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FOREWORD v

This report was submitted by Aerojet Solid Propulsion Company, P. 0. Box
13400, Sacramento, California, 95813, under Contract No. F04611-72-C-0055, Job
Order No. 305910WA with the Air Force Rocket Propulsion Laboratory, Edwards,
California, 93523. The report summarizes the technical efforts conducted under
this contract from April 1972 to March 1976.

The efforts reported herein represent the combined activities of the Aerojet
Solid Propulsion Company, Harold Leeming, Ph.D. and Associates, Konigsberg Instru-
ments, Inc., the Texas A&M Research Foundation, and the University of Texas.

The key technical personnel on this program were: Mr. Kenneth W. Bills, Jr.,
of ASPC, who was the Principal Investigator on the Program; Mr. Samuel W. Jang, also
of ASPC, who was the program's Principal Engineer; Dr. Harold Leeming, of HL&AR, who
coordinated the instrumentation of the motors and, later the acquisition of gage data |
during motor testing; Mr. Eph Konigsberg, of KII, who supplied the stress and strain i
gages and supporting consultation; Dr. Scott W. Beckwith, of TAMRF, who provided an
extensive study of flexible case materials and their constitutive relations; and
Drs. Eric Becker and Robert Dunham, of the University of Texas, who developed an
advanced computer code for the structural analysis of grains held in fiberglass
cases.

This report has been reviewed by the Information Office/DOZ and is releasable
to the National Technical Information Service (NTIS). At NTIS it will be available
to the general public, including foreign nations. This report is unclassified and
suitable for general public release.
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J(thermal cycling, handling, vibration, pressurization) and then comparing the

experimental results with predicted values. This was to be a "closed envelope"

approach in which the reduced data from the gages were to be kept secret until

,,EhQ_fiﬂ2l,2§§Q§§ﬂEHULJﬂuuu14x£.th§_ggggggg;, Midway through the motor testing
phase serious anomalies were detected in the gage data. This led to a sus-

pension of the original plan and an eventual redirection and change in scope

to concentrate efforts on the identification and correction of the sources of

%oml ies observed.
he revised program included diagnostic evaluations to isolate error

sources, a system rework to correct and/or modify questionable components,

a parallel laboratory investigation of specific gage characteristics and,
finally, verification of the stability of the reworked system. From the
results of the diagnostic tests it was determined that the major anomalies
observed could be traced to the gages-lead-wire-solder junction combinations.
Use of an acid flux in soldering the stainless steel leadwires provided a
potential for corrosion to occur as the junction aged. The reworked system,
which included crimped spade-lug junctions in place of the leadwire solder
joints, a new DAS and revised operational procedures showed a substantial
improvement in system stability, exhibiting an average drift rate of 0.5% of
full scale output per month.~~This value is consistent with that for the gages
alone as quoted by the manufacturer, and converts to about 0.75 psi per month
for the 150 psi gage. However) this drift is considered excessive for measure-
ment of Tong term thermal stresdes (as required by the original program).

Laboratory evaluations of the gages addressed potential problems asso-
ciated with exposed semi-conductor strain gages on the normal stress gage
diaphragm, gage self-heating and hysteresis effects. These tests indicated
potential transducer response differences between the calibration and the
high rate pressurization situations which would require experimentally
determined corrections to achieve the accuracy required to accomplish the
original program goals for the high rate pressurization tests.

Volume II - Solid Propellant Grain Instrumentation
System Design and Application

The experience and knowledge gained from this and similar programs were
compiled in this volume, which was designed as a guide to the experimental
stress analysis of solid propellant grains. The effort was divided into six
major phases. The first phase is directed to the program manager and the
project engineer, who must make the initial decision to conduct such an effort.
The second and third phases are more elaborate versions of Phase I, but involve
realistic plans for instrumenting and testing the units. Phase III is an
evaluation of these plans to assure that the measurements can be obtained with
the available facilities and test equipment. Phases IV and V define the
extensive work required to carry out the test plans, while Phase VI includes
the reduction of the test data and an assessment of the quality of the testing
and the value of the results.

Volume III - Appendices

Seventeen appendices give detailed supplemental data in support of
Volumes I and II.
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SECTION 1 ?

INTRODUCTION

This program was conceived as part of an overall transducer
development and applications effort by the Air Force Rocket Propulsion
Laboratory. The place of this program within that framework is best
shown by Figure 1, which presents a simple flow diagram relating
the key programs involved. Starting in 1967, the AFRPL instituted
four instrumentation programs (1-4) for the in-situ measurement of
bond shear and normal stresses and inner-bore strains. Then, having
shown an acceptable level of success, the efforts were extended to
full-scale motor applications, beginning with a first stage Minuteman |
motor (5,6) and the Bomb Dummy Unit (7,8). The initial successes from |
these programs led to more ambitious efforts to develop an in-situ sur- 1
veillance gage (9,10), a three-dimensional stress gage (11), and a |
highly sophisticated data acquisition system (12) for monitoring tests 3
conducted on full-scale, instrumented motors. Finally, the gages were |
directed to the more practical applications of experimental stress :
analyses. These latter efforts involved, in addition to the Flexible |
Case-Grain Interaction studies, Project SALE (13), SRAM (14), Ambient |
Temperature Cure (15), and the Ballistic and Tactical HTPB Motor programs.

As originally conceived, the objective of the Flexible Case-Grain
Interaction program was to establish the reliability of existing analytical
techniques to predict the stress and strain behaviors in solid propellant
rocket motors with flexible cases under the wide variety of loading con-
ditions normally anticipated in the service life of a deployed weapon system.
This objective was to be accomplished using the previously proven capability
of grain stress and strain measuring devices.

VAERERIPIS S AN W DR SRS IR A e WO P e W

Stated differently, this program was originally dedicated to the
assessment of grain structural analyses; the basic assumptions being:

(1) The stress and strain gages were fully developed and sufficiently
qualified for the planned effort.

] o sk i

(2) Conventional methods of data acquisition were sufficiently
accurate for the required measurements.

Unfortunately, a number of gage anomalies and other measurement difficulties {
associated with the data acquisition and data reduction techniques precluded |
accomplishment of the original objectives. As a result the program was
redirected to concentrate efforts upon the definition and correction of the
problems encountered.
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The problems in the original program efforts were compounded by
a "closed envelope" philosophy which allowed unrecognized measurement
anomalies to continue. A schematic of the closed envelope approach is
given in Figure 2. In the first envelope measurements made on the motor
were to be reduced to give the observed grain stresses and strains. The
second envelope was to contain the predicted values of these stresses
and strains as derived from structural analyses (using material properties
from samples obtained by dissection of the motor after the test program).
The two envelopes were not to be opened and compared until the end of the
program. This approach further required that the measurements and data
reduction be conducted separately (ASPC and HL&A, respectively) with no
interchange.

This latter restriction prevented the type of feedback necessary
to permit immediate correction of problems within the system. Because
of this difficulty ASPC and HL&A requested relief from AFRPL of this
requirement after review of the data measured during the thermal cycling
tests had disclosed serious anomalies. Therefore, by the time the problems
had been recognized and the closed envelope approach discarded it was
realized that a solution to the gage and measurement problem was essential
before continuing to pursue the original program objectives.

The objectives of the revised program form the basis for the
ensuing report. Those objectives were:

(1) To isolate the instrumentation problems which exist in the
motor under test; demonstrate whether these problems can be eliminated;
demonstrate means of detecting such problems; and determine whether
criteria can be established for the ‘repairability' of such problems.

(2) To document the fullest possible guidance for the proper use
of stress and strain instrumentation in solid rocket motors so that other
programs may avoid the problems encountered in this program; also provide
some insight into ways in which transducer designs can be improved to
minimize these problems.

The measurement accuracies which were believed attainable with
the embedded gages in the early stages of the original program are
listed in Table 1. It was later realized that an order of magnitude
improvement would be required to achieve the program objectives. Conse-
quently, a considerable effort was expended during the revised program
in setting up an appropriate data acquisition system and in developing
proper use procedures. Table 1 is provided here to show the state of
the art at the inception of the Fiexible Case-Grain Interaction program.
These values do not necessarily reflect the capabilities of the trans-
ducers, since the Timits represent total system errors.
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After the revised program was put into effect and the necessary
modifications made on the motor external electrical system and DAS.
measurements taken revealed that data scatter and drift were greatly
reduced, though not eliminated. This residual "gage drift" is a mixture
of motor temperature change, propellant viscoelastic response and inherent
instability in the gage circuits.

Concern was expressed that adiabatic heating of the propellant
during the rapid motor pressurization associated with firing simulation
would generate a transient thermal gradient in the propellant adjacent
to the gages. The resulting gage output comprising pressurization stresses
plus transient thermal error signals would then prove too inaccurate for
resolution of the small deviatoric stresses. The difficulty of ensuring
rational high rate pressurization data from the gages eventually led to
the termination of the effort.

One final gage problem which was not resolved concerns the response
of the embedded gages under thermal transient conditions. Because the
gage sensing elements for each bridge circuit are situated both internal
and external to the diaphragm, they experience different environments
during transient thermal tests which produces a spurious output under
no load conditions.

ASPC strongly recommends the use of in-situ stress and strain gages
for experimental stress analyses of solid propellants. In many cases large
deviations from existing analyses are expected, and the actual values can
only be approximated by some direct experimental techniques. The difficulties
experienced on this program are all manageable by proper techniques of fabri-
cation, test, and data acquisition. In some cases, the best techniques are
yet to be learned, so the Air Force could do well to support such efforts.

Certainly, improved in-situ gages would be desirable, but significant
improvements over the existing designs would undoubtedly require advanced
development efforts by the most capable instrument companies and would
probably cost several million dollars.

For the most part, this report was outlined in terms of the major
events of the program and follows the order in which they occurred. However,
since the anomalies encountered invalidated most of the early motor test
data, discussion of the associated efforts has been limited to that informa-
tion considered necessary for completeness or of potential use to the reader.
The major emphasis in the report is given to a presentation and evaluation
of the results of the revised program. After the summary, Section 2, a
special section (Section 3) briefly outlines the complex flow of the program,
then two sections summarize the anticipated grain loads and the plan followed
when instrumenting the motor (Sections 4 and 5). Section 6 summarizes the
structural test vehicles used to develop some of the new installation and
testing procedures planned for this program. Section 7 describes the fabri-
cation of two full-scale motors, while Section 8 summarizes the results of
the original tests conducted on Motor No. 1 (only abbreviated test data are
presented, and these are given only to show the measurement anomalies).
Sections 9 and 10 describe the assessment of the gage problems and the
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attempts at their correction, while Section 11 presents a suggested method
for re-calibrating the gages in place. Section 12 considers some of the
environmental conditions where the full-scale motor might develop stress
levels that are sufficient to give useful correlations with analytical
predictions. Section 13 gives an overall assessment of the measured stress
data and the potential future value of structural test vehicles for pre-
dicting full-scale motor behaviors. Finally, Section 14 summarizes the
work of three studies that supported this program.

Volume II was prepared as a "How to do it" book. Attempts have
been made to distill the significant findings from this program and use
that knowledge to refine and update previously established procedures
to give a simplified, step-by-step approach to the planning of tests,
installation of gages, measurement procedures and assessment of the
gage data.

Volume III contains Appendices which provide detailed data and
background material which support the Volume I discussion.
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SECTION 2
by SUMMARY AND CONCLUSIONS
The program as originally structured was intended to be a four- é
phase effort consisting of experimental and analytical evaluations of
P the stresses and strains produced in a Third Stage Minuteman III motor.
} The four phases consisted of:
Phase 1 - Anticipated Load Definition and Instrumentation
Requirements
Phase II - Design and Fabrication
b
\ Phase III - Experimental Testing
Phase IV - Program Assessment

2 Midway through Phase III serious anomalies were detected in the data
; from full-scale motor testing. This led to a suspension of the original
{ plan and an eventual redirection and change in scope to concentrate
'; efforts on the identification and correction of the source of the
anomalies observed.

: The major activities completed in the original and revised
‘ programs are summarized below.

A. ORIGINAL PROGRAM

1. Phase I - Anticipated Load Definition and Instrumentation
Requirements

In this report two sections are devoted to discussion of
the Phase 1 efforts. Section 4 provides the analytical basis for
placement of the gages, and Section 5 details the instrumentation plan,
including gage selection and installation techniques.

a. Structural Analysis

Available static and dynamic analyses were employed
to define the stress and strain distributions expected for motor
operational conditions. Special consideration was given to the flexible
filament-wound case which exerts a significant influence on the magnitude
and distribution of the grain stresses and strains.




ool

(

Based on the results of the analysis the motor was
divided into eight zones for gage placement. Each zone represented
unique instrumentation requirements. Zones A, B and C were on the
outer surface of the case and included the forward dome, barrel
section and aft dome, respectively. The remaining zones were at
the grain bondline and inner bore surface. Zone D covered the
forward boot termination, a high stress area. Zone E was at mid
barrel bond interface, an area of low stress gradients. Zone F
included the critical aft dome bondline where the maximum stresses
occur and failure is most likely. Zones G and H encompassed the
finocyl slot region and axisymmetric portion of the inner bore,
respectively.

b. Instrumentation Plan

Specific criteria were established to guide selection
of the types and numbers of gages to be used, locations for their
placement, and associated wiring and hardware.

The principal gages selected for stress measurement
were a miniature (0.310 in. diameter) diaphragm type normal stress
transducer manufactured by Konigsberg Instruments, and a shear gage
developed by Leeming. Failure event gages, fabricated from conductive
elastomers, were developed by ASPC for this program and used for
detection of bondline separations. A1l other instrumentation used
was of conventional design.

The general approach taken in placement of the gages
was to place stress gages of the appropriate type and range near the
critical high stress areas in the aft dome and at the forward boot
release. Failure event gages were also used liberally in these potential
failure regions. In addition a number of bondline gages were placed near
the center of the barrel section where the gradients are small and most
nearly ideal for correlations between measurements and analyses.

A unique installation procedure for the bondline stress
gages was developed for this program. It involved potting the gages in
a castable insulation material prior to calibration by the manufacturer.
Upon return the potted gages were bonded into pre-milled holes in the
motor insulation. Leadwires were channeled through a 0.060 in. diameter
hole drilled through the case directly below the gage. This unique
through-the-case wiring technique was developed by ASPC specifically
for use on this program.
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2. Phase II - Design and Fabrication

Phase 11 was comprised of two major efforts. The first,
summarized in Section 6, involved the fabrication and testing of struc-
tural test vehicles (STV). The second, discussed in Section 7, included
the fabrication and instrumentation of the full scale motors.

a. STV Fabrication and Test

A total of five STV's were fabricated and tested early
in the program to verify that the several types of embedded stress trans-
ducers and their installation methods could be successfully used without
affecting the integrity of the grain or filament-wound glass chamber of
the Stage III motor.

These tests provided needed experience in the use of the
new installation techniques, demonstrated the feasibility of the pre-potting
and through-the-case wiring techniques, and verified the failure detection
capabilities of the shear and failure event gages.

b. Motor Instrumentation and Fabrication

Two Minuteman III, Stage III chambers were purchased,
hydrotested and then instrumented per the plan developed in Phase I and
procedures verified in STV evaluations. Motor No. 1 was designed to be
structurally tested but not fired so the external hardware components
were taken from a previously fired motor. Motor No. 2 was an "all up"
motor instrumented to permit measurements during static firing. It has
been in storage since completion of propellant cure. (Motor No. 2 was
instrumented about five months after Motor No. 1 and received the benefit
of several improvements in technique. These improved methods were subse-
quently applied to the instrumentation of the Minuteman Stage III motor
fabricated and tested on the Strategic HTPB program at Thiokol-Wasatch).

Prior to propellant casting the installed gages were
calibrated by step pressurization to 15 psig.

Both motors were cast with ANB-3066 propellant made
from a production lTot of materials. Carton samples were taken from each
propellant batch and placed in storage for later evaluation.

After propellant cure the grain was cooled, X-rayed and
then inner bore instrumentation and associated wiring was installed. The
motor was then placed in 110°F storage to be aged for four months. This
was to allow the post-cure hardening to take place at the cure temperature
and thereby prevent significant shifts in the grain stress-free temperature.
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3. Phase III - Motor Testing

- The major structural tests performed on Motor No. 1 were
thermal cycling, handling, transportation, and vibration.

The testing of Motor No. 1 actually started during processing
since the output of the gages was monitored during grain cure and cool-
down and core extraction. After trimming and radiographic inspection a
pressure calibration was performed and the motor was placed in storage
at 110°F for four months. The gages were monitored daily for the first
week and monthly thereafter. After completion of the storage period
thermal cycling tests were initiated.

Thermal testing involved storage for 10 days at each of the
following temperatures: 80°, 60°, 110°, 80° and 60°F. The grain stresses/
strains, case deformations, and temperatures were monitored at three dis-
crete times in each thermal transient.

The motor was then subjected to the conditions typical of
motor handling; namely: 1ifting, tip over and rolling. This was followed
by storage-to-transporter and transporter-to-transporter tests. Case
deformations and the grain stress/strain gages were monitored during each
of these events.

Motor No. 1 was subjected to a series of vibration survey
tests conducted in the thrust (Y) and transverse (Z, 90-270°) axes. The
resonant frequency response characteristics and mode shapes of the motor
and propellant due to sinusoidal excitation was monitored in the 10-to-
300-cps range.

ASPC's first opportunity to evaluate the data from these
tests on Motor No. 1 came when the motor was mounted in the test stand
in preparation for the planned rapid pressurization test. This review
showed that the first indication of anomalous behavior occurred during
a 15 psig pressurization following installation of bridge completion
units. In this case a number of gages showed significant shifts in
"zero load" output. Similar shifts were noted again in measurements
made just prior to propellant casting.

Readings taken while the grain was subjected to the cure
pressure (15 + 1 psig) showed that all of the gages responded to the
pressure, but the magnitudes varied from somewhat less to considerably
greater than the sum of the propellant hydrostatic head and the cure
pressure.
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Following gelation of the propellant, the behavior of the
transducers become much more regular. The gages generally reacted in
the expected direction to applied loadings, and the traces for companion
b;idges on each gage remained very nearly parallel through the rest of
the tests.

From this point on most of the gage responses to pressure,
or stress, differentials generally remained fair. Although erratic
behaviors occurred in some tests, reasonably good differential data
were obtained in most cases.

This also seemed to be the case for the handling tests during
part of which the motor is rolled about its longitudinal axis while the
transducers were being monitored. The results obtained are consistent
with those predicted analytically for this motor.

In general, the limited testing performed on Motor No. 2
appeared to yield data which were more reproducible and consistent than those
obtained from Motor No. 1. This is attributed to the use of improved
motor instrumentation techniques learned from the work on Motor No. 1

It was clearly apparent at this stage in the program that the
gage measurements were exhibiting marked calibration changes. The overall
system needed evaluation to correct the problems encountered, determine
their sources and document them to help avoid similar problems in the
future.

In the ensuing revised program the roles of the gages, DAS,
and the electrical systems on the observed anomalies were ascertained
through diagnostic studies on the motor and reinforced by laboratory
evaluations. From this point on the closed envelope restriction was
removed from the program and ASPC became directly involved in data
acquisition procedures and gage data reduction.

B. REVISED PROGRAM

The scope of the revised program included diagnostic evaluations
to identify the sources of the system anomalies, a system rework to
correct and/or modify questionable components, a parallel laboratory
investigation of specific gage characteristics, and finally, verification
of the stability of the reworked system. These efforts are described in
detail in Sections 9 and 10.

-13-
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1. Diagnostic Evaluations

A total of twelve diagnostic tests were conducted on the
motor ranging from simple visual inspection through evaluations of
system drift and stability. From the results it was determined that
the major anomalies observed could be traced to the gages-leadwire-
solder junction combinations. Investigation revealed that an acid
flux had been used to solder the stranded stainless steel leadwires
which provided a potential for corrosion to occur as the junctions
aged.

2. Motor and System Rework

A11 stainless steel solder junctions were replaced with
crimped spade-lug terminals and the junction strips were modified to
allow a complete electrical drift and calibration check prior to and
following each measurement.

A divider was placed across the power supply and one DAS
channel to permit continuous checking of gage erergization power level.

A new data acquisition system was designed and assembled.
It consisted of a Varian 620 i mini-computer. an interface with an
analog to digital converter, and a 64 channel multiplexer. The system
was designed to guarantee precision and accuracy of the results within
a specified limit of + 0.2 mv or 3% cf the reading, whichever was
greater.

Revised operational procedures were formulated which required
that each component of the system be checked for proper operation during
each data run, and specified an operating cycle for the gages.

3. Evaluation of the Reworked System

Drift and stability and pressurization tests were conducted on
the motor using the revised operational procedures. A substantial improve-
ment in system stability was observed, i.e. an average drift rate of 0.5%
of full scale output per month. This value is consistent with that for
the gages alone as quoted by the manufacturer. This converts to about
0.75 psi per month for a 150 psi gage, however, which is a significant
error when attempting to measure thermal stresses which do not exceed
5 psi.
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4. Gage Laboratory Evaluations

To provide a more fundamental assessment of the normal stress
gages and the factors which might cause them to exhibit anomalous behavior
a series of laboratory experiments were conducted which addressed specific
gage and system characteristics which had been previously identified as
possible contributors to the overall problem - areas studied included the
stainless steel solder junctions, the exposed semi-conductor strain gages
on the gage diaphragm, gage self-heating, hysteresis effects, and gage
pre-potting.

An accelerated aging test was conducted in which various types
of junctions, soldered and mechanical, were exposed to 160°F and 100% R.H.
for eleven days. Both stainless steel and copper wire were evaluated.
Upon drying for eight hours the stainless steel soldered junction exhibited
a change in resistance of 13%, while the remaining junctions showed no
significant effects.

Cooling of the transducer from the epoxy adhesive cure temperature
to ambient produces differential thermal stresses between the semi-conductors
and the diaphragm which could cause creep of the semi-conductor and long
term drift of the zero stress output. Limited experiments suggested that
cumulative errors due to creep of gage elements may become significant if
the gages experience repeated exposure to temperatures above 130°F.

The construction of the normal stress gage and its embedment in
an insulating material lend themselves to the development of thermal gradients
across the diaphragm, due to external transient effects or gage self-heating.
Measurements made when such gradients are present will be subject to error
since the resistance of the semi-conductor strain gages is strongly affected
by temperature. Experiments to evaluate the self-heating effect indicated
temperature increases in the strain gage elements of between 11 and 21°F,
with the external gage showing about a 3°F higher increase.

A large number of pressurization tests at moderate rates were
conducted which showed that hysteresis occurs in the transducer measurements.
The results suggested that this effect could significantly alter transducer
response under the high pressurization rates experienced in a simulated
motor firing. Calibration corrections would be required to obtain acceptable
accuracy from tests of this type.

C. OVERALL CONCLUSIONS

The subject program experienced a series of problems which ultimately
led to the abandonment of the original objectives and a redirection of the
effort. Some of the problems stemmed from a certain naivete and lack of
experience with an instrumentation job of this complexity. For the most
part these problems could have been corrected in a timely manner if the
"closed envelope" philosophy had not prevented immediate feedback when
anomalies occurred in the data.
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Unfortunately, as shown by the results of the revised program,
even with all circuitry faults co rected the system still shows drift
and rate dependency, simply because the gages available at the beginning
of this program were not designed to exhibit the inherent stability
needed for this application. These features prevented measurements of
the grain stresses to the degree of accuracy required to accomplish the
original objectives.

This latter observation exemplifies perhaps the most important
lesson learned from this effort, and one which has been strongly
emphasized in Volume II of this report. It's crucial that, at the
outset of an undertaking of this type, the accuracy required be clearly
defined and judged to be achievable. Detailed specifications must then
be written which will tell the gage manufacturer exactly what is wanted,
what the limits of acceptability will be, and what level of testing and
certification is required.

It is felt that the redirected effort was quite successful and
has contributed to a better understanding of the capabilities and
limitations of grain instrumentation, which, in turn, will provide the
basis for future improvements in the gages and methods for their appli-
cation.

Numerous applications still exist where in-situ stress and strain
gages can provide useful information obtainable by no other means. It
is hoped that the experience and knowledge gained from this program will
encourage wider use of this type of instrumentation, while at the same
time providing the guidance needed to ensure that valid data are the
result.

.




SECTION 3

PROGRAM FUNCTIONS AND OPERATIONAL FLOW

The Flexible Case-Grain Interaction program was quite complex in
that it initially involved many activities and technologies, and midway
through the effort a major change was made in the scope and direction
of the program. The following section was specifically written for the
reader, to put the program activities into perspective and to guide him
through the report.

A. BASIC PROGRAM

This effort involved a "closed-envelope" approach where one company,
HL&A, was responsible for the gages, their installation, calibration,
data reduction, and data analyses. The second company, ASPC, was respon-
sible for structural analyses, motor fabrication, testing, and data
acquisition. A flow diagram for the basic program which shows this
division of responsibility, is given in Figure 3. The two envelopes,
experimental stress/strain measurements and the analytical predictions
were to be kept secret until the end of the program when they would be
opened and compared by AFRPL.

Sections 4 through 8 describe the basic program as far as it was
pursued. The function and the section of the report where it is described
are shown in Figure 3.

A number of new gage concepts were used on this program; see
Table 2 and Section 5. Before they could be used in full-scale motors
it was necessary to test the concepts in structural test vehicles (STV's).
These STV's were fiberglass cylinders 5 in. I.D. by 20 in. long. Their
fabrication, testing, gage test results and data analyses are reported
in Reference 16 and summarized in Section 6.

The basic program continued to the point where the motor was to
be pressurized to grain failure. At that time the program was put on a
"Hold" status for five months to allow assessments of various questions
pertaining to gage anomalies and measurement accuracy. The result of
these and some later evaluations was the "Revised" program described below.

B. REVISED PROGRAM

This part of the program revolved around the isolation and cor-
rection of the gage measurement anomalies. The closed envelope secrecy
had been removed and all of the data were available for review. Assess-
ments by ASPC, AFRPL, and an independent consultant provided the impetus
for planning efforts that led to diagnostic studies on Motor No. 1 and a
preliminary corrective action plan, Figure 4. Implementation of this
plan gave an accurate DAS and versatile diagnostic capabilities to
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TABLE 2

NEW GAGE CONCEPTS USED ON THE BASIC PROGRAM

Exiting lead wires through the case wall.

Small diameter normal stress gages.

Ruggedized shear stress gages.

Pre-potting of normal stress gages.

Elastomeric failure gages for bondline separaticns.

Three-D gage (HL3A).
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isolate anomalous areas of the gage measuring network. Rigorous DAS
certification and calibration procedures were implemented and the

overall measurement system (gage plus the DAS) were subjected to long
germ dri;t and stability tests. All of this work is reported in
ection 9.

Section 10 summarizes a limited laboratory study which investi-
gated, among other factors, gage self-heating, hysteresis, and rate
dependency.

Section 11 considers possible procedures for the recalibration

of normal stress gages while they remain implanted in the grain. This
is followed by a limited example that is also described in Section 11.

o OVERALL CONSIDERATIONS

Assessments of different factors of the overall program are given
in Sections 12 and 13.
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SECTION 4
ANTICIPATED LOAD DISTRIBUTIONS

This effort, conducted at the beginning of the program, was designed
to guide the placement of gages in the grain and on the motor case. It
employed available static and dynamic structural analyses and test data to
define the stress and strain distributions within the motor when placed
under various loading conditions. Because of the flexibility of the fiber-
glass motor case, separate considerations were made to account for its
special characteristics. The following subsections summarize these con-
siderations, beginning with those for the fiberglass case.

A. DESCRIPTION OF THIRD STAGE MOTOR

The Third Stage Minuteman III motor has a 52-inch 0D S-994 preimpreg-
nated glass roving case (UTS 440 ksi), with a composite wall thickness of
0.1605 inch in the basic chamber where 0.1005 inch is hoop wrap and 0.060
inch is longitudinal wrap. The ANB-3066 propellant grain is axisymmetric
and cylindrical throughout its length, except at the forward end where a
six-slot finocyl design is incorporated; it is released over the entire
forward head of the motor and is bonded from the forward equator to the
aft nozzle boss attachment. The bond system is ANB-3066 propellant/SD-851-2
liner/V-45 insulation. Insulation at the forward end is 0.165 inch thick
and tapers to 0.030 inch in the cylindrical section of the motor; the 0.050
inch thick forward boot is V-45 rubber bonded to the grain.

B. FLEXIBLE CASE BEHAVIOR

This section is intended to give background data that helps define
the filament-wound motor case as a special problem area requiring careful
attention.

1. Case Flexibility

Since the flexibility of a rocket motor case is a relative matter
it is desirable to make some comparison between filament-wound cases, which
are generally regarded as "flexible", and the more conventional homogeneous
metal chambers. A review of operational motors indicate the working level
of hoop strain for various case materials to be as follows: steel 0.4 to
0.7%, titanium 0.5 to 1.0%, glass 1.0 to 2.0%. On the basis of the above
numbers it would appear that there is a certain amount of overlap and no
sharp demarcation between case material and stiffness. In reality, however,
the difference between homogeneous metal and filament-wound motor cases is
more pronounced than the comparable strength and moduli ratios would indicate.
This results from the longitudinal deformations of a filament-wound case being
proportionally higher than the previously mentioned hoop strain levels would
suggest. The problems becomes quite apparent when one examines the detailed
design of a motor such as the third stage Minuteman.

«23-
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by The total longitudinal deformation is a summation of the
individual cylindrical and dome deflections. The cylinder is a layered
orthotropic shell with hoop and longitudinal windings oriented to carry
hoop and longitudinal loads respectively. As a result hoop windings
contribute very little to the longitudinal stiffness and the longitudinal
strains are of the same order of magnitude as the hoop strains. This is
in decided contrast to a homogeneous case where the longitudinal strain
% is less than 25 percent of the hoop strain under pressure loading. The
{ longitudinal deflections of the domes or end closures is dependent on the
shape and wrap angle. In general the shape is selected to minimize hoop
stresses while the wrap angle is determined by the overall length and
opening diameters. This design also results in considerably more longi-
tudinal deflection than a comparable metal dome. Comparing total deforma-
tions it can be shown that the initial design pressure of 411 psi causes
an empty third stage case to deflect approximately 1.34 inches "boss-to-
boss" (Figure 5). This is in contrast to a predicted deflection of only
0.30 inches for a comparable case designed with high strength (220 ksi
ultimate) steel.

e

On the basis of this comparison a flexible case was tentatively
defined as one of glass filament-wound construction.

,f 2. Effects of Motor Pressurization

u The large deformations allowed by flexible cases during motor
pressurization cause significantly higher grain inner bore strains and
bond stresses than are experienced in equivalent metal cases. Since the
propellant is practically incompressible at the pressure levels associated
with motor operation, the volume of propellant remains constant while the
volume of the container, i.e. motor case, expands significantly. For the
third stage Minuteman motor this change in volume has been recorded as
approximately 2.3 cubic feet during hydrotest at 600 psi. In order to
maintain compatibility at the bonded surfaces this requires fairly large
distortions at the bond termination points as well as of the entire free
surface of the propellant.

By releasing the entire forward dome, and carefully tailoring
the fin slot configurations, the inner bore strain levels were kept within
estimated allowables and no evidence of grain cracking has been experienced.
The local distributions at the bond termination has proven to be a more
serious problem however. These distortions produce shear stresses which
are almost directly proportional to propellant modulus, and the unexpected
age hardening of the ANB-3066 propellant resulted in a very marginal condition
for fully aged motors.
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An added complexity of the flexible case is the large case-
to-case differences observed on motor pressurization. Experimental
observations during hydrotesting of 13 of these motor cases (17)
exhibited a range of axial deflections of + 20% of the mean value.

3. Instrumentation Requirements for Filament-Wound Cases

The large deformations of these chambers require special
instrumentation, the classical strain gages having been shown to be
inadequate. The case-to-case differences make it necessary to evaluate
each individual chamber. The areas of most concern are the domes which
deflect markedly on pressurization. The specific instrumentation required
for the case deflection measurements is discussed in Section 5.

C. STATIC LOAD DISTRIBUTIONS

The following is a description of the analyses performed to define
the stress and strain distributions within the grain during thermal cycling
and motor pressurization.

1. Analytical Approach

The original grain structural analyses conducted were based
primarily on conventional methods. This consisted of performing a number
of elasticity solutions - each one of which utilized equivalent elastic
response properties for the propellant, liner and insulation. The values
for these "equivalent” properties were obtained from laboratory tests on
the actual materials under appropriate conditions. For the most part
this involved obtaining values of modulus for motor operational conditions
from plots of relaxation modulus vs reduced time for the various materials.
This has been shown to be a valid procedure for handling certain problems
involving linear viscoelastic material behavior and has been used with
considerable success to evaluate actual solid propellant behavior.

The actual elasticity solutions were obtained by means of finite
element computer programs which were formulated specifically for incom-
pressible materials (18). In order to provide detailed evaluations in
the critical stress areas, a number of the problems were solved in two
parts. A rather coarse finite element gridwork was first used to model
the entire grain and the results of this solution were then used as
boundary conditions for a fine grid model of the critical area. Details
of a typical finite element gridwork superposed on actual motor geometry
are shown in Figure 6.

2. Stress and Strain Distributions

Typical plots of the stress and strain distributions obtained
from these analyses are indicated in Figures 7 through 9. Figure 7 contains
plots of the normal and shear stresses at the propellant/liner bond surface
for a fully aged motor stored at 60°F and similar information for the initial
pressurization condition is contained in Figure 9.
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The oscillatory nature of the calculated pressurization stresses
in the aft dome area is considered to be due primarily to the manner in which
the Rohm and Haas computer program handles the case behavior. This program
ignores the non-linear stiffening effect due to membrane loads acting on the
finite deformations which results in an unrealistic oscillation in the calcu-
lated case deflection pattern. The peak shear stress of 122 psi is considered
valid since the case deflections in this area were adjusted to match static
test measurements.

A summary of the maximum stresses and strains obtained from con-
sideration of various loadings applied to the initial grain geometry, along
with comparable allowables and margins of safety, is contained in Table 3.

It will be noted that a negative margin of safety is indicated at the forward
boot release point and the actual probability of failure at this location was
computed as 0.3 percent. This behavior results from the increase in

modulus due to aging of the ANB-3066 propellant.

3. Effect of Propellant Burning

A more detailed analysis of the grain for the firing condition
revealed that the maximum shear stress in the aft end of the motor during
pressurization does not occur near the original propellant surface. Due to
the complex geometry of the aft nozzle boss and insulation, the maximum stress
occurs at a point just opposite the outer corner of the forward face of the
aluminum boss. In addition, the stress-time history of this critical point
is rather complex. As indicated in Figure 10 the shear stress at this point
rises rapidly at ignition, then decays as the propellant modulus relaxes, and
finally again increases rapidly as the burning front approaches this location.
When the burn front arrives at this location it encounters the shear stress
distribution along the aft dome given in Figure 11.

D. DYNAMIC LOADS IN MINUTEMAN III, STAGE IIT MOTOR

During the Stage III development program steady state dynamic analyses
were performed only to the level of complexity required to define motor test
requirements. As a result detailed calculations of the dynamic response charac-
teristics and grain stresses are not available. However, a summary of the
principal results obtained from the longitudinal axis analysis of the Minuteman
Stage III motor is provided in the following table.
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Dynamic

Resonant Amp1itude Max. Calculated Dynamic Stresses
Frequency (Hz) _Factor Direct Stress Shear Stress
38 6.2 6.34 psi/g 5.12 psi/g
(Propellant (At propellant node }
Axial Shear at forward region !
Mode) of motor near bore

centerline)

The maximum propellant dynamic stresses calculated in the longitudinal
axis analysis of the motor occurred near the junction between the case and
the propellant at the aft end of the motor adjacent to the junction of the
case and aft dome.

That the analyses were essentially correct was shown by excellent
correlations made in some full spectrum dynamic surveys on Minuteman Wing VI
motors. The second stage motor 52-TET-1 gave the correlations shown below
and in Figure 12. The calculated and measured results compare quite well.

Resonant Frequency (H;) Amplification Factor
of 1st Axial Propellant of Propellant
Shear Mode * T i Mode 1022
Calculated Measured Calculated Measured _
1
49 42 4.9 4.6

Comparison between results from the preliminary dynamic analysis of ]
the Stage II motor and tests of Motor 52-TET-1 (19) also showed good agree-
ment. For example, a value of 39 Hz was predicted by the analysis for the ﬂ
first axial shear mode of the propellant, while 35 Hz was observed.

The past experience in the instrumentation of motors for dynamic

testing was fully utilized in this case. The same instrumentation plan W
that had been fully satisfactory in previous motor tests was used here.
This approach had the advantage of allowing direct comparisons with past
motor test results to evaluate possible measurement anomalies.

E. ZONES FOR GAGE PLACEMENTS

For simplicity in defining the problem, the motor was divided
into zones. These are shown in Figure 13, while the requirements, expected
range, and purpose of the instrumentation that was used in each of these
zones is specified in Table 4.
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1. Static Loadings

Extensive deflection measurements of the chamber in Zones A,
B, and C during hydrotest, as well as during the grain pressure test,
were considered essential. The hydrotest data may be used to verify the
Structural description of the case as used in the grain analysis and
comparison of these data with those from the grain test, may give a good
indication of the pressure drop through the web of the propellant grain.
In addition, the deflection gages in Zone C were expected tc be useful
in detecting aft end bond failures.

: Zone D was considered to be a critical. area _due to the forward
boot release point. Gages in this area were considered mandatory for failure
detection. The stresses at this location have large gradients, but judicious
spacing of gages were expected to provide valuable information on stress
distributions.

Zone E was considered to be a key area for the evaluation of
analytical techniques. This is the area most nearly representative of
plane strain conditions and the circular cross section makes it amenable
to analyses. The simplicity of the geometry makes it possible to consider
sophisticated material behaviors, so comparisons of predicted and measured
behaviors in this area were considered essential.

Zone F was considered to be critical for both bond stress magni-
tudes and failure initiation. Both shear and normal stress gages were used in
this area with the objective of determining stress magnitudes, stress
distribution, failure initiation, and failure propagation.

Surface strain gages were placed in Zone G to evaluate the
"strain concentrations" associated with the finocyl slots. This represents
a truly three dimensional problem area where estimates of these local strains
had been based on approximate two dimensional models.

The large axisymmetric region cf inner bore surface indicated
by Zone H provided an excellent opportunity for evaluating the overall
structural behavior of the grain under both thermal and pressurization
loading. Hoop strains over this entire area were directly obtainable from
diametral measurements and the results were expected to be valuable in
evaluating analytical predictions based on axisymmetric geometry.

2. Dynamic Loadings

The results of steady-state dynamic analyses performed on the
Minuteman III, Stage III motor indicated that the maximum dynamic stress
produced in the propellant occurs under steady-state vibration conditions
corresponding to the longitudinal shear mode of the grain. The location
of the maximum dynamic stress is at the propellant-liner interface. The
maximum dynamic displacements of the propellant grain occur on the inner-
bore surface and in the region of the fin.
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The selection of the optimum gage location for the full-scale
motor considered the results of the available dynamic analysis and the
dynamic response anticipated in the full-scale motor tust program. Since
the dynamic loading conditions are much less severe than the static condition,
preference was given to providing optimum gage location for the evaluations
of the anticipated static loads. Special instrumentation for the dynamic
full-scale motor tests were limited to the addition of accelerometers to
the center bore and externally to the motor case and handling fixtures.
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- SECTION 5
FORMULATING A MOTOR INSTRUMENTATION PLAN

Having established the general instrumentation needs the next step

z was to identify the specific gages, their locations in the motor, and the
i associated wiring and hardware. The following section describes the instru-

mentation plan beginning with the overall ground rules guiding the effort.

A. GROUND RULES FOR GAGE SELECTION AND PLACEMENT !

The specific criteria followed in making these selections were:

2 RN

(1) The primary objective is to evaluate the actual stress/strain
distributions.

(2) The monitoring of grain failures is of secondary importance.

. {3) Only limited gage redundancy may be used in the motor layout
(in addition to that built into the gages themselves).

4 (4) No structural failure of any kind is expected in the grain |
prior to the final pressurization tests. !

‘ (5) The majority of the gages used in meeting these ground rules |
are expected to break prior to grain failure. This necessitates the use j

\ of some special gages for the failure observations. §

previously developed, calibrated, evaluated and found to give reliable,

’ (6) Most of the transducers shall be of the type that have been ]
meaningful measurements.

P | (7) The gages will be calibrated using the simplest methods avail-
able, consistent with established requirements for meaningful measurements
in the propellant grain.

B. TRANSDUCER DESIGNS AT PROGRAM INCEPTION %
i

An excellent summary of the transducer designs available at the
beginning of this program is given in Reference 20. The reader is
referred to that document for a more complete review of the transducers
and their methods of use.
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1. Gage-Grain Interactions

The insertion of any solid object into a propellant grain must
significantly affect the local stress/strain conditions. It is within this
disturbed stress/strain field that the stress transducers must function.
The techniques required to handle this gage-grain interaction are dis-
cussed in Reference 20, where Leeming has made the following overall
assessment of the probiem:

"The key factor in any successful measuring device is that
it should measure what is required without modifying the
system it is measuring, i.e., maximum information content
with minimum energy transfer. Very few devices approach
this ideal so that the problem becomes one of determining
in what manner the presence of the measuring device
influences the system and from this fact calculating the
correct magnitude of the response as if the instrument
were not present. An understanding of the manner in which
the transducer itself modifies the stress-strain state 3
enables improved transducer performance to be obtained."

“The complete gage-grain interaction problem consists of two
separate parts; the influence of the surrounding material
(propellant) on the response of the gage, and the effect of
the embedded gage on the stress-strain field within the
grain. Though these two effects are considered separately,
the interaction problem consists of the sum of the two
effects."

2. Through-the-Case Stress Transducers

The essential features of this class of instruments (which |
have been used most effectively by Rocketdyne (2) are illustrated in
Figure 14. A hole is drilled in the case and a steel plug, which is ;
a clearance fit in the hole and is attached to the transducer, is mounted {
flush with the inner case surface. The strain gaged element is attached
to a stiff housing, which is attached rigidly to the outer surface of the
case. Thus, any force applied to the steel plug causes a slight deflection
of the strain gaged element that can be interpreted as a stress across the
plug diameter. By making use of small dimensioned, sensitive, semiconduc-
tive strain gages, the compliance of the strain gage section can be kept 3
to an extremely low value (dependent upon the required gage sensitivity). -
Transducers of this type can be made with virtually no change in properties
over a wide temperature range. They also have the advantage that local
perturbations in the grain stress field are kept to a negligible level.
However, they must operate through a large hole drilled through the case,
which is unacceptable for simulated or actual firing tests; therefore,
they were not considered for use in the present program. |
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3. Miniature Diaphragm Transducers

The diaphragm type normal stress transducer (1) is shown in
Figure 15. These transducers are simply conventional diaphragm-type
pressure gages that have been modified to minimize the grain-gage inter-
action; i.e. they are as small as possible consistent with the output
sensitivity required. The output of a bridge composed of semiconductor
strain gages mounted on the diaphragm provides the sensing required. The
remarkably small dimensions of the transducer is a key feature. They were
originally developed for solid propellant testing by Leeming and Konigsberg(1).

Further details on the design, fabrication, calibration and
thermal compensation of these gages are given in Reference 11.

4. Shear Stress Transducers

The shear gages, Figure 16, were also developed by Leeming (1)
They consist of two semi-conductor strain gages bonded to a triangular shaped
piece of elastomeric material and mounted at 90° to each other and at 45° to
the plane of the shear that is being measured. Because of large grain-gage
interactions these transducers are considered to be less accurate than the
normal stress gages. Details of the design, fabrication, calibration, and
thermal compensation of the shear gages are given in Reference 16.

5. Selection of Stainless Steel Leadwires

Prior to this program it had been the practice to provide the
normal stress and shear gages with high quality copper leadwires that were
specifically designed for taking electro-cardiograms (EKG). But the motors
fabricated on this program were expected to undergo prolonged storage (more
than two years) and to be subjected to harsh testing environments. Also,
in the planning period there was a strong possibility that the leadwires
might have to be layed-up along the insulation-to-propellant interface
where the environment could be quite corrosive to the copper wires. (As
it turned out, this approach was not followed).

These concerns for possible leadwire corrosion and low strength
were expressed to the gage supplier, who recommended a stainless steel, 33
gage stranded wire with a very thin Teflon insulation. This is a standard
wire used in biomedical instrumentation. Since the procedures for the use
of this wire were supposedly developed for other electronic uses, the lead-
wire was accepted for use on the Flexible Case-Grain Interaction program.
As it turned out, this was an unfortunate choice. Some of the problems
associated with the soldering of these wires are discussed in Section 10.
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Ruggedized
Kulite Strain
Gage

Shear Gage
(v-45 Rubber Triangie
with Kulite Gages Attached)

Epoxy-Glass

&« 0.15" o Matrix
¥
| ; E’
0.10"
Semi-Conduct
Straix ggggr ‘xf l 6 Terminal Strips

Kulite Ruggedized Strain Gage

FIGURE 16. SHEAR STRESS TRANSDUCER MADE FROM KULITE
RUGGEDIZED STRAIN GAGES
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6. 3D Stress Gage

An experimental gage to measure three dimensional stress :
components under development at HL&A (11) was used in the motor. A 1
schematic of the device is shown in Figure 17 and the wir1ng.d1agfam
in Figure 18. Six stress sensing elements oriented in the q1rect1ons ]
shown were mounted near the center of a 1-1/2 inch cube of inert v
propellant. When calibrated by the application of three orthogonal '
normal stresses and three planes of shear stress it is possible to
resolve an unknown stress load into its normal and shear stress com-
ponents. Because the 3D gage is insensitive to hydrostatic pressures
a miniature diaphragm normal stress gage was embedded close to the 3D_
gage to monitor the pressure component. The voltages across the sensing
elements were measured with respect to a dummy gage element to provide
thermal compensation.

7. Clip Strain Gages

e

Deformation measurements in the fin slot of the third stage

motor was accomplished using clip strain gages. These gages were of a

conventional type designed by ASPC and fabricated by Konigsberg Instruments, :
E ¢ Inc. (their Model J1C). The specific design is given in Figure 19. 3
v 5 Basically, it consists of a full bridge (four semiconductor gages) mounted
3 onto the flexure portion of a clip gage. It was designed with an operating
F range of plus and minus .200 inch. :

‘ 8. Bondline Failure Event Gages i.

E These gages were developed at ASPC to measure the passage of E

a bondline separation in the motor. They were fabricated from conductive
elastomers which exhibi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>