarse grid might be found to over-estimate the
response.

The data shown in Table 5 were provided to assist the
analyst in making decisions about the use of coarse grids. The degree of
grid refinement to be used in the grain model must br selected based on the
following considerations: (1) the shape of the loading function, (2) the
frequency range to be covered, and (3) the limited degrees of freedom
available to maintain reasonable computer run times and analysis costs.

0 {The coarse grid versus regular grid comparisnns were obtained by analyzing
single slice models with symmetry boundary conditions, (cyclic symmetry was
not used). The coarse grid analysis required about 9 minutes CPU time while
the regular gr~.d required about 15 minute. CPU time. The difference uould
be considerably larger for a full cyclic symmetry analysis.

E. Conclusions and Recommendations

Results presented from this grid refinement study have provided
a valuable insight into the structural dynamic behavior of the motor model.
The results should also be valuable for reference when decisions must be
made regarding degree-of-grid-refinement to be *used in a particular finite
element model.
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Based on the results of the grid refinement study as well as
other experience gained during the coarse of the Component Vibration
program, the following recommendations are made regarding selection ofI1 grid refinement:

1) Consider the loading distribution with the shortest half

•, j wave length, (usually the highest frequency acoustic
mode). Plan to use 6 nodes along each half wave length
of the loading distribution. The loading distribution

- 1 may cause a response of modes with higher harmonics. If
the response mode has a half wave length one-half that of
the loading distribution half wave length, then 3 nodes
will be available for each half wave of the response.

2) Concentrate first on getting adequate grid refinement for
the domes where the components are attached. The domes
are the most important parts of the model when component
response _s desired.

3) If sufficient degrees of freedom are not available, a more
coarse grain representation should be considered. If a
coarse grain model is found to be desirable, an attempt
should be made to use more nodes around the grain boundaries
and fewer nodes in the grain center. This will provide more
nodes for a better definition of the loading function and
more nodes for interfacing between the grain and case.
Figure 30 shows some recommended configurations for concen-
trating the nodes around the boundaries. No results ar;
available for the recomnmended grid configurations.

4) Results from the aft dome model annlyses indicated that a
slice smaller than 150 would be desirable. In a cyclic
symmetry analysis, the size of the slice is usually deter-
mined by the number of slots in the grain. It is recom-
mended that extra slots be introduced in the model if
necessary to obtain a single slice smaller than 150. For
example, a motor with 6 slots could be analyzed As though
it had 12 slots so that a 150 slice could be used as a
model, or 24 slots could be used to obtain a 7½) slice
model.

The recommendations made here are based on experience gained in
analyzing the C-3 Second Stage Poseidoft motor. The Poseidon motor has
unbonded domes. For a motor with bonded domes or other major differences,
different modeling procedures may be desirable. The modeling recommendations
given here are only intended to provide guidelines that must be modified or
tailored to fit a specific different situation.
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CROSS SECTION

ii ,• 2011"
, 20"I = 0.002604 IN.4

FINITE ELEMENT BEAM MODEL E = 5 X 106 PSI
p = 2.58799 X 10-4

A
fn (39.3911) n2

fn = NATURAL FREQUENCY OF NTH MODE
_• qh(X) Sinn n X

p (X) Snin = NATURAL MODE SHAPE

Figure 17. Beam Model Used to Study Mode Shapes

TABLE IV

COMPARISON BETWEEN FINITE ELEMENT AND CLOSED-FORM
NATURAL FREQUENCIES

nf (NASTRAN) fn (Theory) Error

n (Hz) (Hz) ,,,

1 39.39 39.39 0.0

2 157.52 157.57 0.032

3 353.87 354.53 0.186

4 625.68 630.28 0.730

5 962.04 984.81 2.312

6 1328.46 1418.13 6.323

7 1641.03 1930.23 14.933
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Figure 20. Posaidon C-3 Second Stage Aft Dome Mode Shapes for the First Eight
Natural Modes
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Figure 21. Poseidon C-3 Second Stage Aft Dome Mode Shapes for the Ninth through
Eighteenth Natural Modes
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Figure 22. Poseidon C-3 Second Stage Aft Dome Mode Shapes with Sketches Showing
Twisting Type Modes
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Figure 23. Poseidon C-3 Second Stage Aft Dome Mode Shapes Using a 300
Slice Finite Element Model,
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Figure 24. Poseidon C-3 Second Stage Aft Dome Mode Shapes Using a 50
Slice Finite Element Model.
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Figure 26. Poseidon C3 Second Stage Aft Half Grain Model
Natural Modes for Asymmetric Boundary Conditions
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ANALYSIS OF ACCELEROMETER AND PRESSURE GAGE
DATA FROM THREE S/S POSEIDON STATIC FIRINGS

I. INTRODUCTION

Data recorded during static firings and stored on FM magnetic tapes,
for motors SP-0131, SP-0149, and SP-0160 were analyzed through the Quan
Tech wave analyzer. Data from these motors was selected for analysis
because each firing was conducted with several accelerometers mounted on

& the mutor structure and the flight hardware at various points. The
objective of this data analysis work was to characterize the response of
the structure with respect to the amplitudes of the acoustic pressure
modes. A special Kistler pressure gage was used in each firing to measure

the amplitude of the pressure oscillations. Data from the Kistler pressure
gage were reduced for motor SP-0115. However, since significant pressure
oscillations were not evident at most frequencies of interest, the
corresponding accelerometer data were not reduced for motor SP-0115.

Finite element models are analyzed to determine how a rocket motor

structure responds to pressure oscillations that occur in the motor's
combustion cavity. To assess the validity of the structural analyses,
calculated results can be compared with data from actual static firings.
This report presents a compilation of static firing data that wure reduced
especially for the purpose of making such comparisons. The static firing
data were reduced for use in the RPL Component Vibration Program,
AF contract F04611-73-C-0025.

The computer analysis of finite element models yields accelerations
at nodal points. The nodal accelerations represent the structural response
to a particular pressure distribution loading function, (i.e., a particular
acoustic mode), at a particular frequeucy. By contrast, the accelerometer
data from a static firing represents che response of the actual motor
structure to a number of different lcading systems, The loading systems
incitude the harmonic acoustic pressure oscillations that are due to
resonance of the gas column in the combustion cavity, (i.e., a particular
acoustic mode as discussed above), as well as several ill-defined loading
systems. The loading systems that are not well defined include noise
excitation (i.e., broad frequency band excitation) due to flow in the motor
proper and especially due to flow through the nozzle and reflections of

acoustic noise from the ground and other surfaces in the static firing bay.
Also, igniter operation during the first 1/2 second of burn time is a
source of structural excitation.

In addition to the fact that response data includes various sources
of excitation, one factor that must be considered in comparing analysis
results with firing data is the shifting frequency characteristic of most
acoustic modes. As the burning surface in a rocket motor advances into
the grain, the geometry of the combustion cavity changes sufficiently to
cause a gradual change in the frequency for a particular mode. The routine
data analysis procedure used by Hercules, calls for use of the Quan Tech
wave analyzer in the tracking mode to follow the peak response amplitude
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for a particular mode as the frequency shifts throughout the firing. For
reasons discussed below, the analyses reported here used a fixed rather
than tracking filter mode.

To obtain data for comparison with analysis results, the FM tapesI .coltaining accelerometer and pressure gage information were played through
the Hercules Quan Tech wave analyzer. Only the first 10 seconds of the
firing were analyzed since past experience has shown that most acoustic
pressure oscillation activity occurs during that time. Filter bandwidths of
both 10 and 100 Hz were used since both proved to be useful at different

Itimes. The filter was set at a particular frequency and the rms output
I from the filter was vlotted as a function of time. A constant frequency

¶ was used because th, structural analysis technique (NASTRAN), is only
capable of producing steady state response at a particular frequency.

4o The analysis could be repeated for a series of frequencies to represent
the shifting frequency but this procedure would be too expensive.

II. TRANSDUCER LOCATIONS

Locations of accelerometers on the forward dome were the same for
all four motors as shown in Figure 1. Accelerometers AC-404 and AC-405
were mounted on the forward closure adapter ring as shown in the figure.
The Kistler pressure gage tap was through the forward closure. The Kistler
pressure gage is denoted as PT-5. Locations of acceleromzters on the
aft dome are indicated in Figures 2, 3, and 4 for motors SP-0131, SP-0149,
-ad SP-0160, respectively.

III. DATA ANALYSIS APPROACH

I Data from each of the three firings were analyzed at frequencies of
281, 634, 680, 770, and 1327 Hz. These frequencies were selected because
they correspond to frequencies for which the motor has been analyzed using
NASTRAN, The selected frequencies also correspond to acoustic mod.s that
were previously1 determined to commonly occur in the motor.

{ Results from the Quan Tech analyses are shown in Figuren 5 through 22.
An x-y plotter was used to plot the rms pressure and acceleraLion levels
from the Quan Tech analyzer. The rms values have been converted to zero-Io-peak
values. The peak values are denoted on each plot at points of interest.
Each figure (except Figure 22) shows the results from using both !0 Hz and
100 Hz filter bandwidths. An averaging time constant of 0.1 seconds was
used in all analyses.

For each analysis, three accelerometer channels were plotted directly
I above the corresponding pressure gage response. Thus it is easy to see

when the accelerometers respond at the same time and in the same way as
the pressure gage responds. Each analysIs was limited to one pressure plot
and three accelerometer plots to avoid c.:owding or overlapping of the
curves on a single plot. The total number of plots or analyses performed
was limited by the time and budget allotted for this data analysis task.
For each motor, the three accelerometers judged to be most useful for making
comparisons with the finite element model were selected for analysis. The
accelerometers selected were those mounted on the forward or aft adapters
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measuring longitudinal structural response. An extra set of thr~e
accelerometers was selected on motor SP-0160 to measure component* response.

The component accelerometers were analyzed at frequencies of 281, 680,
7710, and 1327 Hz.

SJ It may seem odd that more attention was not paid to analysis of
component response. However, it is prediction of motor structural response
with components attached that is of prime interest rather than response
of the components themselves.

IV. DATA ANALYSIS RESULTS

The results from the Quan Tech analyses are displayed in Figures 5
through 22. Nearly all of the curves, regardless of location or' frequency
represented, exhibit an initial peak near the zero to one second time range.
These initial peaks are probably caused by igniter cperation (duration is
about 1/2 second) and by events that occur during motor ignition. Even
though peaks in the pressure trace occur, it is believed that no distinct
particular acoustic modes occur in the combustion cavity during the ignition
interval. Therefore, the initial response peaks have been ignored in the
following data analyses.

The following observations have been made regarding the data plotted
in Figures 5 through 22,

J (a) Some records did not show any significant response for the
1'10 second interval plotted other than during the ignition

interval.

(b) Accelerometers mounted on the aft dome are generally
significantly more noisy than forward dome accelerometers.
The noise is probably due to the high velocity flow of
hot gases through the nozzle.

(c) Peaks in the response curves plotted for the 100 Hz filter
are often missed entirely in the corresponding analysis
using the 10 Hz filter. (For example, see Figure 15).

(d) When a relatively "clean" accelerometer response is shown
for a clean peak in the pressure trace for the 10 Nz analysis,
the corresponding 100 Hz analysis may indicate a noisy or
irregular response indicating that the 100 Hz bandwidth
filter is passing response data for excitation other than
the acoustic pressure oscillation. (An example is 3hown
in Figure 19).

(e) At times, peak responses are shown on the accelerometer
plots when no corresponding peak occurs in the pressure
plot. This indicates that the structure is responding, at
the analysis frequency, to excitation other than acoustic
pressure oscillations. fSee Figure 15 between 6.0 and 7.0
seconds).

*The components of interest on the S/S Poseidon motor are the Flight
Electronics Package, the Hydraulic Power Unit, and the Gas Gemerator.
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(f) Forward dome accelerometers seem to be more sensitive to
the pressure oscillations than aft dome accelerometers.

Some response peaks detected on the forward dome were not
present in the aft dome response data. (See Figures 10 and 15).

It is-evident from the above observations that either the 10 Hz or
SI the 100 Hz filter can provide the more appropriate data depending on the

particular situation. Therefore, results from both filters were used in
the data analyses.

Many of the curves in Figures 5 through 22 appear to show nicely how.
the accelerometars respond to an acoustic mode. For example, the 100 Hz
analysis shown in Figure 6 shows a + 0.16 psi pressure oscillation for
PT-5 at about 3.7 seconds. The accelerometers AC-261, AC-404, and AC-405
respond with + 3.74 g's, + 5.00 g's, and + 3.29 g's respectively. Theshapes of the accelerometer response plots between 3.5 and 4.5 seconds

are similar to the shape of the PT-5 pressure curve over the same time
interval. The similarity of curve shapes gives us added confidence that
the transducers are all respondiag to the same excitation. The peak in
the pressure trace at about 3.7 seconds is assumed to occur because of an
acoustic pressure oscillation in the first natural mode for the cavity.
A review of Reference 2 and the Quan Tech analysis results shown therein,
would show that peaks in the response curves similar to those discussed,
(Figure 6), would be expected to result from acoustic pressure oscillations.

To obtain response data that can be compared with analysis data, the
accelerometer peak g levels were divided by the peak pressure levels. The
ratio is called a "transfer number" with units of (g's/psi). The transfer
number thus indicates the accelerometer response that would correspond to
a pressure oscillation of unit magnitude. All transfer numbers that
appeared to be reasonably representative have been calculated and are
listed in Table I.

V. CONCLUSIONS

There is considerable variation in the transfer numbers shown in
Table I. For example, six different values for TN2 for the 680 Hz mode
cover the range from 1.22 to 13.28 g's/psi. Large variations were not
unexpected. Rather, large variations are typical of vibration data from
rocket motors.

The transfer numbers shown in Table I will be useful for evaluating
results from the NASTRAN finite element analyses.

List of References

1. Acoustic Natural Mode and Frequency Definitions, RPL Component
Vibration Program, Task 2 Final Report, Hercules Incorporated,
(Contract No. F04611-73-C-0025), 28 September 1973.
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I. INTRODUCTION

Acceptable error limits for component vibration levels predicted
" 1by dynamic structural analyses must be established. The error limits,

will be used to judge the accuracy of analysis results when compared
with accelerometer data from static firings. The error limits

' I established in this task will be re-evaluated in Task 5 and modified
if necessary. Finally, the r•rror limits will be used in Task 8 to
judge the quality of various simplified models. This report covers
the rationale and the data analysis upon i•hich the established error
limits are based and presents numerical values for the proposed error
limits.

II. ERROR LIMIT RATIONALE

Due to the nature of this problem, the established error limits
must be based on a statistical approach. There are two aspects to the
problem which can be considered separately:

a. Given a population of similar rocket motors, the

acceleration response at a particular location on a
motor selected at random will have a particular
statistical distribution. A knowledge of the

distribution would be useful to answer questions such
as, "How close to the mean would 95% of the samples
from such a population lie?"

b. A finite element model constructed to represent an
actual motor must always be based on certain
simplifying assumptions. In the model, geometry,
w1iaterial properties, and loads are all idealized.
The accuracy with which a mathematical model can
represent a physical motor must be considered in
comparing analytical results with data obtainud from
the physical motor.

In this report, contributions to the error limits due to item no. b.,
listed above, are ignored. This is equivalent to assuming that the
finite element midel provides an exact representation of the physical
motor. The fact that error limits based on item no. b. tend to be
very broad is offered as partial justification for ignoring item no. b.
at this time. Effects of item no. b. wil: be estimated and incorporated

A in the error limits in Task 5 if deemed necessary.

Since item no. b. is being igrored, results from the finite element
models are assumed to represent mean values, m. Error limits about m
are then based on results from staListical analyses of static firing

A data. The statistical analyses yield an estimate of the standard
deviation, s, for a given acceleration response. Assuming a normal
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distribution, 95% of the response, r, values obtained by choosing a
static firing motor at random, would'fall in the~range:

m - 1.96s • r r m + 1.96s

However, the lower side of the range is of little interest since we
-are mainly concernLJ with exceeding allowable values. Therefore, we
can establish one-sided ranges:

Percentage of Values Range
in Range (error limits)

95% r m + 1.65s

99% r m + 2.4s

99.87% r r m + 3.Os

T9 use the error limits given above, a value for m is obtained from
a finite element analysis and a value of s is obtained from a statistical
analysis. The error limits then state that, for example, 95% of the
response levels (r),.measured during static firing tests should fall
below m + 1.65s. Results from statistical analyses provJding recommended
values for aj are given in the next section.

III. STATISTICAL ANALYSIS OF STATIC FIRING DATA

Mc:t static firings of Poseidon C3 S/S motors have been conducted
with at least two "standard location" accelerometers and a Kistler
pressure gage set p to measure pressure oscillation amplitude. The
two 'Ustandard locations" are: 1) the forward adapter ring, and 2) a
TT port.

For each static firing, a Quan-Tech analysis is performed on the
pressure and accelerometer data by seLting the Quan-Tech analyzer to
track at a certain frequency. An oscillograph record is thus made
showing amplitude versus firing time for the portion of the signal near
the pre-set tracking frequency. Tracking frequencies.of interest used
are 250, 670, 750, 1300 and 2000 Hz. The tracking filter bandwidth
is 100 Hz. To reduce the data for firing reports, the maximum values
recorded during a firing are listed in tabular form and are included in
each firing report. An example of a firing report data table is given
in Table I. The statistical analysis discussed in this section is based
on all data available from static firing reports. From 18 to 44 data
points were available per condition.

To detect and document the correlation between acceleration
response amplitude and pressure oscillation amplitude, linear
regression analyses were performed on the static firing data. The
estimated regression equation of acceleration (y) on pressure (x) is:

y y + b (x -
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'Values of the coefficient b were calculated for each -location and fre-

quency as shown on Table II. 'The F s~tatistic was 'then used to test
'the hypothesis that the real b is not significantly different -from
zero. Values for the calculated F and critical ,values of Fc are shown
on Table II. 'The critical 'Fc values showh are for significance at the
5% level. The F-ratio test indicates that significant correlation
between pressure oscillation amplitudes and acceleration response
amplitudes exists only for conditions A, B, F, and I (F,> Fc). The
correlation is particularly ,significant at either location at the 250 Hz
oscillation frequency.

The variance about ,the regression line,, s2, was also calculated
for each condition and is given in Table II. The large variance of
1414 obtained for condition I appears to be unreasonably large compared
to the other values in Table II. Therefore, data from three questionable
firings including the high and the low were deleted and another analysis
was performed. Results based on the corrected data are shown in
"parentheses in Table II, The new analysis resulted in-a variance of
543.

The mean values for the pressure oscillation amplitude (x), the
mean acceleration amplitude (y), and the standard deviation (s) are
shown in Table II. There is considerable variation in the s values
shown. To display the data onea more uniform basis, the coefficient of
variation (c.o.v.) was calculated (c.o.v. = s/y), for each condition
as shown in Table II. Using the values for n and c.o.v. given in
Table II, a weighted ave) -ge for the c.o.v. was calculated (d.o.v.)avg
0.569.

IV. ESTABLISHMENT OF ERROR LIMITS

To define error limits for different confidence levels, the error
limits given in Section II cen be rewritten in terms of the coefficient
of variation:

Confidence Level Range

95% r : (1. + 1.65 c.o.v.) m

99% r : (I. + 2.40 c.o.v.) m

99.87% r : (1. + 3.00 c.o.v.) m

Using the average value of 0.569 for the c.o.v., the following error
limits are established:

Error
Confidence Level Limits

95% r 5 1.94 m

99% r 2.36 m

99.87% r • 2.71 m.
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The error limits are to be used as follows in judging the accuracy
of the finite element models:

a, Calculate a response acceleration using a finite
element model. For example, suppose a response of
m 1 10 g's is calculated for a point of interest on
the model.

b. Compare available data with the calculated m value by
using the error limits. To continue the example,
suppose that the following (fictitious) data are
available from five different static firings:

rl = 12 g's

r 2 = 7 g's

r 3 - 13 g's

r4 = 19 g's

r5 = 16 g's

If the model provides a reasonably accurate representation of the
motor, then 95% of the observed response (r) values should satisfy
the inequality:

r 5 1.94 m = 19.4 g's

In our example, all five available test datA points satisfy the inequality,
so we conclude that the finite element model is satisfactory.

V. CONCLUSIONS

The complete statistical characterization of a rocket motor with
regard to vibration response and pressure oscillation amplitude is a
difficult and complicated task. The response of the motor is affected
by many variables which are difficult to identify and quantify, and the
characterization is complicated by the fact that many variables and
responses of interest are functions of time. In the present program,
the establishment of error limits is a small part of the total effort
and can therefore only be allotted a small part of the total time.
Therefore, the problem has been simplified and error limits have been
proposed that appear to be reasonable based .n presently available
data.
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STUDY ON EFFECTS OF USING NASTRAN WEDGE ELEMENTS IN A
FINITE-ELEMENT MODEL OF THE S/S POSEIDON MOTOR

j I. INTRODUCTION

Wedge elements have been used in several previous analyses. Aerojet
Corporation has utilized NASTRAN wedge elements in its modeling of a T/S

Minuteman motor. Hercules, also, has implemented wedge elements in the

cyclic symmetry modeling of a S/S Poseidon motor.

During the evaluation of one of the models of the S/S Poseidon motor,
it was observed that symmetric loading conditions produced asymmetric
deformations. A thorough examination of boundary and loading conditions
produced no explanation. As a natural progression of the investigation, a
study was initiated to isolate the cause-effect relationship of symmetric
loading and asymmetric deformations problem. The investigation started
with the examination of various NASTRAN elements.

II. CHARACTERISTIC OF THE INDIVIDUAL WEDGE ELEMENTS

A. Problem Definition

The evaluation of the various types of elements proceeded with the
investigation of isolated elements with symmetric loading. Using MSC/NASTRN
cyclic symmetry, several models were created of a simple cylinder (see Figure 1).

Each cylinder was one-inch in thickness and one-inch in width. Each cylinder
with a 5-inch internal radius, had a unit force of one-pound placed on the
internal corners of the element. Figure 2 displays the node numbering scheme
used in the analyses.

Four types of elements were investigated, as designated by the
cylinders labeled A, B, C, and D (see Figure 1). Cylinder A was composed of a
CHEXAW element, cylinder B was composed of CHEXA2, cylinder C was created from
two wedge elements and cylinder D was composed of 12 overlapping wedge elements.

B. Results

The results of the analysis showed that the cylinder composed of
two symmetrically-loaded wedge elements, case C, produced an asymmetric
deformation. In addition, case A, as well as the case D, the CHEXAl element,
and the overlapping wedge elements, respectively, produced asymmetric deforma-
tions. These results are reflected in Table I. Because the elements were

symmetric with symmetric loading, it was expected that nodes 5, 6, 7, 8; nodes
13, 14, 15, 16; nodes 21, 22, 23, 24; and nodes 29, 30, 31, 32 would have

identical deformations in all "i-rections. This was not observed in the ring
composed of CHEXAl, the two wedge elements, or the 12 overlapping wedge
elements.

It can be concluded that the cylinders composed of the two wedge
elements and the 12 overlapping wedge elements were unsatisfactory fox use
in modeling of asymmetrically loaded rocket motors. The wedge elements
produced deformations which were not physically accurate representations.
The two wedge elements produced deformations which wt-re as much as 478%
greater than cylinders composed of the CHEXA2 element. In addition, the
deformations were not uniform around a boundary. The 12 overlapping wedge

elements were formed himilarly to the CHEXA2 element. The cylinder composed of

the 12 overlapping wedge elements produced d% In Jns which were a- much as
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- ~TABLE I[

COMPARISON OF DISPLACEMENT FOR VARIOUS NASTRAN ELEMENTS

Node Number r-Direction Type Element

5 1.251360 X 106 CHEXA16 1.361747 X 10-5
7 1.361748 X 10-5

8 1.251368 X 10-6

13 1.73782 X 10- 6  CHEXA2
14 1.73782 X 10-6
15 1.73782 X 10-6

16 1.73782 X 10-6

21 9.996527 X 10-6 Two Wedge
22 8.981884 X 10-6 Elements
23 1.122589 X 10-6

24 1.117386 X 106

29 9.09438 X 10-6 12 Overlapping

30 9.09438 X 10-6 Wedge Elements
31 9.39799 X Wem7

32 9.39799 X 10-7
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440% greater than the CHEXA2 element.

Because of the magnitude of the error discovered, it became
necessary to evaluate the significance of wedge elements used in the modeling

of full-sized motors.

III. EFFECTS OF WEDGE ELEMEfNTS ON FULL MOTOR MODEL SOLUTIONS

A. Problem Definition and Approach

The evaluation of the effects of the wedge elements on full motor
model solutions required the generation of an additional model which contained
no wedge elements. In order to facilitate a comparison of results, a full
motor model was created by altering an existing model by the removal of wedge
elements. For the purposes of identification, the full motor model which
contained wedge elements shall be referenced as full motor w/wedges. The full
motor model which contained no wedge elements shall be referenced as full
motor w/o wedges.

The full motor w/o wedge model was created from an existing model.
This was accomplished by several slight modifications including the re-
definition of two wedge elements as a CHEXA2 element and movement of two nodes
located on the interior of the grain. Another grain modification required
the deletion of two nodes at one location and the addition of two nodes at
another location. All the exterior surfaces of the case and propellant
remained the same. Finally, wedge elements were removed from the bucket by
their replacement with CHEXA2 elements with modified properties. Every
effort was made to minimize differences between the two models. Figure 3
shows the full motor model w/o wedges which was created.

Figure 4 shows the full motor model with wedges, discusscd in
previous reports. It consists of CHEXA2, CQUAD1, and CWEDGE elements. The
model is a 15 degree slice of a motor. All solutions utilize SDAMP in the
characterization of the viscoelastic properties of the propellant. The full
motor w/o wedges has identical boundary conditions and solution techniques
to the full motor w/wedges model.

B. Results

A series of comparative runs were made to determine the effects on
deformation of wedge elements for a variety of loading conditions. Both
static and dynamic solutions were obtained. Static solutions were completed
for one pressure distribution. Dynamic solutions were obtained for the third
longitudinal mode at frequencies of 10, 265, 500, 770, and 1000 Hz. Dynamic
solutions were also obtained for the fourth longitudinal mode at 365 Hz.
These ,olutions will also be used in a study on the effects of scalar springs.

A

The static analysis solutions were obtained for one set of loading
and boundary conditions. The pressure distribution used to load the propellant
core was third longitudinal acoustic mode at one instant in time. Symmetry
boundary conditions were applied to both the 0 degree face and 15 degree face.

For the static analysis, comparisons were made at various locations.
in the propellant, case, and bucket. It was observed that the deformations
of the full motor w/o wedges produced symmetric deformations and rotations;
this was not observed in the full motor w/wedges. Comparisons of the two

models at various locations were shown in Table II.
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Several conclusions can be made from the comparison of static
solutions of the full motor models with and without wedges. First, the wedge
elements' produce non-symmetric deformations. The asymmetry is slightly greater
on the 0 degree face than the 15 degree face, which is consistent with observa-
tion of the single wedge element. Secondly, the percent difference in the
models is a function of distance from the wedge element, as the distance
becomes greater the difference becomes less. Next, because of the case stiffness,
the effect of wedge elements is less severe in the aft and forward domes than
in the propellant. The maximum difference between models in the case is 240%

in the radial direction and 80% in the z-direction. Note, however, that the
240% difference for the r-direction is for a small displacement magnitude when

' I compared to the z-direction displacement. The conclusion is that the wedge
all element has a significant effect upon the static solutions. Because of

the differences, it became necessary to evaluate the effects of the wedge

elements upon dynamic solutions.

The dynamic solutions were performed for several conditions.
Symmetry boundary conditions were applied along both 0 and 15 degree faces
of the models. The fourth longitudinal mode, L-4, was analyzed at 365Hz.
Analyses were performed at frequencies of 10, 265, 500, 770 and 1000 Hz with
the third longitudinal mode, L-3, pressure distribution.

Several general observations were made pertaining to the dynamic
solutions. These are listed below:

1. For both the third and fourth longitudinal modes, the

full motor w/o wedges produced displacement amplitudes
• which were less than the full motor w/wedges. This was

consistent with observation of the individual wedge

elements described in the previous section.

2. For the full motor w/wedges model, the 0 degree face of
the slice generally produced larger displacement amplitude
than the 15 degree slice. This observation was consistent
with observations made on the characteristics of the wedge
element, discussed previously. It was seen from Table I,
that wedge element predicted greater deformation on the
front surface than the back surface.

3. For the full motor w/wedges model, the difference in
magnitude of displacement of corresponding points on 0 and 15
degree planes became less severe in the case than in the
propellant. This implies that the case was sufficiently
stiff to assist in damping the warping between the 0 and 15
degree faces. For the propellant, the differences
(up to 100%) in displacement of the 0 and 15 degree faces
were most severe at the corners of the wedge elements.
The difference reduced to 25% one CHEXA2 element away from
the wedge element.

4. For the full motor w/wedges model, it appeared that the
differences between the 0 and 15 degree faces were frequency
dependent. The greatest percent difference appeared to
be at 500 Hz.
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Dynamic solutions were compared for all the conditions analyzed.

Tables III and IV demostrate some of the differences. Table III showed
the magnitude and phase angle of displacement at various locations throughout
the aft case for the full motor model with wedges at 265 Hz. Table IV
displ~ayed the magnitude and phase angle of displacement at 265 Hz.for the full
motor model w/o wedges at various locations.

Direct comparison of displacements of dynamic solution requires
additional interpretation. Because of dome curvature and phase angle of the
oscillating displacement, the mode shape must be normalized to a datum
reference. For illustrative purposes, the datum reference is the base of
the adapter-bucket connection on the aft dome. Using the adapter-bucket
datum reference, the mode shapes of the full motor w/o wedges and the 0 degree
slice of the full motor w/wedges are shown in Figure 5 for 265 Hz at one
instant. Because of the wedge element the mode shapes are substantially
different. Figure 6 shows the calculated mode shapes at 365 Hz of the full motor
model w/o wedges as well as the 0 and 15 degree faces of the full motor w/wedges
model. It car be seen that the full motor w/wedgeo model predicts a warping
of the case, which cannot be an accurate representation of a symmetrically
loaded structure. Also, it appears that the full motor model w/o wedges
approximately averages the mode shapes of the 0 and 15 faces of the full motor
w/wedges.

IV. CONCLUSIONS AND RECOMMENDATIONS

The study has shown that substantial error can be induced through the use
of the wedge elements. For the individual wedge elements, the error can be
in excess of 400%. When the wedge elements are an integral part of a model
of a full motor, the error is a function of the distance from the wedge
element. In the propellanL, the error at the corners of the wedges can be in
excess of 100%; however, within one panel length, the error reduces to 25%.
The error is less severe in the case because of its greater stiffness than
the propellant. It is also important to note that mode shape of models which
do not contain wedge elements are substantially different from those which
do contain wedges. The wedges seem to couple symmetric deformation patterns
with warping deformation patterns.

Because of wedge element induced errors, it is suggested that all further
analyses do not use wedge elements.
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TABLE IIl

FULL MOTOR WITH WEDGES

r-Direction z-Direction..
Magnitude Magnitude

Node No. (x10"4) Phase (x10- Phase

219 .3835 318.62 .2061 197.4

220 .3499 313.07 .2054 196.6

223 .08040 260.49 .3135 173.3

224 .06858 261.5 .3041 170.1

229 1.953 306.5 1.8431 300.1

230 2.0267 307.1 1.9495 301.3

235 1.2166 349.8 1.2519 63.9

236 1.197 350.6 1.2739 66.2

237 .9526 354.6 1.4329 94.1

238 .9363 355.6 1.4693 95.5

a)s 239 .61235 351.4 1.7259' 124.4

- 240 .60478 352.0 1.7560 124.5

243 .1206 327.8 3.0167 149.4

244 0.1205 328.0 3.0191 149.4

249 .05855 208.0 3.5196 151.9

250 .058001 208.3 3.5200 151.9

253 .16963 179.3 3.96099 153.5

254 .16886 179.4 3.9604 153.5
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TABLE IV

FULL MOTOR WITHOUT WEDGES

r-Direction z-Direction
Magnitude Magnitude

Node No. (xl - 5 ) Phase (x10-4 ) Phase

219 1.8912 17.84 .086014 237.2

223 1.5999 341.0 .11522 244.3
224 1.5999 341.0 .11522 244.3
229 4.6133 330.24 .302878 323.6

230
231 7.3245 340.50 .66831 345.0
232
233 8.9399 345.23 .902308 353.0
234
235 9.2204 347.29 .8923 357.7

235'(2) 236

0 237 7.8355 348.34 .526342 9.1
238

44 239 5.3202 348.030 .239555 118.7
240
241 3.2972 347.53 .817504 155.6
242
243 1.1386 349.29 1.520619 160.7
244
249 .26136 148.88 1.9775 161.8
250
253 1.3156 162.16 2.3738 162.42
254

* Missing nodes have magnitudes and phase angles identical to preceding

node.
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FULL MOTOR FULL
I', ~ W/WDGES K• 8000 MOTR /OWDGE
,•. ~~~~K =8000 LBIIN. K=800BIN

Figure 5. Comparison of Mode Shape at One Time
for C-3 Motor at a Frequency of 265 Hlz
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Figure 6. Mode Shape for 365 Hz C-4 Motor
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EXTRACTS FROM 20 JULY 1974 MONTHLY STATUS REPORT

To evaluate the baseline motor analysis, the mode shapes calculated for
the aft dome at 265 Hz have been compared with corresponding test data from
Task IV. The r-z components of displacement were resolved into a direction¶ normal to the dome surface and plotted at four sections through the motor.
Locations of the sections used for mode shape plotting are shown in Figure 2.

Calculated mode shapes (Task III) are compared with measured mode

shapes (Task IV) in Figures 3 through 10. The plot in Figure 3 was given) in a previous report (dated 20 May 1974). In the May monthly report, the
data were normalized to obtain phase and amplitude agreement at node 255

(measurement point 300). This approach applied to the data plotted in this
report yielded rather large deformations in the measured mode data. Therefore,
the measured modes plotted in Figures 3 through 10 have been normalized to
produce a unit deformation at the point of maximum deformation for the four
sections. The calculated modes are normalized to produce a unit deformation
at measurement point 300 (a point on the aft adapter at 00 with measurement
in the axial direction). The modes shown in Figures 3 through 10 are not
natural modes but represent the forced responae of the dome to a particular
excitation.

Most of the measured data show a bulge in the mode shape about halfway
along the dome between the adapter and the Y-joint. The bulge does not
show in Figures 9 and 10. The calculated mode shapes for 365 Hz exhibit
only a slight bulge at a location closer to the adapter than the bulge in
the measured modes. The dip in the measured mode shapes near the adapter,
as shown in Figures 5 and 6, is also followed by a small dip in the calcu-
lated mode shapes. The comparison between measured and calculated modes
"at 365 Hz is encouraging as the general shapes are similar. However, the
amplitudes and locatioi.s of maximums are not in good agreement. The same
comments generally apply to the 265 Hz mode shapes.
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EXTRACTS FROM 20 MAY 1974 MONTHLY STATUS REPORT

Measured responses have been compared with calculated responses for
the 365 Hz mode at all points where accelerometers were mounted on the
Flight Electronics unit. For each accelerometer,, the node in the finite

$" 1 ielement model nearest the accelerometer location was selected for comparison.
In some cases, the location match-ups are only approximate, with as much as
two or three inches separating locations of corresponding calculated and
measured responses. The comparative data are given in Table I. The calcu-

• .. .!•lated data were normalized to obtain magnitude and phase agreement at point

300. The response at the component connection points is measured approxi-
Smately by accelerometers 361, 362, 583, and 589. The points 361, 362, and
589 are located on the adapter ring, 583 is on the mounting bracket. See
the Task IV report for location definitions.

The comparisons given in Table I show much better agreement at some
points than at others. There does not appear to be a trend in the data;K the calculated response is higher than the measured response only about
50 percent of the time. The agreement between calculated and measured
response data shown in Table I is generally worse than that obtained for
the attach points.

* I Calculated dome displacements are compared with dome measurements
for the 365 Hz mode in Figure 1. The dome section shown in the figure was
taken at the 00 motor location. To obtain the mode shapes shown, the data1 1 were normalized to obtain agreement at the aft adapter. The accelerometer
data from Task IV were plotted normal to the dome. The out-of-phase r and z
displacement components obtained from the analysis were resolved into a

direction normal to the dome to obtain the plot labeled: "Calculated mode
shape".1 K The measured and calculated dome mode shapes shown in Figure I are
similar in that each has a positive and a negative displacement region
along the dome with only one zero crossover. However, the crossover does
not occur at quite the same place for both modes. Even though the mode
shapes are similar, the bulge in the measured mode indicates a definite
difference. Some possibilities for the difference are:

(i) The model may be responding in a similar but basically
different mode than was observed in the test. A small
frequency shift might excite the similar mode.

(2) The model may be too stiff near the area of the bulge in
the measured mode shape.

(3) The scalar springs used in the dome cavity of the model
may aot be providing the same dome excitation as the actual
dome cavity pressure distribution that existed during the
test.
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TABLE I

I', COMPARISONS BETWEEN CALCULATED .AND MEASURED
RESPONSE OF THE FLIGHT ELECTRONICS UNIT

AT 365 Hz

Measurement Point
(Refer to Task IV Measured Response Calculated Response

Report) (Magnitude/Phase) (Magnitude/Phase)

578 .185 / + 70 .0129 "/+ 117

580 .157 / - 171 .0925 /+ 149

583 .438 /- 29 .7022/ 0

(361) (.711 + 13) (.7022 1 o)

584 .776 - 142 .4202/-

585 .285 / - 108 1.1712 / + 168

586 .918 /- 6-5 .1630 /-158

587 .355 + 1 .7322/ + 169

588 1.730 1 + 38 .9285 / + 159

$581 .027/- 97 .1987/ -157

589 .461 / + 13 .7674 /.+ 7

(362) (.493 / + 4) (.7674 / + 7)
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EXTRACTS FROM 20 AUGUST 1974 MONTHLY STATUS REPORT

Mode shapes were plotted comparing measured and calculated responses
for the forward dome. The conmarative plots are shown in Figures 1 and 2.
The agreement between calculated and measured modes for the forward dome
is poor. Notice that the two calculated modes are similar (one for 365 Hz
and one for 265 Hz), Lnd the two measured mode shapes are similar. Reasons
for the discrepancies between measured and calculated modes are unknown
at the present time. Hopefully, future experimentation with the model will
help uncover reasons for the poor agreement between calculated and measured
modes of the forward dome.

Mode shapes of the Flight Electronics Unit wero studied in an efforti to estimate the quality of the high frequency response of this model.
NASTRAN plots of the mode shapes for the first eight natural modes are

shown in Figures 3 through 6. The first natural mode is basically up and
down cantilever beam-type deformati(n (Figure 3). The second mode is a
side-to-side swaying of the structure at 140.8 Hz. The-third mode is a

dz twisting mode where one side of the frame is up while the other side is
down (Figure 4). The first three modes are, thus, general over-all
structural modes involving bending, swaying, and twisting. The fourth mode,
and higher modes, all involve local structural deformation (see Figures 4,
5, and 6). For example, the fourth mode consists of bending of the plate
that is used to simulate the electronics package which bolts to the frame.
In construction of the model, no attempt was made to model the bending
stiffness of the bolted-on package. Therefore, the fourth mode, and each
higher mode that involves significant local deformation, is likely to be
very inaccurate. It, thus, appears that the upper frequency limit for which
this particular model can provide an accurate model of the structure is
150 to 200 Hz; i.e., between the third and fourth modes. Considerable
additional detail would be required in the component models to provide
accuracy at higher frequencies.
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Figure 5. Fifth aad Sixth Natural Modes for the Flight Electro~iics Unit

(Solid Lines Show Undeformed.Position)
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EXTRACTS FROM 20 NOVEMBER 1974 MONTHLY STATUS REPORT

The transfer numbers shown in Table I indicate that a + 1.0 psi pressure
oacillation can cause a response on the aft dome in the longitudinal direc-
tion (AC-261) between 0.65 g's and 23.38 g's. The 23 g maximum is not
typical and a more representative number would be four to five g's.

For comparison with the static firing data, analysis results are given

in Table II. The analysis results consist of response accelerations in the
longitudinal direction at the component connection points. Data are shown
only for the component connection points on the aft adapter ring in the
longitudinal direction.

The most direct comparison possible with the data shown in Tables I
and II would be between AC-261 from Table I and component connection point

¶" •number 8 in Table II (AC-261 is miunted very near to point 8). Table II
shows a response of 3.21 g's at 668 Hz. Table I has corresponding numbers
of i.71, 1.55, 2.03, and 1.83 g's for the 634 and 680 Hz frequencies and

4 for filter !ýndwidths of 10 Hz and 100 Hz. (Notice that transfer numbers
between 0 and 1 0 second have been ignored.) Apparently the zero-burn
time calculated value is only about 50 percent too high. The advanced
burn analysis at 634 Hz gives 1.53 g's for point 8.
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TABLE I

SP-0149 TRANSFER NUMBERS

Frequewcy/ Approximate TN1* TN2* TN3*
Bapdwidgh Time (AC-261/IT-5) (AC-404/PT-5) (AC-405/PT-5)

281/10 0.25 0.90 0.35 0.39

281/100 0.60 5.94 5.74 2.88
3.70 23.38 31.25 20.56

634/10 0.50 1.27 1.07 0.23

634/100 0.50, 3.39 1.51 0.87
7.90 1.71 9.27 3.27

680/10 0.50 4.72 -- --

7.90 1.55 7.52 3.06

680/100 0.50 4.48 1.41 0.52
2.60 2.03 5.17 4.50
7.90 1.83 9.23 3.17

770/10 0.60 1.95 1.10 0.43
3.60 -- 40.00 27.00

770/100 0.50 1.28 0.52 0.33
2.60 2.00 5.0, 4.62

1327/10 0.40 3.80 9.87 5.93
4.55 1.60 2.87 1.33

1327/100 0.40 2.19 9.54 4.90
5.30 0.65 7.28 3.88

*The units are (g's/psi) for the transfer numbers
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TABLE II

CALCULATED RESPONSE AT THE AFT ADAPTER COMPONENT
ATTACH POINTS FOR THE SECOD STAGE' POSEIDON MOTOR

Component
ConnetionMotorConnection Circumferential Response to Response to Response to

Point 668 Hz Mode 770 Hz Mode 1327 Hz Mode" •" ~~Identification Lcto

(Degree) (g's) (g's) (g's)

1 0 4.53 1.74 0.92

3 225 1.23 1.10 0.54

4 180 5.10 1.39 1.64

5 120 4.08 1.13 1.65

6 90 4.05 0.53 1.92

8 60 3.21 0.85 0.41

9 30 2.71 0.64 0.89

4
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EXTRACTS FROM 20 MARCH 1974 MONTHLY STATUS REPORT

The available accelerometer data can be compared with analysis results.
The comparison is shown in Table I.

TABLE I

COMPARISONS BETWEEN CAL2ULATED
0 •AND MEASURED MOTOR RESPONSE

Measurement Point Measured Response Calculated Response
S(Refer to Task IV Report) (Magnitude/Phase) (Magnitude/Phase)

300 0.6395/ + 1 0.6395/ + 1

659 0.0735/ - 134 0.3985/ + 170

515 0.548 / - 24 0.734 /+ 4

336 0.743 / + 3 0.694 + I

324 0.149 / + 63 0.748 / + 13

662 0.227 / + 160 0.357 /+ 165

362 0.493 /+ 4 0.767 + 7

361 0.711 /+ 13 0.702 /+ 0

It was necessary to normalize the calculated response data to obtain
the comparisons shown. Point 300 was arbitrarily selected as a reference
point and both magnitude and phase were normalized to agree with test data
at that point, making comparisons of relative phase and magnitudes possible.
The agreement between measured and calculated response data shoun in Table I
Is somewhat encouraging, -onsidering the amount of computation tlat was
required to obtain the calculated response. The magnitude and phase are in

very poor agreement at points 659 and 324. However, agreement appears to
be reasonable at other points, and the calculated results are conservative
where the larger differences occur.

Normally, a motor analysis would be considered to be complete at this
point since the desired input motion to the components has beer, calculated.
However, present plans for this analysis include additional data recovery
so that additional comparisons can be made with test data.
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EXTRACTED FROM THE 20 APRIL 1974 MONTHLY STATUS REPORT

The effect of the components, collectively, on the response at the
connection points can be seen by comparing the response at the points for
the clean motor model, Vo, with the total components-attached response VT.
The comparison is given in Table II. Only the first 20 points of 42 are
shown.

TABLE II

COMPARISON BETWEEN CALCULATED RESPONSE AT
S i THE CONNECTION POINTS WITH AD WITHOUT COMPONL.NTS ATTACHED

(10-6 Multiplier Omitted from Given Values)

Components Not Attached Components Attached

Vo VT

1. 0.0 + 0.0i 1.3225 + 1.5296 i

t 2. 3.4384 + .09298i 2.7481 - 2.3885 i

3. -46.344 - 7.1156 i -44.331 - 3.5167 i

4. 19.079 - 3.8172 i -83.366 - 3.3677 i

5. 0.0 + 0.0 i 2.8381 + 0.8148 i

6. 170.51 + 16.414 i 27.547 - 3.0133 i

"7. 0.0 + 0.0 i - 2.4769 - 5.0205 i

8. 3.4452 + .09512i - 0.1633 - 2.0433 i

9. -46.336 - 7.1107 i -50.549 - 7.0926 i

10. 0.0 + 0.0 i 0.10709 + 0.20723i

I. - 5.0783 + 0.8280 i - 6.7356 - 0,4462 i
12. 0.0 + 0.0 i 0.3759 + 0.6260 i

13. 0.0 + 0.0 i 2.883 + 0.56498i

14. 3.4384 + .092981 4.1318 - 3.0646 i

15. -46.344 - 7.1156 i -48.078 - 4.0287 i

16. 0.0 + 0.0 i 0.1488 - 0.03966i

"17. - 5.0711 + 0.8308 i - 7.3551 - 0.3976 i

18. 0.0 + 0.0 i - 0.01026 - 0.01982i

19. 0.0 + 0.0 i 7.2448 + 6.4114 i

j20. 3.4384 + .09298i 7.6046 + 4.7589 1.
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The Vo column in Table II indicates the response of the cy-lic symmetric
clean motor model to the axisymmetric fourth longitudinal acoustic mode.
Because of the sywnetry, some response motions are uncoupled ýrom the
loaiftg system; thus, several-null rows appear in Vo. -When-the components

- are attached, the structural symmetry no longer exists and the motion
b-comes coupled as indicated in the VT column in Table II.

The data shown in Table II indicate that the components have a very
marked k effect on the response at the connection points for this particular
motor at a frequency of 365 Hz. This analysis thus provides an example

I iAhre the proposed low-order simplified model described above would be
iaadeQae. Rased on the data shown in Table II, the component-only
simplified model concept is thus rejected and will not be further evaluated.
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EXTRACTS FROM 20 SEPTEMBER 1974 MONTHLY STATUS REPORT

Both the zero burn and the advanced burn clean motor models have been
analyzed at 365 lz using the fourth longitudinal acoustic mode to define
the priesure loading-distribution. In each case the acoustic mode was
normalized so that the maximum pressure applied was 1.0 psi. Therefore,
a ce.prison of the results from the two models shows the effect of removing
a por6ion of the grain to obtain the advanced burn geometry. This comparison
ie' mad. to study the possibility that the component response is not very
sen•itive to exact grain geometry. The Uo displacement vectors for both
cesputer runs were converted to accelerations which are shown in TabLe I.
The 4Z s ordinates represent the nine component connection points on the
aft do•e Adepter ring and nozzle compliance ring. For example, coordinates
1, 2, m 3 represent the 0, r, and z coordinates respectively at an attach
p.4-et f•r the 00 actuator on the adaptir ring. The accelerations shown for
coa"rison in Table I apply to the clean mctor model with no components

attached. Apparently changing the burn coniiguration of the clean motor
model from zero seconds to 4.0 seconds burn t'me does not cause drastic
chamges in the response but the changes are significant. The maximum
acceleration of 2.33 g's for the zero burn time model becomes 1.67 g's
for the advanced burn model, a reduction of 28 rercent due to the burn
time change.

For further use of the information in Table I, the response at other
pressure oscillation levels can be obtained by using the appropriate ratio
on the given accelerations. For example, a maximum acceleration of 2.33 g's
occurs in response to the fourth longitudinal mode at a pressure oscilla-
tion level of + 1 psi. For at 2 psi pressure oscillation, the maximum
response would be 4.66 g's.

Asether possibility that seemed to be worthy of further investigation
is that the component response may not be very sensitive to the exact form
of the pressure distribution used in the solution. In Table II, accelerations
for the first longitudinal mode and the third longitudinal are compared
In ad4tion to the differences due to using a different acoustic mode, the
data shown in Table II contain differences due to different burn times
(0.0 second versus 4.0 seconds and due to slightly different frequencies,
(265 ýz versus 281 Hz). In spite of these differences, the response data are
not drastically different for the two different solutions shown. The
maxiam response of 8.25 g's for the third mode response compares to the
maximum reeponse of 6.24 g's for the first mode response, a reduction of
24 percent.

C24ing the maximum response of 8.25 g's for the 265 Hz analysis

with the noximmA of 2.33 g's given in Table I for a 365 'Hz analysis, it
appears th, the response is more seniitive to large changes in frequency
than to changes in burn time or acoustic mode shape. However, sufficient
data are not avA!!able to justify any firm conclusions.
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TABLE I

COMPARISON OF ACCELERATIONS FOR THE
ZERO BURN MODEL AND THE ADVANCED BURN MODEL

SCUzero For 365 Hz Uzero For 365 Hz
Zero Burn Model Adv. Burn Model

Coordinate Phase Accel. Accel. Phase

No. (deg.) (g's) ._(g_ _ _s) (deg.)

1 0.0 0.0
2 1.55 .0468 .0241 4.42
3 -171.3 .6382 .5571' -172.4

54 -1.3 .2648 .1872 -40.41
25 0.0 0.0 -- --"• '6 5.50 2.33 1.67 5.72

1 0.0-ý 0.0 -- --
8 1.58 .0469 .0245 4.48

9-171.3 .6381 .5570 -172.5
10 0.0 0.0 ....-

23 170.7 .0700 .0537 171.0
12 0.0 0. ..

13 0.0 0.0 -- --

14 1.55 .0468 .0241 4.42
15 -171.3 .6382 .5571 -172.416 0.0 0.0 ....-

17 170.7 .0699 .0536 171.0
18 0.0 0.0 -- -

19 0.0 0.0 -- --

20 1.55 .0468 .0241 4.42
21 -171.3 .6382 .5571 -172.4
22 0.0 0.0 ..- --

23 170.7 .0699 .0536 171.0
24 0.0 -- --

25 0.0 0.0 -- --

26 1.55 .0468 .0241 4.42
27 -171.3 .6382 .5571 -172.4
28 -11. 3 .2648 .1872 -10.41
29 0.0 0.0 ....-

30 5.50 2.33 1.67 5.72
31 0.0 0.0 --...

32 1.55 .0468 .0241 4.42
-•33 -171.3 .6382 .5571 -172.4

34 0.0 0.0 .- --

35 170.7 .0699 .0536 171.0
36 0.0 0.0 -- --

S37 0.0 0.0 ....-

38 1.55 .0468 .0241 4.42
39 -171.3 .6382 .5571 -172.4
40 0.0 0.0 ..

S41 170.7 .0699 .0536 171.0
S42 0.0 0.0 --... -

*The dashes (-) indicate that corresponding numbers are small

enough to be ignored, i.e. 10-20 compared with 10-5.
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TABLE II

COMPARIS0N OF ACCELERATIONS FOR TWO ANALYSES AT
SIMILAR FREQJENCIES BUT WITH DIFFERENT ACOUSTIC MODES AND DIFFERNT BURN TIMES

Uzero for 265 Hz, Zero Burn Uzero for 281 Hz, Adv. Burn

Cold Gas Third Long. Mode Hot Gas First Long. Mode
Coordinate Phase Accel. Accel. Phase

No. (deg.) (g's) (g's) (deg.)

1 84.4 .0968 -* --

2 -39.3 1.45 .368 134.6
3 150.7 3.56 1.75 -83.0
4 -23.8 .316 .346 125.4
5 -173.4 .0305 -- --

6 -24.3 8.25 6.24 129.1
7 -52.9 .432 -- --

8 -32.2 .715 .368 134.5
9 -40.4 1.42 1.75 -83.0
10 128.4 .0673 -- -

11 160.5 .426 .292 -50.8
12 130.4 .0704 -- --

13 151.9 .182 -- --

14 -40.4 1.42 .368 134.6
15 150.4 3.54 1,75 -83.0
16 -37.5 .0223 - -
17 160.4 .416 .292 -50.8
18 -46.0 .0199 -- --

19 133.0 .339 -- --

20 73.7 .393 .368 134.6
21 162.2 2.48 1.75 -83.0
22 -49.2 .0508 -- --

23 159.9 .425 .292 -50.8
24 -52.0 .0496 -- --

25 -46.8 .123 -- --

26 94.5 .581 .368 134.6
27 165.0 2.34 1.75 -83.0
"28 -32,8 .434 .345 125.4
29 160.2 .0034 -- --

30 -22.8 7.89 6.24 129.1
31 -46.0 .468 -- --

32 5.21 .394 .368 134.6
33 158.5 2.78 1.75 -83.0
34 131.4 .0696 -- --

35 160.0 .,421 .292 -50.8
36 128.4 .0679 -- --

37 -41.0 .374 -- --

"38 -36.5 1.19 .368 134.6
39 152.3 3.41 1.75 -83.0
40 ".1 .0532 -- --

41 2 .414 .292 -50.8
42 t..9.9 .0511 -- --

• Valuies are. very small and may be ignored.
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SI. INTRODUCTION

Contract number F04611-73-C-0025 calls for submittal of "sealed
envelope" predictions to the AFRPL Commander at the close of the Phase
III work, (analysis of the verification motor). This report contains

4 the sealed envelope predictions. The Minuteman III third stage motor
has been designated as the verification motor. The response of the motor
to the first longitudinal and the first tangential acoustic modes has been
predicted.

The motor was analyzed at frequancies of 200, 240, and 300 1,z with a
6 sec. burn configuration to obtain response to the first longitudinal mode.

A zero burn configuration was analyzed at frequencies of 760, 800, and 840 Hz
t1o obtain response to the first tangential mode.

When the finite element model was constructed, the model mass was
compared with measured values. The model stiffness was checked out by
comparing deflections obtained from a uniform static pressure solution
with available measured data. Good agreement was obtained for the mass
and static stiffness representation of the model. The clean motor model
for the Minuteman T/S motor was assembled by Dr. Dean Wang. The component
models were assembled by Mr. Bruce Moore. Neither analyst referred to the
accelerometer data available in the Aerojet Acoustics report 1 . No accelero-
meter data or other response data of any kind were used to modify the models,
thus the intent of the "closed envelope" predictions was maintained.

II. RESPONSE PREDICTIONS

The locations of the component attachment points are shown in Figure 1.
The acceleration responses predicted for the attachment points are given in
Figures 2 through 7. As shown in Figures 2 through 7, the responses calcu-
lated for no components attached are quite similar to the responses obtained
with components attached.

The responses of the forward dome are shown in Figures 8 through 13.
Figures 8, 9, and 10 show the responses to the fundamental longitudinal
mode at frequencies of 200, 240, and 300 Hz. The structure analyzed is
nearly axisymmetric and the longitudinal acoustic mode shape is nearly
axisymmetric. Figure 10 shows that the response to longitudinal modes is
nearly axisymmetric. Responses are shown for only one radial line in
Figures 8 and 9, but the circumferential variation is small as shown in
Figure 10.

For the tangential modes, the response is a maximum along the radial
line that corresponds to the maximum. acoustic mode pressure. (For tan-
gential modes the pressure varies in the circumferential direction). The
full response distribution is shown in Figure 12. Only the response along
the maximum pressure radial lines are shown in Figures 11 and 13.
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All responses shown in Figures 8 through 13 are for no components
attached. Since the attached components did not drastically affect the

response at the component attach points on the aft dome, the more remote

locations on the forward dome are likely to be less affected by attached
co¢ Onemts.. Data recovery calculations can be performed using data stored
on magnetic tapes to obtain the forward dome response with components
attached if this appears to be desirable.

REFERENCE

I. Minuteman III Third Stage Pressure Oscillation Study, Final Report,

Report No. 1387-01F, Aerojet Solid Propulsion Company, Sacramento,

California, August 1971.
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I £ iAUTONETICS PACKAGE ATTACHMENT POINTS

I" . "GRAIN CORE CONFIGURATION
SHOWN FOR REFERENCE

(NOT TO SCALE).
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{ATTACHMENT POINTS27. 34
ORDER PRESSURANT TAN~K
IN U0  SECTION NODE NO.ATCHETPIS

U5 1R 236

U2  2R 237 INJECTANT TANK
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U3  6R 237

SU 4  7R 237

U5. 8 236

U6 9R 236

VIEW OF THE MINUTEMAN III T/S MOTOR LOOKING AFT
SHOWING CYCLIC SYMIMETRY GRID SECTION NUMBERS

Figure 1. Component Attachment Point Locations
on the Nozzle Flange.
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Figure 2. Minuteman III T/S, Acceleration Response at the
Attach Points, Long. Mode at 200 Hz, (Pi)max 1.0 psi,

6 second Burn Time Model.
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NOTZ: THE NUMBERS SHOWN AT THE GRID LINE INTERSECTIONS

-REPRESENT THE ACCELERATION RESPONSE IN G'S IN A
DIRECTION NORMAL TO THE DOME (FIGURES 8 THROUGH
13)
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Figare 8. Forwarl Dome Minuteman III T/S, Response to First Long. Mode at 200 11z
Using 6 Sec. Burn Model, (Pi)iMtax K 1.0 Psi
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Fig•ure 9. Forward Dome Minutema.n II[I T/S, Re.sponse to Fir'st Long. Mode at 2"40 Hlz

Using 6 S530. Burn Model, (Pj)•x 1.0 Psi
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Figure 11. Forward Dome Minutemai, III T/S, Response to 'First Tang. Mode at 760 Hz
Using Zero Burn Time Model, (PSlodMax 100 Psi
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Figure 12. Forward Dome Minuteman III T/S, Response to First Tang. Mode at 800 It:
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Figure 13. Forward Dome Minuteman III T/S, Response to First Tang. Mode at 840 Hz
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SECTION I

INTRODUCTION

A. BAC1KGROLUNX

This modeling techniques manual is a result of work on Air Force
Contract F04611-73-C-0025. Hercules Incorporated contracted with the Air
Fore locket Propulsion Laboratory at Edwards Air Force Base, California,
to perfvtm a Rocket Motor Component Vibration study program. The manual
was submitt•d as an appendix to the final report for the program. The
pumlp"a of the manual is to convey the essential technology from the Com-
poue.i Vibrations Program to prospective analysts. An attempt has been
made go put the results in a form that will make them useful for reference
when ýArlaus modeling decisions must be made.

The manual specifically deals with predicting the structural response
of a solid rocket motor to internal acoustic pressure oscillations. Pre-
dictiots of theb degree of stability of a particular acoustic mode or

- definition of the acoustic mode shapes are beyond the scope of the modeling
manual, before the structural dynamics analysis is performed, acoustic
modes and corresponding natural frequencies can be obtained either from
analysis or testing. Use of the NASTRAN(l) program for calculation of the
acoustic modes and natural frequencies is recommended.

B. PHILOSOPHY

The use of the word "modeling" in the title of this manual implies
that matkematical models, constructed to represent a rocket motor structure,
will be discussed. The most common mathematical models used for analysis
of rocket motor structure are those based on use of the finite t-iement
method. NAMTRAN is one of the most versatile structural analysis programs
based on the finite element method. Results given in this manual were
obtainad usinv HIASTRAN exclusively, but most recommended procedures should
apply equally well to any finite element analysis.

The usual procedure consists of constructing a finite 4-lement model to
represent a rocket motor. The finite element model is characterized by
a mesh or grid network superimposed on a drawing of the motor outline.
Different models are constructed for different purposes. When stresses
are required, a rather fine mesh is genczally used. When only dispiacements
are reze•dz, lss grid refinement is permissible. A grid for a static
solutiom that requires good stiffness modeling may differ from a grid
constructed for a dynamic solution where mass distribution is also important.

"Herrimg, D. N., Joeeiph, J. A., Kunsinen, L. R., and MacNeal, R. H.,
kcýgtic Alalysas of Solid Rocket Motor Cavities by a Finite Element
MetUjd, The MacNeal-S.ehwendler Corporation, AFRPL-TR-71-96, August 1971.
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A significantly finer grid can be used for atwo-dimensional (2-D) a..alysis
than for a three-dimensional (3-D) analysis because of the smaller bandwidth
associated with 2-D problems. Generally a more refined grid results in a
more accurate model. However, the added refinement also results in longer
computer run times and thus greater analysis costs. The analyst must weigh

• ] ; al. applicable factors and attempt to design a model that will represent
the significant motor response at a reasonable analysis cost.

At present, the construction of a finite element model is as much an
J art as it is a science. To construct a good finite element m~del, the-

F analyst must be able to visualize the expected structural response of the
motor and he must include features in his model that will allow it to
simulate the behavior of the real motor. Often, the construction of a
finite element model is an iterative process. The model resulting from
the first attempt to model a motor is often modified when test results
become available, or when comparisons are made with other analyses. Many
motors have been found to exhibit behavior that was unexpected or unpre-
dicted by initial-models. Thus, past experience has shown that any
particular analysis may fail to identify a particular problem. Analyses
are performed with the hope that all significant problems will be identified
and that response levels will be predicted with reasonable accuracy; however,
the possibility of a modeling error or oversight should be kept in mind.
This discussion, pointing out uncertainties in finite element analyses, is
particularly applicable to the situation when a motor design is analyzed
prior to motor fabrication.

Since the quality of the resulting finite element model is dependent
on the ability oi the analyst to visualize motor response, an attempt has
been made to chiaracterize typical mnotor responses. In addition, general
guidelines for model construction are given. Use of the suggested guidelines
should be tempered by the analyst's judgment for each individual situation.

C. APPROACH

No situations are on record where the magnitude of acoustic pressure
oscillations in a solid rocket motor were sufficiently high to cause damage
to the basic motor structure. The motor case, propellant grain, insulation
material, nozzle, and igniter of a typical motor are designed to withstand
ignition pressurization loads that are considerably more severe than those
caused by acoustic pressure oscillations. The concern over effects of
acoustic pressure oscillations relates to the component3 that are attached
to the motor. The failure of at least one flight test of a ballistic
missile has been traced to failure of a flight control unit mounted on an
upper stage motor. The purpose of the analyses discussed in this manual
is to predict acceleration levels input to components as a result of an
unstable acoustic pressure oscillation.

The second section in this manual discusses some basic modeling con-
siderations by making reference to a simple beam model. Modeling for
eigenvalue solutions is compared with modeling for frequency response

1-3
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1solutionsý The third manual section gives a brief description of applicable

analyses that have been performedýto date., A fburtli section contains
"-• 'modeling guide~ines intended- to provide direct 'guidance on ýmodel construc-

tion. Some test data and ,Anaiysis results are given in. the fifth section
to illustrate typical mote& response ,to acoustic pressure oscillations.
The sixth section contains bnc.riusions.
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"* SECTION II

BASIC MODELING CONSIDERATIONS

As stated in the introduction, the quality of a finite element model
depends on the ability of the analyst to visualize the response mode shapes.
Some insight into general dynamic structural behavior can be gained by
studying the response of simple uniform beams. Two types of analyses are
discussed in this section: (1) Determination of natural frequencies
and mode shapes (real eigenvalue analyses), and (2) determination of forced
response (frequency response analyses). Results from these analyses are
related to the analysis of rocket motors. The results presented were
mainly taken from the Task 8 report given in Appendix F of the final report.

A finite element model for a pinned-pinned beam is shown in Figure 1.
The model has 8 beam elements and 7 unconstrained displacement coordinates.
The displacement coordinates are denoted U1 through U7 . Theoretical
(closed form) solutions for the beam natural frequencies and mode shapes
are given by the equations shown in Figure 1. Nearlyany standard text
on vibrations contains these beam solutions. Rigid Format No. 3 in the
NASTRAN program was used to perform a real eigenvalue analysis on the beam.
The NASTRAN natural frequencies are compared with the theoretical natural
frequencies in Table I. The NASTRAN natural mode shapes are compared with
the theoretical natural mode shapes in Figure 2.

The results shown in Table I and Figure 2 illustrate a behavior that
is common to all finite element models. The actual beam and the theo-
rectical model both have an infinite number of n&tural frequencies and

"• mode shapes. By comparison, the finite element model has only a limited
number of natural frequencies and mode shapes. A finite element model can
have only one natural frequency for each degree of freedom used in the mass
matrix for the model. As a result of the limited number of degrees of
freedom, the accuracy with which modes and frequencies can be predicted

• deteriorates for increasing mode numbers. For the beam model, only the

first seven natural frequencies and mode shapes could be predicted because
only seven degrees of freedom were used in the model. The data in Table I
and the mode plots in Figure 2 show that the predicted results become
increasingly inaccurate as the mode number approaches seven.

Notice that the eight element beam model yields very good results for
the first two mode shapes, as shown in Figure 2. For the first two modes,
there are three or more nodes available to define each half wave of the
deformed shape. When a grid is constructed to represent a new rocket motor
design, the use of a grid refinement that would result in three nodes for
each half wave of the expected deformation is suggested as a goal. Grid
refinement is discussed in subsequent sections of this manual.

The types of errors that can be expected from using a grid with inade-
quate refinement are illustrated in Figure 2. One type of error occurs
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because the location of the maximum response amplitudc is not predicted
correctly. A second type of error occurs when the predicted peak amplitude
is incorrect. A third error type is due to the fact that a model with
insufficient grid refinement-will exhibit incorrect natural frequencies
as shown by the data in Table I. When a real eigenvalue analysis is per-
formed on a finite element model, the resultant mode shapes can be examined
to estimate model accuracy as a function of frequency. When jagged -mode
patterns are found, such as those shown for modes 6 and 7 in Figure 2,
ckances are high that all three types of errors described above are present
in the analysis results. When smoother mode patterns occur, such as those
shown Zor Lmdes 1, 2, and 3 in Figure 2, the analysis results -are probably
sufficiently accurate.

The crIteti, for judging the adequacy of a finite element model to be
used for calculation of forced response is somewhat different from the
criteria explained above for real eigenvalue analyses. The response mode

Sshapes -for frequency response analyses are very dependent on load distri-
bution as well as being dependent on load frequency. In general, the
response due to a simple distributed load tends to follow the same pattern
as the load distribution. If a load is distributed in exactly the same
pattern as a natural mode shape, then the response occurs entirely in that
mode shape regardless of frequency. In the usual case, where the load is
not distributed i. a natural mode, various natural modes can perticipate
in forming the response mode shape. The main natural modes that participate
in the response are determined by both the load distribution and the forcing
frequency. When the excitation frequency is not near a natural frequency,
the response mode is likely to be quite similar to the load distribution.
Whnen the loading frequency approaches a natural frequency, the response
mode may consist of the corresponding natural mode shape combined with the
loading distribution mode shape.

The ýower plot in Figure 3 shows a loading distribution for the simple
beam that somewhat resembles the second natural mode shape. When the load
distributioa shown in the figure was applied to the beam at a frequency
that matched the fourth natural frequency, 630.3 Hz, the response shown
in the upper plot ef Figure 3 was obtained. The response shown in Figure 3
generally followed the pattern of the loading distribution with a super-
imposed response in the fourth natural mode.

In a rocket motor, the loading distributions of interest are represented
by the various acoustic cavity pressure modes. The finite element grid used
to model the motor should be sufficiently refined to allow reasonable resolu-
tion for the definition of the pressure rode shapes. The use of a minimum of
three nodes per half wave to define any pressure mode is a suggested
guideline.

The grid should also be sufficiently refined to yield good definition
of the response mode shapes. An after-the-fact examination of the response
mode shapes may be used to reveal any potentially poor results, (use Figure
2 as a guide). The guideline of three nodes per half wave of the response
mode shape also applies to frequency response analyses.

1-6



jpls o#n
SECTION IIII , APPLICABLE EXPERIENCE

In this section, three different programs where rocket motor structural
response was calculated are briefly discLssed. The first two programs are
pressure oscillation studies performed on tit, Minuteman II and III third
stage motors.( 2 , 3 , 4 ) The third program is the Component Vibration program
for which this modeling manual was written.

A. MINUTEMAN II THIRD STAGE ANALYSIS
motor sanalyzed(2,4)

The Minuteman II third stage motor was using the SAMIS

(Structural Analysis and Matrix Interpretive System) computer program.
The analysis was performed by Hercules Incorporated. Only the aft domeji and aft dc-. components were included in the model. Due to computer program
limitations, a one-quarter dome model (900 slice) was used. The one-quarter
model was analyzed four times using different combinations of symmetric

and asymmetric boundaiy conditions to obtain the complete 3-D solution. In
addition, the dome models and component models had to be analyzed separately
because of problem size limitations of the SAMIS program. The separate
solutions were effectively combined to represent the total model solutions
by using a Modal Synthesis approach.

The Minuteman II third stage analysis resulted in natural frequencies
and mode shapes. Good agreement was obtained between some component
measured natural frequencies and calculated natural frequencies, however
no attempt was made to calculate the motor response to an acoustic pressure
oscillation. Even though the propellant is bonded to the aft dome in many
actual motors, only the mass of an arbitrary portion of the propellant was
included in the aft dome model. No provision was included In tne model to
account for effects of omitted motor structure.

The experience gained in constructing component models during the
Minuteman II analysis program shoald be of intcrest. The analysis experienLe
showed that changes in assumed ccmponent connection conditions can have a
significant effect on analysis results. Component model response for the
Nozzle Control Unit (NCU) was found to be quite sensitive to the torsional
stiffness used in the model of the mounting bracket. Grid refinement used
in the nozzle and NCU component models is shown in Reference 2.

(2)Pressure Osci''tions During Firing of Minuteman II Stage III Motor (U),
Hercules Inc( :ated, Final Report Contract No. AF04(694)-903,
January 1971 ktonfidential).

(3)Minuteman III Third Stage Pressure Oscillation Study, Aerujet Final
Report No. 1387-01F, Contract No. F04694-67-C-0004, August 1971.

( 4 )Jensen, F. R., and Christiansen, H. N,, "An Application of Component
Mode Synthesis to Rocket Motor Vibration Analysis," The Shock and
Vibration Bulletin, The 41st Symposium on Shock, Vibration, and Associ
ated Environments, Naval Research Laboratory, Washington, D.C., October 1970.
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B. MINUTEMAN III THIRD STAGE ANALYSIS
The Minuteman III third stage motor was ald usig the NASTRAN

computer program. The analysis was performed by the Mac~eal Schwendler
Corporation working in conjunction with the Aerojet Solid Propulsion
Company. Four different types of analyses were conducted: (1) An acoustic
analysis, (2) a forward dome modal analysis, (3) a forward half motor
analysis, and (4) a nozzle analysis. All analyses are reported'in Refer-
ence 3.

The acoustic analysis was performed( 1 ) using the then newly-created
acoustic analysis capability in the NASTRAN program. The acoustic analysis
yields natural frequencies and mode shapes of the combustion gases in the
combustion cavity. The program is basically a two-dimensional program,
but special provisions have been made to handle tangential modes and slotted
grain designs. Good comparisons were reportedly obtained between analysis
results and experimentally-measured natural frequencies and mode shapes.

A modal analysis was performed on a model of the forward dome of the
Minuteman III third stage mns. to determine the natural frequencies Lad
mode shapes below 1000 Hz. The forward dome model was based on a 6ne-
quarter (900 slice) section of the motor. Both symmetic and asymmetric
boundary conditions were used in the analyses. The effects of two differ-
ent components, mounted to the dome in a symmetrical pattern, were studied.} The Minuteman III forward dome analysis is of interest mainly because of
the way in which differential stiffness was used to model the stiffening
effect on the case of the static internal pressure. The procedures for
using differential stiffness in a dynamics anal sis and the required DMAP
alters are given in the Aerojet final report.(3)

The model of the forward dome was incorporated into a model of the
forward Lalf of the motor. The dome, propellant, igniter, and TT-ports
were included in the forward half motor model. Frequency response analyses
were conducted on the forward half motor model at different frequencies
and at different burn times. One aspect of the model may be of interest
to future analysts. A unique model consisting of scalar springs, scalar

I masses, and multiple point constraints was used to represent gases
physically trapped in the forward dome cavity during motor ignition and
shortly thereafter. Figures and test data are given in the Aeojet report
so that comparisons between analysis results and firing data may be made.

A fourth analysis was conducted on the Minuteman III third stage motor
to determine the vibration modes of the nozzle as an unsupported structure

k with asymmetrically attacted components. This analysis i3 reported in
Appendix A of the Aerojet rep3rt.( 3 )
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C. AFRPL COMPONENT VIBRATION PROGRAM

Two motors were analyzed during the Component Vibration program: the
Poseidon C-3 second stage motor and the Minuteman III third stage motor.
The major difference between these analyses and previous analy.ses is that
the complete motors, including attached components, were included in the
models. The use of full motor models was made practical by development of
the cyclic symmetry modeling capability. The MacNeal-Schwendler Corporation
is responsible for the development of the cyclic symmetry approach. A
mechanical impedance approach was used to account for the effects of
asymmetrically attached motor components. Comparisons werc made between
analysis results and experimental results, and several analyses were
performed to gain insight into general solid rocket motor structural
dynamic behavior. This modeling manual is an appendix to the final report
for the Component Vibration program. Refer to the main report for addi-
tional detaiL

1
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SECTION IV

MODELING GUIDELINES

Section IV is intended to directly address the problem of analyzing a
new solid rocket motor design prior to motor manufacture. Some of the
basic modeling decisions that must be made are diszussed as well as some
of the advantages and disadvantages of the suggested analysis approach.

A. INPUT DATA

inutBefore a model can be assembled and analyzed, a certain amount of

input data must be collected. The required data usually includes that
discussed below.

1. Definition of Motor Geometry Lnd Material Callouts

Drawings are required that give a complete definition of motor
geometry including crqe, grain, nozzle, igniter and other motor hardware
such as closures, no .le adapters, and TT ports. The materials to be
used for each motor item must be identified.

2. Material Properties

Generally, the following material properties must be obtained
for each material used in the motor:

(a) Material stiffness is required. For isotropic materials,
the elastic modulus and Poisson's ratio are sufficient.
For orthotropic material (generally composites), the
directional stiffness coefficients must be available.
For propellant and other viscoelastic materials, dynamic
stiffness properties are required (e.g. the loss tangent
and shear storage modulus both defined as a function of
frequency over the frequency range of interest).

(b) Material density is required for each material which
is present in sufficient quantity to warrant inclusion
in the mass representation of the motor. Material
densities are not needed foý i-tems that can be repre-
sented by direct input of nodal masses,

(c) Material damping coefficients should be available for
each material used in the major load-carrying portions
of the structures. Damping for the viscoelastic
materials is not required since damping characteristics
are included in the stiffness (complex modulus)
definition.

I-10



3. Loads

The acoustic modes resulting from an acoustic cavity analysis
define the input pressure distributions. A uniform internal pressure load
system is generally useful for static checkout and evaluation of the model.
In the NASTRAN program, pressure loads can be inpvt directly in the static
analysis rigid format; however, the frequency response rigid format requires
nodal force inputs. A static analysis run, therefore, is generally made
for each loading condition to convert pressure loads to nodal forces.
An OLOAD (punch) - All NASTRAN instruction is used in the static run to
punch the set of generated nodal forces. A FORTRAN program is then used
to read the output and punch a new dek in the appropriate format for

* input to NASTRAN (DAREA cards are required).

4. Mass Data

Masses for component Darts of the motor and for the complete
motor, obtained by independent calculation or from measurement of available
parts, is often useful for preliminary evaluation of the finite element
model.

5. Test Data

Any available test data for the motor or for component parts of
Sthe motor that relates forces and displacements from static or dynamic

tests may be useful for evaluation of the finite element model.

The input data list given above applies to the motor proper. If
motor components such as nozzle control units, gas generators, etc., are
to be included in the analysis, then similar input data must be gathered
for each component of interest. In addition, locations of component
centers-of-gravity are useful.

B. FINITE ELEMENT GRID CONSTRUCTION

The usual procedure in finite element grid construction is to make a
scale layout of the motor cross-section. Node points are placed at a
sufficient number of locations around the motor boundaries to provide a
reasonable definition of motor geometry. A typical grid is shown in
Figure 4. As shown in the Figure, CHEXA2 elements are used to represent
the grain. The use of CHEXAI elements and CWEDGE elements is not recom-
mended. Uniform symmetrical forces applied to CHEXAW or CWEDGE elements do
not result in exactly uniform and symmetrical displacements as they should.

The use of a large number of nodes around the boundary of the grain
is desirable because better definition of the acoustic pressure mode loading
is possible. If at least three nodes are used for each half wave of the
acoustic mode shape, then at least six nodes would be required for the
first longitudinal mode, nine nodes would be required for the second
longitudinal mode, etc. Figure 5 shows a way of reducing the total number
of nodes in the grid of Figure 4 without changing any of the boundary nodes.
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C. CYCLIC SYMMETRY CONSIDERATIONS

Most solid rocket motor designs can be analyzed using the cyclic
symmetry option in NASTRAN. (Refer to Appendix C of the component Vlibratiun
final report for a detailed discussion on the use of cyclic symmetry.) When
a 3-D solution is required for a rocket motor, the cyclic symmetry capa-
bility of NASTRAN can be used to great advantage. The basic requirement
for using cyclic symmetry is that the motor can be divided into geometrically
identical sections that repeat around the circumference of the motor For
example, if the grain design has four evenly spaced identical slots, a 900
section formed by r-z planes passing through the slot centerlines is one
of four identical sections repeating around the circumference. Using[2 cyclic symmetry, such a motor could be modeled by creating a finite element
grid for one half of the 900 section ( a grid for a 450 slice of the motor
Susing the dihedral symmetry option).

( Better models Cad pparently be made for motors with a large number of
slots. If a motor has a sufficient number of slots, a grid slice only one
element thick can be used as a model. When a large slice is required,
several layers of elements may be required to form the slice thickness in
the circumferential direction. When more than one layer of elements is
required, the bandwidth of the equations increases by a considerable amount.
The bandwidth increase means that less grid refinement can be used in a
multiple layer model than in a single layer model for a given computer run
time.

The finite element model to be used in the analysis usually represents
an effort to obtain a grid as refined as possible while still maintaining
reasonable computer run times. "Reasonable run times" may have different
values depending on the budget of the analysis program and the computer
available. A one layer 150 slice of the grid shown in Figure 4 with 1032
subcases runs approximately 300 CPU minutes on an IBM 370/155. As an aid
in making the decision on the maximum slice size to use in the model,
results from a previous analysis are shown in Figures 6 and 7. Figure 6
shows the natural frequencies and mode shapes obtained by using a 150 slice
with only one layer of elements.

Figure 7 shows the corresponding results for a 50 slice. The corres-
pondefnce between the 5 and 15 degree slice results is not good. The
15 degree slice appears to be too large to provide accurate results.

As discussed, the size of the slice is usually determined by the number
of slots in the gr..in. Another factor that may be important is the number
of thrust termination (TT) ports. Depending on the design and location of
the TT ports, inclusion of the TT ports as well as the grain slots in the
cyclic symmetric structure may be desirable.
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Most motors do not have enough slots to warrant the use of a single
slice model much smaller than 15 degrees. A motor with 12 slots could be
modeled with a 1/24th motor section (15 degree slice). A motor with

15 slots could be modeled with a 1/30th motor section (12 degree slice).
There are two ways to obtain effective smaller slice widths for motors
without large numbers of slots.

• I •For motors where the TT ports can be represented adequately by smeared
properties (i.e., by increasing the stiffness of some case elements near
the TT ports in a nearly axisymmetric TT port representation), qome dummy
grain slots can be introduced so that the slice width required to model
the grain can be made as small as desired. The greater the number of
dummy slots, the smaller the model slice width. When this procedure is
used, the resulting model for a single slice has a small bandwidth and a
ofslice with about 1000 degrees of freedom becomes practical. The introduction
of dummy slots is justified by the consideration that the major effect of
the slots on the grain structural behavior is to eliminate the capability
of the grain to carry a hoop load in the slotted region. Because of the
way the slots are modeled (refer to Appendix C of the Acoustic Vibration
Final report, example problem), the radial and axial load carrying capacity
of the grain should not be affected very much by introduction of additional
slots. The use of dummy slots is more straightforward for the longitudinal
acoustic pressure modes. For tangential modes, obtaining an equivalent
load with a greater number of slots is more difficult.

e second procedure for obtaining smaller slice widths is simply
to ub, a grid section with several layers of elements. A motor with 12

slots could be modeled with a motor section consisting of three 5-degree
slices for a totel section width of 15 degrees. The disadvantage (increased
bandwidth) of this approach has been discussed. A possible solution to
this problem is to apply a Guyan reduction to reduce the number of degrees

of freedom in the analysis set. No experience with the application of Guyan
reduction in a cyclic symmetzy problem is available, however, the following
should be considered:

(1) Use the OMIT feature in NASTRAN to omi.t selected degrees
of freedom from the analysis set.

(2) Do not omit any degrees of freedom for nodes on the boundaries
of the basic grid section, i.e. the nodes thet appear on
CYJOIN cards.

(3) If the, basic grid section is approximately 20 or less,
ccnsider OMITing all internal node degrees of freedom.

(4) The reduction process will cause an increase in bandwidth
so that a reduction to 200 to 300 degrees of freedom may
be necessary to maintain reasonable solution times.
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(5) There may be an optimum way to select points to be used in
the OMIT set so that a minimum bandwidth results. This may
be worth future investigation.

D. ACCOUNTING FOR ATTACHED COMPONENTS

Relatively lightweight components should not be expected to have a
significant effect on dome response (or case response if mounted on the
cylindrical portion of the case). Heavier components may affect the motor
response under certain conditions. To obtain an idea of relative force
"magnitudes involved, consider that a uniform 1.0 psi pressure distributed
over the dome of a motor with a 40-inch radius would apply a distributed
net force of about 5000 pounds. By comparison, a 50 pound component3 vibration at 100 g's would apply a concentrated force of 5000 pounds to
the m6tor. Maximum pressure oscillation levels are generally higher
than 1.0 psi while component response levels are usually (but not always)
much lower than 100 g's. One exception to the statement about lightweight
components occurs in the case of a nozzle actuator that is connected at

two widely separated points. The nozzle actuator that couples dome motion
with nozzle motion will have a significant effe.-ct on overall motor response.

If components mounted on a particular motor are judged most likely
not to effect the motor response, the analysis procedure can be greatly
simplified. The response of the motor without components can be calculated
using the cyclic symmetry model. Accelerations calculated at the componenu
connection points can then be used as input levels for judging the adequacy
of component design.

For the situation where components are judged likely to influence
motor response, a mechanical impedance procedure is available to allow the
response of the coupled motor-components system to be calculated. The
discussion on application of the mechanical impedance method from section
IV of the Component Vibration final report is partially repeated here.
Refer to the report for additional detail.

E. APPLICATION OF MECHANICAL IMPEDANCE

For this discussion consider first a motor with one 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.

Since the motor is oscillating in response to a particular unstable
acoustic pressure mode, the motor proper is considered to be 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 locations. The solution is obtained by
superimposing effects of both loading conditions.

1-14
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The clean motor model is analyzed with only internal pressure loading
to obtain the velocities b'Vol at the motor-component interface. The
velocities VI~J at the interface caused by component connection forces Fcl
can be expressed by using the motor admittanc. matrix [Y]:

lv1 = JY] IEFl

The total velocity lVtI is obtained by superimposing the effects of the
two loading conditions:

.4 Ivtl = Ivol + lvil

Substituting from above gives

IVtl Ivol + MYIFc1

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

I Fe - lZclIVtl

where IZcl 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 lFcl in the equation for IVtl
gives:

I t IVol [ zcI Ivtl

Rearranging:

IVt ( [11 + [Y) [Zc])l (Vo l

where [I] 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 equation given above for
V Vt Imust be repeated at each frequency of interest. Solution of the last

equation results in response at the component connection points for the
coupled motor-components system.
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SECTION V

TYPICAL MOTOR BEHAVIOR

The purpose of this brief section is to present some analysis results
and some test data to aid in the visualization of iikely motor response
modes. The better the dynamic response of a motor is understood, the more
likely a.meaningful finite element analysis can be conducted. The anslysis
results shown here were taken from the Task 8 report, Appendix F of the

'' IComponentVibration final report. The test data were taken from Appendix B
of the same report.

Figures 6 and 7 show results from real eigenvalue analyses on an aft
dome model. The model was a single slice with symmetry boundary conditions
applied along each slice face. The model was constrained at the Y-joint
in a direction parallel to the motor axis. The small lines- plotted normal
to the dome are displacement vectors plotted to an exaggerated scale. In
addition to the symmetric modes shown in Figures 6 and 7, the dome can
exhibit many unsymmetric modes including lobar type modes.

Real eigenvalue analyses were also applied to a one-half grain model.
The motor axis is normal to the motor mid-plane that divides the grain
"into halves. The grain model was analyzed both with symmetry and with
asymmetry boundary aonditions at the motor mid-plane, the results are shown
in Figures 8 and 9, respectively.

Typical motor response to frequency-dependent loads is shown in
Figures 10 and 11. Figure 10 shows the axisymmetric aft dome response of
the motor to the axisymmetric third longitudinal acoustic mode. The
response of the grain surface along the centerbore to the same mode (but
at the hot gas frequency) is shown in Figure 11. The response mode crosses
the zero reference three times and therefore has the equivalent of four
half waves in the deformed shape.

Figures 12 and 13 show plots of response amplitude as a function of
frequency for an aft dome mode] loaded with three different loading
distributions. The response at the peaks and the width of the peaks in
the response plots is dependent on the damping used in the model.

Figure 14 shows how radial motion at the Y-joint of an aft dome can
be transformed to axial motion of the nozzle and nozzle adapter.

In spite of the numerous natural frequencies and mode shapes exhibited
by motor finite element models, vibration tests often ex=ite only a few
of the total possible modes.* For example, when a motor is vibrated in
an axial direction by attachment to the motor skirts, the grain exhibits

*Information in this paragraph is given with reference to a personal
conversation with Mr. T. E. Depkovich of the Aerojet Solid Propulsion
Company.
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-- , i •!only 2 or 3 res6uandes (peaks- in the frequency response curve). Apparently
the higher natural frequencies-are so heavily damped that they Jo not
respond-during the -low level vibration-test. This motor behavior has
caused-measurement methods for grain dynamic moduli to be questioned. In
transverse axis tests, lobar modeshigher than the first mode are very
difficult to excite and the response Is generally similar to response in

n the axial direction as higher modes seem to be heavily damped.

Figures 15 and 16 show two types, of responses to acoustic oscillations
that occur in a typical: motor. Figure 15 shows a single frequency sinu-
soidal response that occurs at 730 Hz between approximately 2-1/2 and,
4-1/2 seconds. Figure 16 characterizes a common response type that changes
frequency rapidly with increasing motor burn time. The oscillation
characterized in Figure 16 begins at 1320 Hz at about 3.8 seconds. As
the burn surface progresses, the frequency of the oscillation increases
to about 1450 Hz at 6.5 seconds. Some acoustic modes decrease in frequency
with advancing burn time.

4

4-
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J SECTION VI

CONCLUSIONS

The objective of this modeling techniques manual wns to convey infor-
mation that would ,provide guidance to the analyst assigned to the task of
calculating the response of a solid rocket motor to acoustic pressure
oscillations. The 6bjective has been achieved since guidance has been
provided. rýuviding a complete set of analysis instructions would not be

I possible since each analysis problem is different in some respect than all
previous analyses. The discussions given hopefully pointed out potential
problem areas and, in some cases, suggested solutions. No attempt was
made to provide "Cook Book" type instructions on how to perform the analyses.
Instead, reference and background material were given to provide the analyst
wivh a basis for some of the required modeling decisions.
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1I 2, 31 4 ,5' 61 7 .8• ••-'i:.. -
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201 0. 20"
-I = 0.002604 IN.4

FINITE ELEMENT BEAM MODEL E = 5 X 106 PSI
p = 2.58799 X 10-4

f= = (39.3911) n2

,•. fn = NATURAL FREQUENCY OF NTH MODE

c ( iXn = NATURAL MODE SHAPE

Figure 1. Beam Model Used to Study Mode Shapes

TABLE I

COMPARISON BETWEEN FINITE ELEMENT AND CLOSED-FORM
NATURAL FREQUENCIES

fn (NASTRAN) fn (Theory) Error
n (Hz) (H:. ,.)

1 39ý39 39.39 0.0

2 157.52 157.57 0.032

3 353,87 354.53 0.186

4 625.68 630.28 0.730

5 962.04 984.81 2.312

6 1328.46 1418.13 6.323

7 1641.03 1930.23 14.983
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SKIRT TWISTING MODE 4TH OIL CAN MODE

2 f6

SKIRT TWISTING MODE 3RD OIL CAN MODE

fl 43.3 H1Z f5 319. HZ

. IST OIL CAN MODE 2ND OIL CAN MODE

'Figure 6. Poseidon C-3 Second Stage Aft Dome Mcde Shapes Using a 150 Slice
Finite Element Grid
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Figure 7. Poseidon C-3 Second Stage Aft Dome Mode Shapes Using a 5°

Slice Finite Element Model.
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f 10 203 HZ 99H

f8  185 HZ

f6 147 HiZ15 27H

f4 = 117 *HZ f 3  100 HZ

f2 74.4 Hzf1 565H

Figure 8. Pose-idon C3 Second Stage Aft Half Grain Model

Natural Modes for Symmetry Boundary Conditions.
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f10 =206 HZ f 9 = 189 HZ

f 8  164 HZj f7  161] HZ

f = 140. HZ f 5 = 125. HZ

-=f4 =97.4 HZ f3 =79.7 HZ

LI

f2 59.6 HZ. fl = 30.7 HZ

Figure 9. Poseidon C3 Second Stage Aft Half Grain Model
Natural Modes for Asymmetric Boundary Conditions
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Figure 10. Typical Aft Dome Mode Shapes with and without Scalar Springs for

the C-3 Poseidon S/S Motor, Response to the L3 Mode at 265 Hz
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