
W AD—A O32 635 AEROJET SOLID PROPULSION Co SACRAMENTO CALIF Ff0 21/9.2
FLEXIBLE CASE — UAIN INTERACTION IN BALLISTIC WEAPON SYSTEMS. —ETC(U)
OCT 76 K W BILLS. S W JANe, H LEEMINO FO*61t—72—C—0055

UN CLASS IFIED ASPC—1953—5t— F—VOt—I AFRPL—TR—76—57—VO4.—j NI.

4fl22 6~S



:7. . .,-
~~

-
~~~——--..- - — ...-- - ,--. -- - - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—,.- -.,

C 
_ _

~~ AFRPL -TR -76-57

FLEXIBLE CASE - GRAINC~ IN BALLISTIC WEA PON SYSTEMS

~~ VOLUME I - TECHN ICAL ACCOMPLISHMENTS

~~ FINAL REPORT

Kenneth W. Bills , Jr. and Samuel W. Jang
Aerojet Solid Propulsion Company
P. 0. Box 13400
Sacra mento, Californ ia, 95813

Li
October 1976

Approved for Public Release; D istribution Unlimited

Prepa red for: D D C
~~~~ ~fl

tW NOV 29 1918Air Force Rocket Propulsion Laboratory
Director of Science and Technology ~~~~~~~ U
Air Force Systems Command B
Edwa rds, Cal iforn Ia, 93523

I ‘
4

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~



When U. S. Government drawi ngs, specifi cations, or other data are used for any
purpose other than a definitely related Government procurement operation , the
Government thereby incurs no responsibility nor any obl igation whatsoever, and
the fact that the Government may have formulated , furnished , or in any way suppl ied
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FOREWORD

J This report was submitted by Aerojet Solid Propulsion Company , p. 0. Box
• 1 3400, Sacramento, California , 95813, under Contract No. F04611-72-C-0055, Job

Order No. 30591OWA with the Air Force Rocket Propulsion Laboratory, Edwards,
California , 93523. The report sununari zes 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 Princ i pa l Investi gator on the Program; Mr. Samuel W. Jang , also
of ASPC , who was the program ’s Principal Engineer; Dr. Harold Leeming, of HL&P, who

V coordinated the instrumentation of the motors and , later the acquisition of gage data

J during motor testing ; Mr. Eph Konigsberg , of Ku , who suppl i ed the stress and strain
gages and supporting consultation; Dr. Scott W. Beckwi th, of TAMRF , who provided an
extensive study of flexible case materials and thei r constitutive relations; and
Drs. Eric Becker and Robert Dunham , of the University of Texas, who developed an
advanced computer code for the structura l 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.

Durwood I. Thrasher Charles E. Payne, Major, USAF
Project Engineer Chief, Surve illance and
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1(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

J J~~ fina1 ass~ess ment oh~c~ nf ro ram. Midway through the motor testing
,.

— phase ser9ous anomalies were detecte 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
e anomalies 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

J 

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 rev ised operationa l procedures showed a substantial
improvement in system stability, exhibiting an average drift rate of 0.5% of
full scale output per month .~-~Thi s value is cons istent with that for the gages

- - / alone as quoted by the manufa’çturer, and converts to about 0.75 psi per month
-~ 

-~~ for the 150 psi gage. However\ this drift is considered excessive for measure-
‘I ment of long term thermal stres~~s (as required by the original program).

Laboratory evaluations of th
’
~ gages addressed potential problems asso-ciated with exposed semi-conductor strain gages on the normal stress gage

A’ diaphragm, gage self-heating and hysteresis effects. These tests indicated
potential transducer response differences between the cal ibration 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.

Vol ume II - Solid Propellant Grain Instrumentation
System Design and Application

r 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

J project engi neer, who must make the initial decision to conduct such an effort.
The second and thi rd phases are more elaborate vers ions 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 wi th

f 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 resul ts.

~ ~~~- Volume III - Appendices

Seventeen appendices give detailed supplemental data in support of
Volumes I and II.
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SECT ION ‘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 wi thin 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 i nner-bore strains. Then , having
shown an acceptable level of success, the efforts were extended to
full-scale motor applications , beginning wi th 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—s itu sur-
veillance gage (9,10), a three-dimensional stress gage (11), and a
highly sophisticated data acquisition system (12) for monitoring tests
conducted on full-scale , instrumented motors. Finally, the gages were
directed to the more prac tical appl ications of experimental stress

I ) 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 origi nally conceived , the objective of the Flexibl e 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 wi th flexible cases under the wide variety of l oading con-

~~~ ditions normally anticipated in the service life of a deployed weapon system.
This objective was to be accomplished using the previously proven capabilit y
of grain stress and strain measuri ng devices .

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.

* (2) Conventiona l methods of data acquisition were sufficiently
— 

accurate for the required measurements.

-
~ t. Unfortunately, a number of gage anomalies and other measurement diffi culties

P associated with the data acquisition and data reduction techniques precluded
accomplishment of the original objectives. As a resul t the pro gram was
redirected to concentrate efforts upon the definition and correction of the

- 
• problems encountered.

— 1—
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The problems in the original program efforts were compounded by
* 

C 
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 enve lopes were not to be opened and com pared 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

C interchange.

This latter restriction prevented the type of feedback necessary
to perm it immediate correction of problems wi thin the system. Because

~
. of this difficul ty 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
- 

-
C 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
rnQtor under test; demonstrate whether these problems can be elimi nated;
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 origina1 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 Flexible Case-Grain Interaction program.

• These values do not necessarily reflect the capabilities of the trans-
ducers , since the limi ts represent total system errors.

-3- —
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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 .C
measurements taken revealed that data scatter and drift were greatly
reduced , though not elimi nated. 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

J 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 manageabl e 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 desirabl e, 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
- 
4 

- 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 limi ted 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 outl ines the complex flow of the program,

- 

~
. then two sections sumar-i ze the anticipated grain loads and the plan followed

when instrumenting the motor (Sections 4 and 5). Section 6 summarizes the
structural test vehic les used to develop some of the new installa tion and

-
‘ testing procedures planned for this program. Section 7 describes the fabri-

cation of two full-scale motors, while  Sect ion 8 summarizes the resul ts of
the original tests conducted on Motor No. 1 (only abbreviated test data are
presented, and these are gi ven only to show the measurement anomal ies).
Sections 9 and 10 describe the assessment of the gage problems and the

-6-
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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 wi th analytical
predictions. Section 13 gives an overall assessment of the measured stress
data and the potential future value of structural test vehicles for pre-
dicti ng 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

J been made to distill the signifi cant findings from this program and use
that knowledge to refine and update previously establ ished procedures
to give a simpl ified, 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.

I
C.
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SECTION 2
SUMMARY AND CONCLUSIONS

The program as originally structured was intended to be a four-
phase effort consisting of experimental and analytical evaluations of
the stresses and strains produced in a Third Stage Minuteman III motor.
The four phases consisted of:

J Phase I - Antici pated Load Definition and Instrumentation 
CRequi rements 

-

Phase II - Design and Fabrication

Phase III - Experimental Testing

Phase IV - Program Assessment

Midway through Phase III serious anomalies were detected in the data
from full-scale motor testing. This led to a suspension of the origina l
plan and an eventual redirecti on and change in scope to concentrate
efforts on the identification and correction of the source of the

Fl anomalies observed.

The major activities completed in the original and revised
programs are surrrnarized 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 I 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 .

4- a. Structural Analysis

Available static and dynamic analyses were employed

I

to define the stress and strain distributions expected for motor
operational conditions. Special consideration was given to the flexible

4 fi lament-wound case which exerts a significant influence on the magnitude
and distri bution of the grain stresses and strains.

-9-
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Based on the results of the analysis the motor was
C divided into eight zones for gage placement. Each zone represented

uniq ue instrumentation requi rements. Zones A , B and C were on the CC

outer surface of the case and included the forward dome, barrel
section and aft dome, respectively. The remaining zones were at

- the grain bondl ine and inner bore surface. Zone D covered the
forward boot termination , a high stress area. Zone E was at mid

J barrel bond interface, an area of low stress gradients. Zone F
included the critical aft dome bondl ine where the maximum stresses
occur and failure is most likely. Zones G and H encompassed the
finocyl slot region and axisyninetric portion of the inner bore,
respectively.

b. Instrumentation Plan

Specific cri teria were establ i shed 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 (0.31 0 in. diameter) diaphragm type normal stress
transducer manufactured by Konigsberg Instruments, and a shear gage
developed by Leeming. Failure event gages, fabricated from conducti ve
elastomers, were developed by ASPC for this program and used for
detection of bondline separations. All 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

4 
- gages was developed for this program. It involved potti ng the gayes in

a castable insulation material prior to calibrati on 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.

-10-

r~~ i
- ‘ C C ’  - 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



- ‘--CC -

2. Phase II - Desi gn and Fabricati on

* 
Phase II was comprised of two major efforts. The first,

summari zed in Section 6, involved the fabrication and testing of struc-
tural test vehicles (STy). The second, discussed in Section 7, inc luded
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 wi thout
affecting the integri ty of the grain or fi lament-wound glass chamber of

-w 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 detecti on
capabilities of the shear and failure event gages.

b. Motor Instrumentation and Fabrication

f Two Minuteman III , Stage III chambers were purchased ,
hydrotested and then instrumented per the plan developed in Phase I and

C- procedures verified in STV evaluations . Motor No. 1 was desi gned 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 fi ring . 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 Mi nuteman Stage i i r  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 lot 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 wi ring 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

3 and thereby prevent significant shifts in the grain stress-free temperature. -

-

-11-
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3. Phase III - Motor Testing

- The major structura l tests performed on Motor No. 1 were . -

therma l cycling, handling, transportation , and vibration.

The testing of Motor No. 1 actually started during processing
C since the output of the gages was monitored during grain cure and cool-

J down and core extraction . After trimming and radiographic inspection a
- pressure calibration was perfo rmed and the motor was placed in storage

at 110°F for four months. The gages were monitored daily for the fi rst
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
fol lowing temperatures : 80°, 60°, 1100 , 80° and 60°F. The grain stresses!

- 
- strains , case defo rmations , 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: lifting, tip over and rolling. This was fol lowed
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 propel l ant due to sinusoidal excitation was monitored in the 10-to-

I 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 pressuri zation test. This review

- showed that the first indication of anomalous behavior occurred during
a 15 psi g pressurization following installation of bridge completion
units. In this case a number of gages showed signifi cant shifts in
“zero load” output. Similar shifts were noted again in measurements
made just prior to propellant casting .

C I Readings taken while the grain was subj ected to the cure
C 

pressure, but the magnitudes varied from somewhat less to considerably
greater than the sum of the propellant hydrostatic head and the cure

~~ pressure (15 + 1 psig) showed that all of the gages responded to the

pressure .
I.

.1
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Following qelation 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
bridges 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

3 with those predicted analytically for this motor.

In genera l , the li m ited 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
4) gage measurements were exhibiting marked calibration changes. The overall

system needed evaluation to correct the problems encountered , determi ne
their sources and document them to help avoid similar problems in the
future.

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

8. 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 I:
1-ivestigation 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 coul d be traced to the gages-leadwire-
solder junction combinations. Investigation revealed that an acid
flux had been used to solder the stranded stainless steel leadwi res
which provided a potential for corrosion to occur as the junctions
aged .

2. Motor and System Rework

-
‘ All 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
followi ng each measurement.

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

A new data acquisition system was Jesigned and assembled.
4) It consisted of a Varian 620 I mini-computer, an interface with an

analog to digital converter, and a 64 chan’~el multiplexer. The system
was designed to guarantee precision and dcculacy of the results wi thin
a specified limi t of 4- 0.2 my or 3% of 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 operationa l 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 .

0 -
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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 diaphra gm, gage sel f-heating, hysteresis effects, and gage
pre-pott-i ng.

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 wi re were evaluated .
Upon drying for eight hours the stainless steel soldered junction exhibited
a change in resistance of 13% , while the remaining j unctions 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. Limi ted 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—heati ng.
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,
wi th 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 significantl y 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
l e d  to the abandonment of the original objectives and a redirection of the
effort. Some of the problems s temmed 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 iniiiediate feedback when
anomalies occurred in the data .

- 
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Unfortunately, d~~ shown by the results of the revised program ,
even with all circuitry fau lt 1 ro;rected the system still shows drift
and rate dependency , simp ly because the gages available at the beginning
of this program were not designed to exhibit the i nherent stability
needed for this application. These features prevented measurements of
the grain stresses to the degree of accuracy required to accomplish the
original objectives.

j This latter observation exemplifies perhaps the most important
lesson learned from this effort, and one which has been strongly
emphasized in Vol ume 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 tel l 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

C limitations of grain instrumentation , which , in turn , will provide the
C 

basis for future improvements in the gages and methods for their appl i-
cation.- -p - C -

Numerous applications still exist where in—situ stress and strain
C- 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 val id data are the
result.
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SECTION 3

- 4 
- PROGRAM FUNCTIONS AND OPERATIONAL FLOW

The Flexible Case-Grain Interaction program was quite complex in
that it initially i nvolved 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

J 

reader , to put the program activities into perspective and to guide him
C 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
d i v i s i o n  of responsibility , is given in Figure 3. The two envethpes,
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 .

-p
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
Tabl e 2 and Section 5. Before they could be used in full-scale motors
it was necessary to test the concepts in structural test vehicles (STy’ s ) .
These STV ’s were fiberglass cyl inders 5 in. I.D. by 20 in. long. Their
fabrication , testing, gage test results and data analyses are reported
in Reference 1 6 and sun~nari zed in Section 6.

The basic program continued to the point where the motor was to
J be pressurized to grain failure . At that time the program was put on a
V “Hold” status for five months to allow assessments of var ious ques ti ons

- -
- 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

- 1. Exiting lead wires through the case wall.

2. Small diameter normal stress gages.

3. Ruggedized shear stress gages.

- - 4. Pre-potting of normal stress gages.

- 5. Elastomeric failure gages for bondline separati&ns.

6. Three-D gage (HL&A).

C.
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isola te anomalous areas of the gage measur ing network. Rigorous DAS
certification and calibration procedures were implemented and the
overall mea surement system (gage plus the DAS) were subjected to long
term drift and stability tests. All of this work Is reported in
Section 9.

Section 10 suninarizes a limi ted laboratory study which Investi-
— gated, among other factors, gage self-heating, hysteresis , and rate

C dependency.

Section 11 considers possible procedures for the recal i bration
of normal stress gages while they remain implanted in the grain. This
is followed by a limi ted exampl e that is also described in Section 11 .

C. OVERALL CONSIDERATIONS

•
1 

Assessments of different factors of the overall program are given
in Sections 12 and 13.

-
a

~~
C.
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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

J define the stress and strain distributions wi thin the motor when placed
under various l oading conditions . Because of the flexibilit y 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 Thi rd Stage Minuteman III motor has a 52-inch OD 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 apd 0.060
inch is longitudina l wrap. The ANB-3O66 propellant grain is axisymetric
and cyl i ndrical throughout its length , except at the forward end where a
six-slot finocyl design is incorpora ted; 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-85 1-2

C. 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

$1 Since the flexibility of a rocket motor case is a relative matter

4 
it is desirable to make some comparison between filament-wound cases, which
are generally regarded as “fl exible ” , 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 fil ament-wound motor cases is

~~~ more pronounced than the comparable strength and modul i ratios would indicate .
This results from the longitudinal deformations of a fi l ament-wound case being

-
‘ 

proportionally higher than the previously mentioned hoop strain levels would
-
~~ suggest. The probl ems becomes quite apparent when one examines the detailed

- 

- 
design of a motor such as the third stage Minuteman.
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The total longitudinal defo rmation is a sumation of the
individual cyl indrical and dome deflections. The cylinder is a layered
orthotropic shell with hoop and longitudinal windings oriented to carry C

hoop and longitudinal loads respectively. As a result hoop wi ndings
contribute very little to the longitudinal stiffness and the l ongitudinal
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 deflec-tions of the domes or end closures is dependent on the

J shape and wrap angle. In general the shape is selected to minimi ze 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. Compari ng total de-forma-

-,. t ions 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 defl ection of only
0.30 inches for a comparable case designed with high strength (220 ksi

• ultimate) steel.

On the basis of this comparison a flexibl e case was tentatively
defined as one of glass fil ament-wound construction.

2. Effects of Motor Pressurization

The large deformations allowed by flexible cases duri ng motor
pressur iza tion cause significantl y 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
wi th motor operation, the volume of propellant remains constant while the
volume of the container , i.e. motor case, expands signifi cantly. 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 wel l as of the entire free
surface of the propellant.

By releasing the entire forward dome, and carefull y ta i lor i ng - ;

4 
the fin slot configurations , the inner bore strain l evels were kept within
estimated al lowa bles an d no ev idence of gra in crac ki ng has been expe r ienced .
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 margina l condition
for fully aged motors.

b 
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An added complexity of the flexi ble 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 eval uate C

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 DISTRIB UTION S

The following is a description of the ar~alyses performed to definethe stress and strain distributions wi thin the grain during thermal cycling
and motor pressurization .

C 1. Analytical Approach

The or igi nal gra in structura l anal yses conducted were based
primarily on conventional methods. This consisted of per-forming a number
of elasticity solutions — each one of which utilized equivalent elastic

C response properties for the propellan t, l iner and insula tion. The va lues
for these “equ ivalen t” properties were obtained from laboratory tests on
the actual material s 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.

I 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 inconi-
pressible materials (18). In order to provide detailed evaluations in

J the critical stress areas, a num ber of the probl ems were solved i n two
parts. A rather coarse finite element gridwork was first used to model

4
-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

3 4 of a typical finite element gridwork superposed on actual motor geometry
are shown In Figure 6.

2. Stress and Strain Distributions

t 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 norma l and shear stresses at the propellant/liner bond surface
for a fully aged motor stored at 60°F and similar information for the initial C

- -

‘ 
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 resul ts 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 suninary of the maximum stresses and strains obtained from con-
sideration of various loadings appl ied to the initial grain geometry, along
with comparable a llowables and margins of safety , is conta ined in Tabl e 3.
It will be noted that a negative margin of safety is indicated at the fo rward
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

C 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
alumi num boss. In addition , the stress-time history of this critical point
is rather complex . As indicated in Figure 1 0 the shear stress at this point
rises rapidly at i gnition , 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 locati on it encounters the shear stress
distribution along the aft dome given in Figure 11.

0. DYNAMIC LOADS IN MINUTEMAN III , STAGE III MOTOR

During the Stage III development program steady state dynamic analyses
f were performed only to the level of complexity required to define motor test

requirements . As a result detailed calculations of the dynami c response charac-
teristics and grain stresses are not available. However , a sumary of the

- 
- principal resul ts obtained from the long itudinal axis analysis of the Minuteman

Stage III motor is provided in the following table.

9 -31-

~~~ 
~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~

. 

~

- 

~~

. 

~~~~~~~~~~~~~~~~~~~~



— CC—--

r ‘ 

— 

C- - -

~~~~~~~

- 

~~~ ~~~~~~~~~~~ 

~~~~~~~ CCCC ~~ ~-CC C~~~_~~_ .CCCCCCC -C~~~

—‘--

Cl’ N- - r- - ~~ Cl C
- NCC C - . — (‘4

CC’) - - - - C— -
- C--C C- .— -~

* -+ + C +

_______________________________ __________________ AZ
I—

*

~~- i ~— — - — —
C - C) C) .— 

._ 
CC) CC)

—C - C - - C— - - C
C- -t CC) N N-
C- C- — — C ~

Q~ ~CAC
C- C) — - — -t

Cf C) CA) CC— CC~C ._ A)_ 0~- C CC C- C) Cl C) U) -~~. U) U) Cl U) —
‘C -t C-) - - - - - -

Cl C.) N- C (‘4 0 - - C-
7 C) _.CC CCC) __ CC)

C CC) ‘ V
CC—. + CC— -_- V— — ___________________________  _______________  C. 0-

4 4 r
CCC) C’-) CC 0- (‘4 (C-I Cl C- CC

J 
- C-C C) -CC- — CCCC C- — C

- - - - - - - C.__ C.—
- C) C) -

~ -~ CC) C- C)
= + + 4 + I * C * 4—

-~~ -r
-~~~ V V

- — (‘CCC C CC
-— —CC -~~~~ (‘4 CC) C- C

- C C) -i C-C —I- C’_j C *  —— ~~~ — CCC
-- - -J 

- - -~~- f l 0  ICC —
‘~~ —, C- C- CC) ~ ) ‘C ~f 0’

Cl C- C- -3CC C~i~I 0-C C- — C-
— C —  CC

C - - i -  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  __________

C C C
)
~~~+ V

— - ‘C
‘C C) It) CC C) -- - - - C) Cl N- C
~~ C) — -r N- C.- ‘-

• C- C- — C-

C
- C -  C-I N- C.) It) I ‘C

‘C C/)
C C ~~~~~ - C) Cl C

+ + + + w e  C
~CC

_ ___ C-
U) U) 7 CC— 0

-4 — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  C’

U) If) C/) I/C CC C CC
I— - C- (CCC If) U) A)
ZD ~~ 

C-~ -CC) C) U) U)
— 7 — -~~ C) C-CC) CC) - ~~ ~~

— -CC _-C - - 1 C- C C ’-’ C
C C-C C -.1 0-C CC CC 0-

I_I -CC C- CCC~ C) C) > C) >- -
C) Cl C) C)

-~~:— ~~~~C)I CCC CC_
— C- aU )

C- ix C) (IC
CA_ ~~I C— Cl C.) Cl CC C CC C
5 - C C - C,) C C C C C C - CC A)-
— ‘C N- N- Cl Cl -IC 10 0 ).~ C C

C- CCCCC 4 C- C _ A )  C -.-
S a o

U)
CCC

CC Li C (A)
CC CC, U C) 7

I)C A) 10 4
U 1 - C C  CIC U L )

...— — CC )  CCC A ) Q i  LU 4-)
0 — C )  — I/C I/C C (C

C C -  CCC-~ C) LU
C C 4~I C) - C N- N- CA) C CCC
C CCC 0 * 1  -.- C) Cl 0 Cl Cl C C) -

C CC AC - 4-’ I— -.- CO C’)
CC C) 0 Cc ‘— C-C-- C CC -I--C O~ CC 4--I -C) ~~- I -CC- A, A)- Cc C AC CC -c c, -—- 4-C Cl -.-

A) C) AC 4-’ >- AC C) C -CC 0 7 A) V .-  Cc - I,) CC
C) C .- A) -CC -~~- 0) -C- C — CC 0 C- AC -.- ~C A) -.- - -  C) AC C CCC - -  CC) ~~ ICC

4 
Cc 0 ‘CC A)- AC C 0)0’ AC - - - A)~ C --- C 0. CI) CC CCC CCC — 0 0. AC C 0~C E 0. 0 ~ 0~ C/C 4’ 4~1 A)~ C- 0- 0. C— C) C) 0. 0 CC C)

C C) C — 0- 0 C- 0. — A) ~~ C) CC C C) •-~ C CC-CC CCC) C) CC - CC C) C’
I—’ (C C( C-() Cc C) C C) Cc C) - )— 5 CC) C) C 4 C  C) C) C’ . 0(C) C) 4_ C (C C) C) - -

CC CC) CC U) 4-C C- CCCI 
~ )) C) 4-C C- ~~ C.) C) C.) CD DC C ~~ ~C) 7 CD C C) C) •.— (‘SC N- A) - A)

- I.-. C Cc 0) C-/I C.) 0-C C CD A) C) -~~ C- (CCC CX) -.- S N- (‘4 C) -.- C-~ N- V — A) —
CI E C C-) C- 4-1 0 U C- C_C CI 0~ CD C- C) CI C- C U) II II .—

• LU C- C) CC C-CC -.— C-C ~~ II II ‘i C N C- CC_C CI IC U C- IC II C~ II CI 0 C IC 0 Cc
(— C-_i .CC 4--C CCC ~~ I -C- C) C— C Cr I— CC C CC 7 _C (4- C) C)) 0. C 

~~ CD ~~

F 7 - C) C (C) 0 0) 7 C— C- U) U) 0 0) C’ U) - C-Cl C-C) U) 0_i C C - U )  C-_C - U) C-C-C ~~I C (A) C-
C) C) > C ~~ - - C Cc 0’ _J -.- C) 4’ C - - -’- -.- — C-
—. ~~ LU C_ C) C C) C-_i - Ca) Ca’. V C- ‘ CCC C- i) Cr CC 4-’ C CC II C CC Cc
C-- Cl 00 ’  C >- C) C 0 C 0) N-) 0. CD ‘C~ C.
— It) ~~ - -  C ~) CC) - - C) C!) CC r CC) CC) C 0’ CC) CCC — 4_C CC) CC) CC- I— r- I-’) C C

~~~~~~ C) CC C I 0. C- C- A) A) 0~ Q~ C- C- o CX ID C 0 0. 0. C- U 0. C C) 0. 0_ ~~ U) (C-C 0 ~ A)

C C) U) I/C C- 4- CC A) I C- + C CC A) Cl U) r -4- C CA)— + C ix C/C + C -~. 4- C 4—I C CC
7 ‘C C C 0 C C. C S
C) Cr —C I—) C) A) A)
C) CX CC Cr C ) C-/) E :-._

0 - .— - U ))  - - I I C( CC C— 4— - —‘ AC C— - C— ix - CC CC) — —

4 C/C - i .-CC Cl - - — CCCCC 0
~ — .--. 3

!

~~~ 

- C C — NJ ’--’
Cr CCC C)

— -
.32-

-
CC -.

LL~~ ~~~~~~ 
- -  

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
~~~~~~~~~C, ~~~~~~~~~~



C 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - C~CCCC-C~~~~~~~~~~~~_

*1

C/C C’)
-o

p 4-

J 

_
_ _  _ __ _

- U)
C Q

-

~~ 
_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

2

---- --~---j~--— / -- —
4
( L s d )  ‘ ssa. -A 1S ~~aqs

1~

-

~~~~~~~~~~~~~~ -33-

/-  
C

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ \L C~~~~~~~~~~~~ .



- 

I 
- ‘

~
. - “-

~~ ~~~~~~~~~~~~~~~~~~~~ 
-
~~~~

--- ——-.—

200

- ‘  ~~ 160 ~~A
Sc,’

c)’C 140 ~~~~~
CC 

-

120 179 psi
100 CC

80

60 -

— —  40
— —--

~~~~~~-

Propellant 1Burn
Sur face

4 CP 

Shear Stress Distribution
at 10.68 Seconds

(Based on +3 sigma aged
propellant properties)

FIGURE 11. PREDICTED SHEAR STRESS DISTRIBUTION 

C

AT THE AFT DOME 
—

-34-

—

________________________ 
__ 

____ 
CC ~~~~



1 C~~~ CC ~~~~~~~~~~~~~~~~~~~~~ — ~~_C 
~~~~~~~~~~~ ~~~~~~ C C — _ _ _~

_ -~CC~ C-CC

Dynam i c
Resonant Ampl i tude Max. Calculated Dy~~mic StressesFrequencyj1j~j Factor - Di rect Stress Shear Stress

C

C 

38 6.2 6.34 psi/q 5.12 psi/g

(Propellant (At propellant node
- 

- I Axial Shear at forward region
Mode) of motor near bore

centerl i ne)

The maximum propellant dynamic stresses calculated in the long itudinal
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 excel l ent
correlations made in some full spectrum dynamic surveys on Minutema n Wing VI
motors. The second stage motor 52-TEl-i gave the correlations shown below
and i,i Figure 12. The calculated and measured results compare quite well.

- 1 Resonant Frequency (II i) Amplifica tion Factor
of 1st Axial Propellant of Propellant

¶ Calculated Measured Calculated Measured~ Shear Mode 
____ 

Mode 1022

49 42 4.9 4.6

Comparison between resul ts from the preliminary dynamic analys is of
the Stage II motor and tests of Motor 52—TEl-i (19) also showed good agree-
ment. For example , a value of 39 Hz was predicted by the analysis for the
first axial shear mode of the propellant , while 35 Hz was observed.

The past experience in the instrumentation of motors for dynamic
• I testing was fully utilized in this case. The same instrumentation plan

- 
that had been full y satisfactory in previous motor tests was used here.
This approach had the advantage of allowing direct comparisons wi th past

• motor test results to eval uate possibl e measurement anomalies .

E. ZONES FOR GAGE PLACEMENTS CC

For simplicity in defining the probl em, the motor was divided
3 - into zones. These are shown in Figure 13 , while the requirements , expected

- range, and purpose -~f the instrumentation that was used in each of these
zones is specif ied i1-’ 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 wi th 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 to be useful
in detecting aft end bond failures .

- Zone 0 was considered to be a critical- - ~~~~~~ to the forwardboot release point. Gages in this area were considered mandif~ry for failuredetection. The stresses at this location have large gradients , but judicious
spacing of gages were expected to provide valuabl e 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 amenabl e
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 .

C. 

Zone F was considered to be critical for both bond stress magni—
1 tudes and failure initiation. Both shear and norma l stress gages were used in

this area wi th 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

—CC’.- 

had been based on approximate two dimensional models.

The large axisymetric region of 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

4- loading. Hoop strains over this entire area were directly obtainable from
a diametral measurements and the results were expected to be valuabl e in

evaluating analytical predictions based on axisymetric geometry.

2. Dynamic Loadings

The results of steady-state dynamic analyses performed on the
Mi nuteman III , Stage III motor indicated that the maximum dynamic stress

C 
produced in the propellant occurs under steady-state vibration conditions
corresponding to the l ongitudinal shear mode of the grain. The location
of the maximum dynamic stress Is at the propellant-liner Interface. The
maximum dynamic displacements of the propell ant 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-scal e
motor considered the results of the available dynamic analysis and the
dynamic response anticipated in the full-scale motor t.~st program Since
the dynamic loading conditions are much less severe than the static condition ,
preference was given to providinq optimum gage location for the evaluations
of the anticipated static loads. Special instrumentation for the dynamic
full-scale motor tests were limi ted to the addition of accelerometers to C

the center bore and externally to the motor case and handlin g fixtures .

-41-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
I



____ 
- - -

~ T)I~~~ PAI~~ &AIYCfl(~N(Y1 FIL. —

SECTION 5

FORMULATING A MOTOR INSTRUMENTATION PLAN

Having established the general instrumentation needs the next step
was to identify the specific gages, their locations in the motor , and the
associated wiring and hardware. The following section describes the instru-

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

A . GROUND RULES FOR GAGE SELECTION AND PLACEMENT

The specific cri teria followed in making these selections were :

(1) The prima ry objective is to evaluate the actual stress/strain
distri butions.

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

(3)  Only limi ted gage redundancy may be used in the motor l ayout
C 

(in addition to that built into the gages themselves).
0

(4) No structural failure of any kind is expected in the grain
C. 

prior to the final pressuri zation tests.

(5) The majority of the gages used in meeting these ground rules
are expected to break prior to qrain failure . This necessitates the use
of some special gages for the failure observations .

(6) Most of the transducers shall be of the type that have been
previously developed , calibrated , evaluated and found to give reliable ,
meaningful measurements.

(7)  The gages will be calibrated using the simplest methods avail-
able , consistent with established requirements for meaningful measurements

C 

in the propellant grain.

4 B. TRANSDUCER DESIGNS AT PROGRAM INCEPTION

An excellent suninary 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.

.~~~~ 2
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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 withi n this
disturbed stress/strain field that the stress transducers must function.
The techniques required to handl e this gage-grain interaction are dis-
cussed in Reference 20, where Leeming has made the following overall
assessment of the problem :

“The key factor in any successful measuring device is that
it should measure what is required wi thout modifying the
system it is measuring, i.e., maximum information content
wi th 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
infl uences 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
enabl es improved transducer performance to be obtained .”

“The compl ete gage-grain interaction problem consists of two
separate parts ; the infl uence 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

- .4 case. Thus, any force applied to the steel pl ug 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
to an extremely low value (dependent upon the required gage sensitivity).
Transducers of this type can be made wi th 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 minimi ze the grain-gage inter-
action ; i.e. they are as small as possible consistent wi th 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 (l).

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 450 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, cal ibration, and
thermal compensation of the shear gages are given in Reference 16.

5. Selection of Stainless Steel 1..eadwires

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. Al so,
in the planning period there was a strong possibility that the leadwi res
might have to be layed-up along the insulation-to-propellant interface
where the environment could be quite corrosive to the copper wi res. (As
i t  turned out, this approach was not followed).

4 ~ These concerns for possible leadwire corrosion and low strength
were expressed to the gage supplier , who reconinended a stainless steel , 33
gage stranded wire wi th 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 wi th the soldering of these wires are discussed in Section 10.
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1. 
‘ 6. 3D Stress Gage

An experimental gage to measure three dimens ional stress
I 

- 

components under development at HL&A (11) was used in the motor. A
schematic of the device is shown in Figure 17 and the wiring diagram

I - in Figure 18. Six stress sensing elements oriented in the directions
I shown were mounted near the center of a 1-1/2 inch cube of inert

propellant. When calibrated by the application of three orthogonal
I normal stresses and three planes of shear stress it is possible to

J 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 dumy gage element to provide
thermal compensation.

7. Clip Strain Gages

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 ,
Inc. (their Model J1C). The specific design is given in Figure 19.
Basically, it consists of a full bridge (four semiconductor gages) mounted
onto the flexure portion of a clip gage. It was designed with an operating
range of pl us and minus .200 inch.

8. Bondline Failure Event Gages

These gages were developed at ASPC to measure the passage of
a bondline separation in the motor. They were fabricated from conductive

( elastomers which exhibit a marked rise in electrical resistance as the
tear front approaches and passes through the gage (see Reference 16 for

I a more complete description of this gage).

Two types of failure event gages were developed for use on thisr program. The first failure event gage was made of a CTPB binder filled with j
conductive silver and was made in the design given in Figure 20. The gage,

- 
- which is 1/4 in. x 1 in., was (.ut from pre-molded .030-inch thick sheet and

wire terminations were bonded to the gage wi th a similar material . The
failure gage strips were then bent into a configuration resembling an
i nverted “Tee” or trouser leg, such that when placed perpendicular to the
direction of separation growth, the leg portion of the inverted tee (embedded ; -
in the propel lant) would tear.

U -:
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The second type of failure event gage tested was the Technit
Products model made wi th a coninercial conductive elastomer (Consil G).
Its configuration is shown in Figure 21.

Later work by Thiokol Chemical Company improved the method
for bonding the leadwires to these gages (21).

9. Circumference Gages

These are conventional strain gages manufactured by Baldwin-
Lima Hami lton. The gages are 120 inches long and measured the total cir-
cumferential displacement, from which the average strain is calculated .

10. Deflection Reeds

These were thin bending beams wi th strain gages mounted so
that deflections of the flexible case could be electrically monitored .
Eighteen of these gages were used to sense cri tical displacements of
the dome and metal bosses. Like the circumference gages, these reeds
were conventional gages designed and fabricated at ASPC.

11. Assor ted Sensors 
CC

t In addition to the transducers described above, a number of
coninercially available sensors were also employed. These included thermo-
couples , acce lero meters , pressure trans ducers , strain gages, and l inear
variabl e differential transformers (LVDT’s).

12. Trans ducer Accurac ies and Prec i s ions

A statement of the accuracies of absolute values and of the
precisions that can be expected of the several transducers used for
this program are shown in Table 5. It must be emphasized that the
stated accuracies are for the transducer in service in , or on, propellant
and that they reflect the uncertainty associated with the reduced data

4 output compared to the magnitude of the sensed quantity in the complete
absence of the gage. These data have been obtained in measurements made
over a broad range of temperatures and the accuracies were expected to be
significantly better on the Flexible Grain-Case Program where a temperature

— 

range of only 60 to 110°F was planned.
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TABLE 5

‘C ESTIMATED* ACCURACIES AND PRECISION OF SINGLE READINGS

Accuracy
Transducer (Error) Precision

Normal Stress
150 psi + lO% of rdg } Larger + 1 psi

450 psi -F 10% of rdg + ? Sio r + 4 p s i

~ 

Shear Cubes + 30% of rdg + -

~ ~~~~o r + 5 p s i  — 
p

Strain Clips -I- 10% of rdg or + ~ 0001 in in
+ 0.005 in./in . —

3-0 Gage Unknown Unknown

LVDTs (I” Full Ext) + 0.0005 in. ± 
0.0001 in.

Accel erometers + 5% + 0.2 g

Thermocouples + 2 F + 0.2 F

Circumference -f 0.001 in. + 0.0005 in.
Gages (2 in.)

I Strain Gages + 0.0001 in ./in . + 0.00001 in./i n.
(1 in. on Case)

4 Deflection Reeds Unknown Unknown

H 
_ _ _ _ _ _ _ _ _ _

* These estimates are purposely large and are based on personal
experience with these transducers . - 

-

- 

- 
-

L 
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C. SELECTED INSTRUMENTATION PLAN

The previous considerations led to the following plans for selecting
the transducers and placing them in the two Third Stage motors. The plan
for Motor No. 2 was the same as that for Motor No. 1 , except for the addi-
tion of five stress transducers and five thermocouples .

The instrumentation plans given here involve only the internally

J 

mounted gages. The case deflection gages used in the hydrotest and the
accelerometers used in the vibration testing are described along with
the testing efforts.

-
~~ 1. Motor No. 1

The gage l ayout for this full-scale motor is given in Figures
22 through 26 while Table 6 contains a sumary of the number and types
of transducers and the code designation of each instrument or transducer ,
its relative location in the motor, type of information required during
testing , and the expected range.

Figure 22 is a view looking from the aft end and shows an
-~ array which includes four 450-psi F.S. normal stress sensors, eight shear

stress transducers , and 16 failure event gages . Figures 23 through 26
C. indicate some of the locations in the radial planes . These aft end gage

I l ocations were positioned primaril y to detect and define an unzipping
failure at the bondline that was expected to occur during pressurizat ion.
Further , the shear cubes and the normal stress transducers were to collect
data during all tests for comparison with the calculated values at these
critical locations.

A boot releases the forward end of the grain back to the point
labeled forward equator. Just aft of this point , the root of the relief
boot , indications of cohesive propellant failures have been found . As
discussed previously, the calculated stresses and stress gradients in this
region are severe for most loading conditions. To measure the corresponding

4 values in the motor , as well as the normal stresses , and to detect the time
and extent of any failures,one 150 psi FS normal gage, one shear cube , the
3-D gage and four failure gages were positioned just aft of this release.

.~~ The 3-0 gage was positioned here to assess a 3—D stress field in which

interior face only because it provided a convenient way to suspend it -Four
inches away from the case into the web during casting. The locations of

- ,~ significant shears are present. The lone thermocouple was mounted on its

fai lure qc iy es  p id( .ed l f l  1t~ ruv-wu, -d doirie region are indicated in Figure 27.

i- i
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TABLE 6

INSTRUMENTATION REQUIREMENTS

-í 1 —
Information

J I~
p
~ Location _ Reguired Expected Range

Shear Gages (l4j

No. Si Aft Head 1800 Bond Shear 0 to 500 psi ,
S2 Aft Head 180° Bond Shear pressure tests ,

C S3 Aft Head 180° Bond Shear and 0 to 10 psi ,

- 

S4 Aft Head 180° Bond Shear all other tests
~~~ S5 Aft Head 00 Bond Shear

S6 Aft Head 0° Bond Shear
S7 Aft Head 0° Bond Shear
S8 Aft Head 00 Bond Shear
S9 Barrel 1800 Bond Shear

SlO Barrel 90° Bond Shear
Sil Barrel 0° Bond Shear

-
~ Sl2 Barrel 0° Bond Shear
C. S13 Barrel 270° Bond Shear

S14 Barrel 270° Bond Shear

Normal Gages (1lj

Ni (450 psi) Aft Head 900 Bond Tension 0 to 500 ps i ,
N2 (450 p s i )  Aft Head 90° Bond Tension pressure tests , h
N3 (450 psi) Aft Head 270° Bond Tension 

10 psi ,

N4 (450 psi) Aft Head 2700 Bond Tension a o er es S 
- (

N5 (150 psi) Barrel 180° Bond Tension
N6 (150 psi) Barrel 180° Bond Tension
N7 (150 psi) Barrel 180° Bond Tension
N8 (150 psi) Barrel 900 Bond Tension -~~~

•1 N9 (150 psi) Barrel 0° Bond Tension t
— NlO (150 psi) Barrel 00 Bond Tens i on

F CC Nil (150 psi) Barrel 0° Bond Tension
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TABLE 6

INSTRUMENTAT ION REQU IREMENTS (CONT.)

Information
Location Required Expected Range

Three-D Gages (2j

Dl Aft Head 0° Bond Shear 0 to 500 psi ,
and Bond pressure tests,

02 Barrel 180° Tension and 0 to 10 psi ,
all other tests

Failure Gages (20)

Fl Aft Head 135° Bond Separation Discontinuity of
F2 Aft Head 135° Bond Separation circuit
F3 Aft Head 135° Bond Separation
F4 Aft Head 135° Bond Separation

F5 Aft Head 45° Bond Separation
F6 Aft Head 45° Bond Separation
F7 Aft Head 45° Bond Separation
F8 Aft Head 45° Bond Separation

F9 Aft Head 315° Bond Separation

I FlO Aft Head 315° Bond Separation
F11 A-Ft Head 315° Bond Separation
Fl2 Aft Head 315° Bond Separation

F13 Aft Head 225° Bond Separation
F14 Aft Head 225° Bond Separation
F15 Aft Head 225° Bond Separation
Fl6 Aft Head 225° Bond Separation

F17 Forward Head 235° Bond Separation

F18 Forward Head 115° Bond Separation

F19 Forward Head 55° Bond Separation

4 F20 - Forward Head 295° Bond Separation

LVDT (8) 
-

LVDT 1 Bore 0-180° Bore Deflections 0 to 25%, pressure
LVDT 2 Bore 0-180° Bore Deflections tests, and 0 to 10%,
LVDT 3 Bore 0-180° Bore Deflections all other tests
LVDT 4 Bore 0-180° Bore Deflections

LVDT 5 Bore 90—270° Bore Deflections
LVDT 6 • Bore 90-270° Bore Deflections
LVDT 7 -

t Bore 90-270° Bore Deflections
LVDT 8 Bore 90-270° Bore Deflections
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TABLE 6
* INSTRUMENTATION REQUIREMENTS (CONT.)

Informat ion
Location Required E~~ected Range

Clip Gages (3)

Cl Aft Fin 180° Local Deflections 0 to 2O’~
C? Aft Fin 115° in Fins

C3 Aft Fin 0°

Thermoco~p]es k23J

Ti Aft Head 180° (Ext.) Loca l Grain 60 + 5°F to
T2, T3 Aft Head 180° 110 ~ 5°F

14 Aft Head 27 0°

T5 , 16 Aft  Head 0°
17 Aft Head 0° (Ext.)

- 
- 

T8 Aft Head 90°
T9, TiO , Ti] Barrel 180°
112, Tl3 , 114, 115 Bore Surfaces
Tl6 Barrel 90° I

Tl7 , T18 Barrel 0°
119 , 120 Barrel 270°
121 , 122, T23 Aft Fin 175°,

- 115° , 355°

Hut
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* Al ] other bond line gages were placed near the center of the
motor where the gradients are small and the most ideal for correlations
between measurements and analyses . The geometry is such as to provide
a near-plane strain (generalized) condition with a circular ported cross-
section. The case deformations during axiall y symetric l oading could be
obtained here (and at the forward and aft equators) using the circumference
gages. Nearby thermocouples provided the temperature at the case wall and
within the web.

The inner- bore placement of the LVDTs was the minimum number
that could be used to assess the bore hoop strain distribution.

Table 7 suu~uarizes the instrumentation plan for Moto r No. 1.
Of particular interest is the number of channels of data (138) required
for this testing.

2. Motor No. 2

The instrumentation plan for this motor was the same as that
for Motor No. 1 except for the addition of five stress gages to the aft
dome ; Figure 28. There was one 3-D , two normal , and two shear stress
transducers . The 3-0 s tress gage was an ex perime ntal model , so it was

) planned to use it in a location where the bond stresses had only a small
gradient.

The four normal and shear stress gages were added to the
motor to measure stresses at the location considered to be critical in
motor fir ings. Figure 29 illustrates the shapes of the burning surface
at discrete times after ignit ion. The critical point occurs between 10.68
and 11.36 seconds . Thus , a gage pl ace d at the bondli ne between pos iti ons
3 and 4 of Figure 29 would permit direct measurements of l ocal stress or
failure events at a point very close to that where the failure is likely
to initiate.

0. INSTALLATION TECHNIQUES

The methods for preparing the gages and mounting them on the r c t - r

4- are descr i bed below. Because of the special procedures involved , all ~
them were assessed and improved upon prior to their use in full-scale
motors.
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TABLE 7

SUMMARY OF TRANSDUCERS IN MOTOR NO. 1

NO C Of
Transducers No. of No. of
per Motor Channels Leads

J Strain Clips (Width of Fin) 3 3 12
U

- Norma l Stress

150 psi F.S. 7 14 42

450 psi F.S. 4 8 24

Shear Gage 14 14 42

Three-D Gage 1 7 18

Failure Event Gages 20 20 40

Thermocouples 23 23 46

I Accelerometers (3 Way)

I Crystal 9 23 54

Circumference Gage 3 3 12

Deflection Reed 18 18 72

— Pressure Transducer 2 2 8

r LVDTs 8 8 32

4 Case Strain Gages 2 2 2
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1. Norma l Stress G~~Je Pre-Potting

The proposal Ii1anv~~~ ~i1orts for this program led to the new
concept of gage pre-pottinq . Previously the norma l stress gages were mounted
or~ the case wall , then they were pot LId in a cup of propellant as shown in
Fi gure 30. After propellant cure , the gages were calibrated throug h
internal pressurization of the motor case. Tempe rature compensation of
the gages was performed prior to delivery by the vendor (Konigsberg Instru-
ments , Inc.).

The new potting concept resulted from the intention to embed the
gages within the insulation for thern~ 1 protection during mo tor firing . Since

J 
the insulation is inert it was possible to pre—pot the gages before calibration
and temperature compensation by the vendor.

As noted previously, the embedded gage modifies the local
grain stresses and the embedding propellant (or insulation) modifies
the performance of the gage diaphragm. The ‘zone of infl uence 1 , wh i ch
i s that por ti on of the mater ial surround i ng the gage which contributes
to the modi fication of i ts performance , i s a strong function of its
diameter (1 , 3, 4), wh ich is only 0.10 in. ~,Figure 15). A major portion
of the zone of influence occurs within two radii of the edge of the
diaphragm or , in this case, a reg ion w it h a tota l diameter of about
0.30 in. Thus , mu ch of the zone of influence for the diaphragm falls
wi thin the diame ter of the base of the gage , 0.310 in. diameter.

-CC

The finally selected prepotting desi gn , Fi gure 31 , considerably

\ 

exceeds the gage base with an overall diameter of 0.75 in. and a height of
0.375 in .  This en la rg ed prepott ing region also takes into account the dis-
continuity effects arisinq at the edge of the metal disc. These produce
their own interaction stress effects which do not affect the gaqe performance.

The potting material was a trowelable insu lat on (ASPC formulation
No. IBT- 115), which has relaxation modu li similar to those of the ANB-3066
propellant .

2. Throu gh-the-Case Wiring

4 One of the most practical accomplishment~ of th is program was thes uccess ful ins tallation of gages wi th their lea dwires projectin g directl y
through the case. A typical installation is g iven in Figure 32.
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C Prior experience on the Polaris ~4-3 program (22) had demon-
strated the practicality of thi ’-, concept on full-scale motors . Hole sizes
from 0.090 to 0.249 in. were employed in that program and the largest holes
reduced case strength only lO’~. The maximum hole size planned for the
Flexible Case-Grain Interaction program was only 0.060 in. so negligible
effects on case strength were expected.

p

The possibility of local case degradation leading to fissuring
of the insulation and gas leaking was a real problem area still requiring
evaluation . This assessment was accomplished during the STV testing (16)
which showed that the soft IBT- 1l5 adhesive made an excellent flexible seal
for pressures up to 1800 ps i g; with case holes of 0.060 in. (Actually, the
end plate unbonded from the STV chamber before failure of the case wall could
take place).

3. Motor Installation Procedures

The basic problem here was to devise a practical method for
— drilling holes in the motor case then mill the inside rubber insulation

to receive the pre-potted gages. The procedures were developed in the
STV—l tests (16) . wh ich simulated as closely as possible the operations
planned for the full-scale motors .

The basic tool for this drilling was a modified 3/4 in. diameter
end m i l l  with a pi lot guid e welde d to its center , Figure 33. The tool is
driven by a high speed air drill , with the pilot guide inserted into a
0.060 in . diameter hole , previously drilled through the case. The guide
automatically centers the cutting edge of the end mill making a 3/4in.
diameter recess in the insulation (this accommodates the seating of the
normal and shear stress gages). An excluded length was designed into the
tool to provide a positive “stop ” . This stop prevented the end mill from
cutting into the case wall (just one cut of this kind coul d make the case

— 
unacceptabl e for pressurization testing). 
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SECTION 6
*

STV FABRICATION AND TEST

Structural test vehicle eva l uations were conducted early in the
program to veri fy that several types of embedded stress transducers
and their installation methods could be successfully used without
affecting the integrity of the grain or fi l ament-wound glass chamber
of the Minuteman III , Third Stage motor. The results of these tests,
along with the impact on those results of the gage and system errors - 

-

discovered later in the program , are discussed in detail in Special
Technical Report AFRPL-TR-75-7 issued in October 1975. For the pur-
poses of continuity and completeness the tests conducted and the
significant findings are summarized in this section .

-
- - I A. PROBLEMS REQUIRING STV EVALUATIONS

The required instrumentation in the full-scale motor led to a
- 

- 

- 
number of problems ; particularly, at the propellant—insulation bondl i ne.
Here, a large number of gages (about 56) with a much larger number of C

l eadwi res (about 185 wires) were required to gain the desired data .
These leadwi res could have been bonded to the insulation surface and j
brought out through fore and aft bosses. But , that approach probably
would have affected the bondline integrity of the grain; especially,
where a larger number of the wires would come together. The problem
was solved by bringing the leadwires out through the case wall. Such
an approach had been demonstrated on other motors, but its acceptability

~ to the Minuteman motor required further evaluation . That became one of
the tasks requiring STy testing (see STV No. 1 , below).

In addition , a number of technical problems had been solved on
paper or in the laboratory. But , before they could be appl i ed in the
full-scale motor, these solutions had to be demonstrated and evaluated
under motor use conditions. The structural test vehicles provided the
testing medium for these evaluations and demonstrations.

I
The ori gina l plan was to use only four STy’s, but a fifth was

added to complete some testing requirements overlooked in the earlier
STy testing. The five STV’s, and the problems they were designed to
address are described below , along wi th a brief sumary of significant

C 
test results .

B. STV TESTS

1. STV No. 1 - Bonding and Case Failure Tests

Task Statement:

Conduct bonding and case failure tests wi th normal
stress gages and thermocouples to define the best
technique for through—the-case wall installation .

-
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This task involved two separate evaluations . First, there
was the probl em of drilling holes through the fiberglass case; as mentioned
above .

Second, the flexibility of the case produces probl ems of dif-
- 

ferent ial  deformations wi th respect to the rigid metal , norma l stress gages.
The solution to this problem involved the use of an elastomeric adhesive ,
whose adequacy had to be verified in an STy.

This STV gave experience in the use of the new installation
techniques . Several useful procedures and special tooling were developed
as a resul t of these studies.

The planned gage installations required that 0.060-in, diameter
holes be drilled through the mQtor case. Prior experience on the Polaris
A-3 program had demonstrated tP~at a typical fiberglass case was not signifi-
cantly weakened by small holcs of this size. The tests on STy-i provided

- ~.; the added demonstration that th~ holes would not cause case degradationleading to fissuri ng of the sur~’ounding insulation with gas leaking through
the holes in the fiberglass cask.

C) 
2. STV No. 2 - EvaluatIon of Gage Potting and Calibration Methods

Task Statement:

Pre-pot and calibrate normal stress gages and shear
1 gages, then tes~t under hydrostatic and differentialpressures while~ measuring viscoelastic responses ofthe propellant.~ Al so , compare the performances of

gages using the pre-potting procedure wi th those
post-potted in propellant (the conventional method).

This task involved protecting the instrumented case during
motor firing. Wherever gage leadwires were brought through the case

C 
wall there existed the possibility of case burn-through. To protect
aga ins t  this contingency, all of the gages were to be embedded within

4 
rubber insulation material. This was accomplished partly by potting

- the gages and partly by embedding the gages within the V-45 insulati on
l ayer.

small diameter (0.1 in. diaphra gm) normal stress gage. This gage was
4. required for making measurements in high stress gradient areas. Previous

~~ This task also required a performance eval uation of a new

to this program the normal stress gages used 0.25 in. diaphragms .
I.

within an inert insulation material (IBT-l15) was devised for the ful l
scale motor program. The tests on this STV showed that :

L

A novel technique of “pre-potting” the normal stress gages

i~~
I
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(1) Pre-potting of these transducers may be satisfactory
for preliminary calibrations and compensation purposes. Nevertheless ,
final calibrations and compensations should be made after the gage is
mounted in place.

(2) To minimize material property differences the potting
or prepotting material should be the live propellant or an i nert version
of it.

(3) Over the limited temperature range of 300 to 110°F the
j IBT-1l5 pre-potted gages and the propellant post-potted gages gave

essentially the same “measured” stress data , within expected errors.

(4) Both types of gage potti ng are sensitive to improper
preparation errors, such as voids occurring within the potting near the
gage diaphragm. Careful procedures plus X-ray examinations of all
potting procedures should be instituted .

The shear gage performances under differential (shear) tests
within the STV were very similar to those observed during the calibration
wi thin the shear test fixture . However, apparent gage calibration factors
were approximately 14% higher in the STV than those determined in the shear
fixture, assuming a unifo rm shear stress along the length of the STy.
This effect was attributed partly to voids or microvo ids within the grain
that produced a more compressible propellant than expected . This condition
would produce the higher gage outputs (higher apparent gage calibration
factors) which were observed .

3. STV No. 3 - Failure Detection Using Shear and Failure Event Gages

Task Statement:

Veri fy shear gage and failure event gage performances
up to failure of the grain/insulation bond .

Because of the very large bondline areas in the Minutema n III
motor, it was essential that as many of the gages as possible would be able
to detect local failures. This required the use of a new rugged version

- 4- of the shear cube (developed by Harold Leemi ng , Ph.D., and Associates).
All previous designs were far too fragile for thi s treatment.

To give an additional failure detection capability at a low
price, ASPC designed an elastomeric, failure event gage. This gage is a

4 simple device designed to detect passage of a crack or bondl ine separation.
- - The gage was made of a conductive rubber , failure of the gage being determined

by the loss of electrical conductivity .
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The 77°F test series performed on STV No. 3 was designed to
evaluate the performances of the shear and elastomeric failure gages
under realistic combinations of pressure and shear loads up to failure
of the propellant -liner-insulation bond . A premature failure of the
bond at a shear stress of 32 psi , without a superimposed hydrostati c
pressure , led to a decision to make an additional STV (No. 5) to repeat
the comp le te se quence of fa i lure tes ts .

J The STV No. 3 test data showed that the new ruggedized shear
gages operated satisfactorily up to bond failure . But , the earliest
types of elasto meric shear gages proved to be too delicate . Later
experience indicated that eight of ten of these gages would break
during grain casting. On the other hand , two of the failure event
gages debonded rather than h r ?t k during the differential pressure
tests . Clearl y, more development work was required before re—evaluating
the event gages in STV No. 5.

4. STV No. 4 - Investigation of Stress-Free Temperature Change

Task Statement:

Stress-free temperature monitoring during motor
storage and test at 80°F.

The behavior of the solid propellant itself is known to cause
a number of analytical difficulties. One of these difficulties ,changes
in the stress-free temperature , is especia lly important to the use of
stress gages in soli d propellant grains. STV tests of this parameter
were intended only to i l lustrate the problem for ANB-3 066 propellant.

This background could be of value in any later evaluations of
future test data from a second full-scale motor prepared on this program .
That motor is expected to show significant changes in its stress—free
temperature . - -

This STV was similar in design to the other STy’ s and contained

4-
two normal stress gages and two shear gages. One purpose of this STV was
to determ i ne changes in the stress-free reference temperature which would
occur in ANB-3066 propellant during long term s tora ge at 77°F. The normal
stress data for STV No. 4 decayed from approximately 5 psi at the start of
storage at 77°F to 0 psi then , seemingly. became compressive after 33 to
46 weeks . This behavior is attributed to changes in both the stress-free
temperature of the propellant grain and the zero-stress calibration of the
norma l stress gages. The relative contributions of these two effects could
not be estima ted from the ava i la b le data .

-

1-
k
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Another test performed on STV No. 4 was a week-long differential
pressure test to ascertain whether plastic deformation was obtained with
the propellant. Monitoring of the grain displacements after removal of
the pressure showed that a small creep of approximately 0.020-i1,. remai ned
30 days after the end of the test. This small plastic deformation is probably
insi gnificant.

5. STV No. 5 - Re-test of STV No. 3

~~
J 

Task Sta tement:

Calibrate normal stress and shear gages using hydro-
static and differential pressure tests. Conduct
failure detection tests using shear and failure
event gages.

Th i s STV was designed to evaluate the performances of the shear
gages and bondline failure event gages under realistic combinations of hydro-
static and differential pressure (shear) stresses. The shear stress data
from the STV gave similar gage sensitivities to those measured in the cali-
bration shear fixture . However, precise agreement was not achieved. Observed

) defects in the gage installation techniques , excessive liner material sur-
rounding the gages, and significant voids close to th2 gages , plus an esti-
ma ted 5 vol . % level of casting voids in the grain , are considered to be
factors which contribute to the apparent changes in the gage sensitivities.

A significant aspect of the STV No. 5 data was the verification
that shear stress gages which exhibit a large sensitivity to hydrostatic
pressure will produce spurious outputs under combined shear and pressure
loads . Three of the shear gages showed an excessive response under hydro-
Static pressure. One of these gages had been tested under combined hydro-
static pressure and shear during its calibration and had been rejected for
use in a full—scale motor because of excessive response to hydrostatic
pressure .

• I The STV failure tests performed with a hydrostatic pressure

4 
component of 600 psi were successfully carried out; failure occurred at
a gage-measured shear stress of 22 psi. All the shear gages gave good
indications of the initiation of grain failure. All four of the failure
event gages also gave clear indications of the initiation of bond failure

C during the test.

The performance of the improved failure event gages in STV No. 5
was very encouraging and suggested that they should be satisfactory in the
full scale motor applications .frI 81- 
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SECTION 7
* 

MOTOR INSTRUMENTAT ION AND FABRICATION

This section is limi ted to descriptions of the activities required
in the selection of a chamber , instrumenting i t , cali bra ting the transducers ,
and casting and curing the grain. The next section (Section 8) summarizes
the testing and gage measurements made on Motor No. 1.

In this work two Mi nuteman III , Stage III motors of the ASPC design
were fabricated using the instrumentation and gage mounting procedures
defined in Section 5. Motor No. 1 was desi gned to be structurally tested
but not fired so the associated hardware (nozzle, igniter , etc.) were used
components taken from a previously fired motor. Motor No. 2 was fabricated
and instrumented to permit measurements in a static firing , then it was
placed in storage to await testing on a future program. The fabrication
and propellant testing followed the procedures normally employed in pro-
duction. Cartons of propellant were taken from each of the batches used .

Some of the key features of these two motor preparation tasks are
C 

considered below in the order in which they occurred .

A. CHAMBER PURCHASES

Two fiberglass chambers of the Minutema n III , Th i rd Stage design
were purchased from the Thiokol Corporation and del i vered in August 1972.
The two “as del i vered” cases were of Aerojet design and acceptable for
the purposes of this program. But they had small boss alignment defects
that put them outs ide of Air Force specifications for delivery to the
fleet.

B. CHAMBER HYDROTESTING

C 
— The first full scale Minuteman III , Third Stage chamber S/N 30113-1

was hydrotested on 25 September 1972, while chamber S/N 30114- ? was hydra-
tes ted the following week on 29 September 1972. The hydrotests of the
full-scale chambers represented the fi rst steps in the motor fabrication

I 

4 and test program. They were performed to give case deflection versus
internal pressure data tha t would serve as boundary conditions for later
structural analyses.

.;
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The hydrotest procedures , suimiarized in Appendix A , cal l for
extensive ins trumentation of the chamber to permit measurement of
stra ins and deflections as a function of several levels of internal
pressure . Locations of the instrumentation are summarized in Appendix A ,
also. Cantilever beam deflection transducers were used for measuring
deflections , while the hoop strains along the barrel were obtained
usin g long length circumferential strain gages. Longitudinal strains
in the barrel were measured by pairs of deflection beams attached to
the aft skirt . The pressure transducers were attached to the aft
closure .

Since these chambers had already been subjected to a proof
pressure of approx imately 720 psi at Thiokol further testing to high
pressures was expected to weaken the chambers and adversel y effect
correlations to structura l ana lysis predictions . Therefore , chamber
hydrotesting was limited to a maximum pressure of 200 psig.

A preliminary pressurization to 50 psig was performed to check
and stabi l ize the instrumentation; after which the pressure was reduced
to zero. Pressure was then applied , increasing in 50 psig  increments to
200 psig, wi th a complete set of measurements made at each pressure incre-

1’ ment. The pressure was then decreased in 50 psig increments to zero psig,
while recording the gage data at each increment and at zero psig.

The results of the hydrotest are given in their entirety in Appendices
B and C. During the hydrotest of Chamber S/N 30114-1 , three mi nor leaks
developed near the middle of the barrel section. These leaks were water
“weeping ” through the case wall. Their specific locations and the observa-
tions noted were :

(1) A t 27 in. and 170° - wa ter bea ds f ormed at 175 psig .

(2) At 26 in. and 175° - wa ter beads formed at 155 psig.

(3) /\t 24 in. and 213’ - water flowed in intermittent streams
beginning at 150 psig, continued unt il pressure fell below 100 psig .

The chamber was accepted for use on the program with the specific stipu lation

4 that it was never to be fired.
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Chamber S/ N 30113-1 showed no weep ing dur ing hydrotest so it was
reserved for use wi th Motor No. 2. which was designed for a possible future
firing test. Thus , Chamber S/N 30114—1 became Motor No. 1 and is so
designated for the remainder of the report.

C. GAGE INSTALLATIONS ON THE CHAMBER SIDEWALL

Motor No. 1 was instruriiented in accordance with the plan given in
Section 5. The instrumenta tion installed in this chamber consisted of
11 normal stress gages , 14 shear gages , 20 fa i lure gages , one 3-D stress
gage and 16 copper-constantan thermocouples. Four junction boxes con-
sisting of cable terminations and bridge comp letions were mounted on the
inside of the forward skirt approximately 90 degrees apart. The balance
of the instrumentation was installed after removal of the casting core
and consisted of eight LVDT ’s, three clip gages , and seven thermocouples .
The total instrumen tation of this motor, including that installed for the
hydrotest measurements , is listed in Tabl e 7.

The instrumenta tion plan used for Motor No. 2 was the same as that
for Motor No. 1 , with the addition of two shear gages , two normal s tress
gages (450 psi) and one 3-0 stress gage.

The sequence of events in the instrumentation of these motors is
- . given below .

1. Motor Layout for Gage Placement

A special alignment tool, Figure 34 , was bolted direct ly
to the f lange in the aft boss to aid in locating the angles and distances
of each transducer location. This tool consisted of a 24 in. arm , marked
out in tenths of an inch throughout its entire length. The arm is pivoted
about the center plate , which in turn is marked off in nearest tenths of

C 
— a degree to 360 degrees. As the proper angle is determined by rotating

the arm , it is locked in place by turning two set screws . The axial
coordinate for each gage is then located and a marker placed on the
chamber , with an accompanying gage identificat ion . The motor was laid

- 
- out in accordance wi th the instrumentation plan given in Section 5.

2. Drilling Through the Case Wall (External)

At each of the marked locations , pilot holes of 0.060 in.
C 

diameter were drilled perpendicularly through the case wall from the
outside .
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3. Drilling Through Case Insulation (Internal)

A special tool (Figure 33 ) was used to drill shallow holes
7/8 In. diameter by up to 1/4 in. deep in the insulation. These holes
were dril led primarily to seat the encapsulated normal stress and shear
gages. The tool was a modified 7/8 in. diameter end mill wi th a pilot
guide welded on its face. It was chucked into a high speed air drill.
The pilot guide was inserted into the 0.060 inch pilot hole, which
automatically centered the modified end mill. A flanged extruded area
was included in the bottom face of the tool to provide a positive stop
which prevented the end mill from hitting the case wall.

4. Cleaning of Case Holes and Insulation Recesses

Compressed air was blown through the holes in the case to clear
out the debris. The recessed holes in the insulation were wiped clean with
trichioroethylene solvent.

5. Transducer Selections

The normal and shear stress gages were selected according to
/ the behaviors exhibited in cal ibration . Those gages exhibiting good

linearity and the highest precision were selected for measurements in
locations where the stress levels were expected to be the largest. Call-
brations of the norma l stress gages were conducted by the supplier at 30°,
80° and 130°F using gas pressure. A vacuum cal ibration was made at ASPC
at a temperature of 77 ± 3°F. All of the shear gage calibrations were per-
formed by HL&A at 30°, 80° and 130°F. The cal ibration data are sumarized
in Appendix D for the gages used in Motor No. 1 and in Appendix E for the
gages used in Motor No. 2.

Logs of the gage serial numbers , their assigned locati ons in
the motors, and their calibrations are given in Appendices D and E.

Two designs of failure event gages were used on this program.
7 The “Trouser-Leg” design is illustrated in Figure 20 while the “Inver ted

U” design is given in Figure 21. The Trouser—Leg design was used in
Motor No. 1 while the Inverted U was employed in Motor No. 2. In each
motor two different materials were used with ten gages of each kind being
installed . Technical Wire Products manufactured their event gages using
a low modulus , low elongation sili cone rubber. ASPC made its gages from
a low modulus epoxy filled wi th silver flake.

~87-
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The failure gages manufactured by Technical Wi re Products
were tested in 2-inch cube propellant samples to check out safety requi re-
ments and performance characteristics. The test data, Tabl e 8, Indicate
that under the worst situation, when the failure gages were open circuited
or sheared off, and then re-touched to cause sparking the power required
to igni te the ANB 3066 propellant was less than three watts In 60 seconds.
Therefore, by using a minimum factor of 50:1, or l imiting the current flow
for maximum power of 0.06 watts by the insertion of current limiting
diodes into each circuit, these gages could be sarely used. As a redun—

J dant safety measure, low current ohm meters were stipulated for all tests
where the failure gages were to be monitored.

6. Installation

The normal stress gages and shear gages were installed inside
the chamber by feeding the gage leads and stems through the pilot holes,
then bonding them in place with an IBT-115 trowelable liner. The air
bubb les and excess bonding materi~il were extruded by manual pressure.The failure gages were installed in a similar manner with the exception
that they were bonded in place with standard AGC liner material. Fiber-
glass insulated copper-constantan thermocouples were employed for all of
the temperature measurements . To eliminate heat conduction the installed
thermocouples were made six inches long inside of the motor and laid down
in a spiral pattern along the insulation surface with the junction ending
up in Its predesignated location.

Due to excessive lengths, the stainless steel leadwi res for
F the gages in the aft head were cut to shorter lengths before attaching

them to a case-mounted terminal strip. This required re-tinning the
leadwires before soldering them to their assigned terminals. No lead-
wires were cut off while making the gage installations in Motor No. 2.
The excess wire was coiled and bonded to the outside of the motor case
using RTV rubber.

7. Routing of External Wiri ng

F All of the leadwires were soldered to terminal strips mounted
on the outside surface of the chamber. From that point, w ires were routed
in four main bundles, at motor angles of 0, 90, 180, and 270 degrees, to
four junction boxes mounted on the inside of the forward skirt. After
gage hookup was complete, continuity checks and pressure checks were

~~ performed to verify proper hookups. All wi res on the surface of the
motor were then coated with RTV rubber sealant to prevent possible
handling damage . The terminal strips were protected wi th teflon tape
and a thick coating of RTV.
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TABLE 8

ELECTRICAL IGNITION TESTS OF ELASTOMERIC

FAILURE EVENT GAGES :1

Narrow Spark Gap Made by Cutting Gages and Causing Sparking:

140 V.A.C. applied - ignition in 1 mi

125 V.D.C. applied - ignition in 20 sec. (50 m.a. current
observed during ignition transient)

60 V.D.C. (50 m.a. sporadic current) - ignition in 1 m m .

Heatjj~q Tests:

• 2.41 V.D.C. at 1.5 amp applied for 5 m m .  - no ignition

6.5 V.D.C. at 50 amp applied for 5 m m .  - no ignition

6 watt soldering iron for 15 m m .  - no ignition

200 watt soldering gun - ignition in 1 m m .
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Photographs of the fully instrumented motor are presented in

Fi gure 35 to 37. They show the potted wiring and external terminal strips,
• Figures 35 and 36, and the four junction boxes under the forward skirt,

Figure 37.

8. Bridge Completion Units and Junction Box Design

The bridge completion circuits for the normal stress and shear
stress gages employed the customary Wheatstone Bridge design. To standardize
bridge completion connections, and to minimi ze wi ring errors and poor solder

• joints, printed circuit boards were designed and fabricated. The printed
circuit designs are shown in Figure 38 .  They were designed to be hori-
zontally mounted with no socket connections which might become dislodged
under some of the more severe loading conditions planned for the motor.

• The electrical system and the bridge completion circuit designs are more

J completely described in Appendix F.

The junction boxes were rectangular aluminum boxes with a
separate moisture seal cover. Terminal strips were mounted to accept
the input leads from the gage and to provide -interconnections wi th the
bridge completion network. All the output leads were fastened to separate
terminal stri ps. Identification of the terminal connections in the four
junction boxes are given in Appendix F.

9. Calibration Check of Gages in Empty Chamber

After completing the instrumentation of the motor It was
necessary to obtain an in-situ cal i bration of the gages and to verify
their performances. This was done at internal pressures 0, 5, 10, and
15 psig. The Motor No. 1 t~ests were performed at 40° and 70°F, while
the tests on Motor No. 2 took place at 30°, 70° and 110°F. The calibration
parameters obtained from these tests are suninarized in Appendixes D and E
with those taken in earlier measurements.

10. Leak Testi ng of Motor No. 2

Since plans called for this motor to be fired it was necessary
to find and repair any detectable leak. To accomplish this the chamber was
pressurized with a mixture of nitrogen and freon gases and a leak check
conducted. All leaks were repaired by potting with IBT-l15 trowelable
insulation.
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FIGURE 35. FULLY INSTRUMENTED MOTOR SHOWING POTTED WIRING AND
- 

TERMINAL STRIPS
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D. DESIGN AND INSTALLATION OF PORTABLE DATA ACQUISITION SYSTEM

1. Design

The data acquisition system for the flexible case static
tests consisted of an HP2O1O series system which utilized a 2401
Integrating Digital Voltmeter as the digitizing element, along wi th
a 29OlA Input Scanner. The 2010 series was characterized by exceptional

• comon mode and superimposed noise rejection, selectable integration
line, and built in programing capability. The Dymec 29Ol A Input
Scanner/Prograniner scans 25 channel s of inputs and programs all functions
of associated systems . It was expanded to 50 channels wi th an auxiliary
system which included two banks of switches. System functions and measure-

I ment delay were programed individually for each channel with a built-in
pinboard . The maximum scanning rate was 12 channels/second.

• The entire system was periodically cal ibrated by PAlO cal i-
bration laboratory and all system simulation tests were wi thin specifi cations .

The analog to digital converter on the 2401 integrating digita l
voltmeter featured a floated and guarded input , while the output was an
average reading with an effective cotmion mode rejection of better than
140 DB at all frequencies including DC. Since they were average readings
and were fully guarded, the system greatly reduced superimposed noise and
comon mode errors . The specifications of the unit are given in Appendix G.

The complete specifications for the components of the DAS also are
shown in Appendix G. Basically, this system scans multiple analog input
signals, converts them to digi tal form and visual displ ay and permanently
records the resul tant measurements . The recording system used was an HP
Model 562A Digital Recorder , a solid state electromechanical device which
provides a printed record of digital data. Its accuracy is identical to
the input device used. The printing rate was five lines/sec. wi th a
column capacity of 11 di gits. The system was rated at a DC accuracy of
.01% of rdg + .005% fs.

• 
~- •. 2. Trailer Installation

A large van-type utility trailer approximately 30 feet long
by 8 feet wide was obtained to house all instrumentation for monitoring
and recording all tests in the various phases of the Flexible Case Program.
All instrumentation was rack-mounted and included the following: Dymec
Scanner and Printer System, nonlinear digital voltmeter , CEC oscillograph,
Brown Multipoint Temperature Recorder, and a path and junction panel for

• • parallel monitoring, Figures 39 and 40.
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After liner appl i cation , but prior to propellant casting,
the j unction boxes were connected to the recorders in the tra i ler
through 165 foot long cables. After completion of hookup and checkout,
the zero stress data prints were recorded on the Dymec Scanner and also
on the redundant digital voltmeter. These data are given in Appendix H
and discussed in Section 8.

• 
• E. MOTOR PROCESSING

1. Grain Casting and Cure

• Following installation of the internal instrumentation the
chamber was shipped to the manufacturing area for motor processing . The

• chamber insulation was abraded by hand while the failure event gages were
- protected by plastic cups. Motor li ning and propellant cas ting and curing

followed standard Minuteman III , Stage III procedures . The cure cycle for
the propellant required 12 days at 110°F under 15 psig pressure . During

• the twelve day cure period, grain stresses were monitored on a daily bas is.
These data are discussed in Section 8.

• Upon completion of the cure cycle, the motor was allowed to
cool to 80°F while the grain stresses were being monitored. They were

• monitored again while the casting mandrel was being wi thdrawn. The test
data are given in Appendix H and they are discussed in Section 8.

• 2. Radiographic Inspection of Cast Grains

After mandrel removal , the motors were completely X-rayed every
15 degrees around the periphery of the motor in accordance wi th standard
specifications (AGC-3488E ) f or  inspection of Minuteman production motors.

• The radiographic inspection report showed no visible defects in either
motor except for the presence of the gages and the thermocouple wi ring.

3. Installation of Inner-Bore Transducersr ~ The final step in the preparation of the motor was the installa-
tion of clip strain gages ~to measure displacements in the fins and LVDT ’s

• • 

- 
to measure grain inner-bot~e radial displacements . The procedures were
centered on bonding the footpads of the gages to the grain surface. The
clip strain gages were held slightly contracted while being located
in the fin area , see Figure 41. The footpads were previously coated with
IBT- 1l5 , which acted as a soft adhesive ; so after the gage was released it

4. held itself in place while the adhesive cured.
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Th€~ LVDT’S had swivel footpads that were mounted in placeusing the IBT-115 adhesive . The transducer was then attached to the
- 

- footpads. A photograph showing this installation is given in Figure 42.

The specific locations of the clip strain gages and LVDT’s
are tabulated in Table 9.

F. AGING

Because of post-cure hardening the stress-free temperature of the
• ANB-3066 propellant is expected to shift greatly toward whatever temperature

is used for motor storage. To minimize that effect in Motor No. 1 it had
-
~~ to be stored at 110°F (the cure temperature) for four months prior to the

testing. Wi th more than one month of earlier handling at 80°F and above,
• the motor was more than five months old at the end of the first storage

period .

Motor No. 2 was stored at 80° + 20°F, the specified temperature
limits for the Minuteman missile.

I ‘I
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TABLE 9

LVDT AND CLIP STRAIN GAGE LOCATIONS

• Plane -

• - 
•

• LVDT No. 1 90-270 One inch into aft bore

2 0-180 One inch into aft bore

3 90-270 One inch into middle bore

• 4 0-180 One inch into middle bore

5 90-270 Two inch from end of middle bore

• 6 0-180 Two inch from end of middle bore

7 90-270 Inside of forward boss

8 0-80 Inside of forward boss
L

Clip
Gage No. 1 Fin No. 1 1.5 in. forward and 1 in. down

2 Fin No. 2 1.5 in. forward and 1 in. down

3 Fin No 3 1 5 -in forward and 1 in down
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SECTION 8

BASIC PROGRAM TESTING OF FULL-SCALE MOTORS

This section briefly highlights the testing performed on the two full-
scale motors and summari zes the test data and ASPC ’s assessment of them.

• Motor No. 1 after gage installation , calibration and motor casting was cooled• to ambient temperature for mandrel withdrawal . The motor was subsequently
F’ placed in a 110°F chamber for four months aging. Periodic readings of the

embedded gages were taken during this time.

• Simultaneously, the program conti nued with manufacture and test of
• the STV ’s and preparations for casting of motor No. 2. Following the cast-

ing, cure and cooldown of Motor No. 2, during which the gages were monitored ,
• attention was transferred back to Motor No. 1 which was scheduled to begin
• the thermal cycling tests.

Although some problems with the gage data were noted during the 110°F
aging of Motor No. 1 , they were not considered very severe. However, analysis
of the thermal cycling test data disclosed serious shifts in gage outputs and
such erratic behavior that HI & A and ASPC requested that the closed envelope
approach be discontinued . AFRPL concurred .

A. TESTS CONDUCTED ON MOTOR NO. 1

As planned, Motor No. 1 was subjected to a sequence of loading
conditions typical of those encountered by an operational motor from
manufacturing through firing. These tests are briefly outlined below.

1. Case Hydrotest

This test was described in Section 7. It was designed to
f define the static deformation characteristics of the cases, whi le

pressurized with water, at incremental pressure levels of 50 psig up
to case acceptance level of approximately 200 psig.

J 2. Curing Stresses and Deformations

4 ~ 
The case deformations and grain stresses were monitored during

1 cure at 110°F with a superimposed pressure of 15 psig.

3. Post-Cure Cooldown and Mandrel Withdrawal

After the 12-day cure cycle at 110°F , the motor was cooled down
to 80°F. Then the casting core was withdrawn and the motor removed from the
casting bell. The grain stresses and case deformations were monitored dur-

~~~ ing the cooling period and duri ng i~iandrel withdrawal . The load to remove the
• core was also monitored in this operation .
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4. Aging of Propellant Grain at 1)0°F

After trimming and radiographic inspection of the grain and
pressure calibration of the gages , the motor was placed in storage at
110°F for a period of four months . The stress /strain gages were monitored
da i ly for one week, then monthly to determine: (1) initial thermal changes ,
and (2) the effects of post-cure hardening on grain stresses.

J 
5. Thermal Cycling

• This testing involved storage for 10 days at each of the
following temperatures: 80°, 600, 110°, 80° and 60°F. The grain
stresses/ strains, case deformations, and temperatures were monitored
at three discrete times in each thermal transient.

6. Handling

• ) The motor was subjected to the conditions typical of motor
- 

handl ing; namely: lifting, tip over and rolling. Case deformations
and the grain stress/strain gages were monitored during each of these

• events.

7. Transportation

Storage-to-transporter and transporter-to-transporter tests
were conducted whi le monitor ing the stress/strain and case deformations .

8. Vibration

The live Minuteman Stage III motor was subjected to a series
of v ib ration 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 to sinusoidal excitation was monitored
in the 10—to-300-cps range. The motor was suspended in a horizontal

• atti tude from an overhead support system duri ng all phases of the vi bra-
tion testing.

9. Transducer Monitoring Plan

4- Because of DAS limitations , not all of the gages could be
g monitored in a given test. So, a plan was devised to monitor those gages

that were the most relevant to a given test. Table 10 presents that plan.

B. FULL-SCALE MOTOR RO. 1 DATA REVIEW

Sumary logs of the test data for the norma l stress transducers have
been compiled in Appendix H for the static tests, Appendix I for the vibra-
tion tests and Appendix J for the transportation and handling tests . The
shear data are not included in this report. Because of the problems previously

- noted , the data were compiled as raw output vol tages from the gages and were

* 
not reduced to give apparent stresses . The experimental results from the
static tests were reviewed separately from those taken In vibration and trans-
portation and handl i ng .

-104- 

~~~~ ~~~_r- •~ ~~~~~~~~~~~~~~~~~~~~~~ 1 

~~~ ~ 
•‘~j T



- ~ ~~~~~~~~~~ ~~~ 
- J~~_z __

~. ——-— .—- -.
~~
,-. —.

~~~~~~~~~~~~~ ,‘.- ---—~~~-—- ~~
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — ~-_

~ I

‘ — I
.~~ 

(Y) u_ ~~ (s4 ~~C., I— (•‘4.i

I.-.

I- C to to
.00 I— I— ~~~ 

C..,

• . U 1 O U I
• C r 4’ , , ~~ to
• • 4 1 4 1  U) i— C.J .-. it)

S. 4 1 4)
• I- 4.’I-

• a)
C
.,- t~)I- 4.’ r ~~ C~4 to

.— C%I ,—
C a ,
41*-

I-

1 d ~~ 
ivj cv~ CSJ ~

. 
~ j  to a

~ •~ j c’-.i .- c•.~ .-

~~cci
a

~~ o t~) C.J C’) ~~ 41 C.J ‘0 0
- Li.. 0. in a, ,— ,~~~o ~n.Ca4) C_) -

(D in s-1 0.
~ I —

‘ F ~ I~
_ 

~ S r.—
.1 in .0 0 .— .— C~4 to ‘— U)

j~ ~7 LU ~~ 4) 
~~ .— I— C~ ~~ to

a ~. ~0 o~~~~S-
LU ~~~~~~ ~~ V

LU ~~ 04.’
—I I- 41

~~~4.) 5 5
r- C 4’ 4? ,- C 0) C’) Cd ~~ Cd tO tO

I- 0 41 41 in S- 0 ~~ ‘— ‘— Cd .-
Li.. C E 0 ~~~~ 0 0

C~~~• LU 4 1 L .
_I . 04)• ~• a C
LU a) r- I 0) C’) Cd ~~ C~-J to to

S.- UI r r— Cd N-
(_)• U)

• 4.)
• 4 U)- a U ~~~ 4’I 4.’ inI )C

• I 0 0 0- I  41
S- 4.)

0 V 0
>, a o.i C’) it) Cd 0

~~ C., C•d

:4  s.p 41
I U, V

41 S.. S.. .~ ,..._ ,_ ,_ a

-~ . . 0 4 1

4 1  41
•4 1  I— in in in

in • 41 in s - v  in
i 1 C V 4) 1..) •. U) 41 4) 41 5-- 0 41 ~~ . 4’ in ifl 4) 0) 4.’ 4) 4)

-,- 5- 0. I— C 4) 41 0) 41 C in 41 4? ~~ U
4-’ 0 ~~ 41 0) U) 0) 41 (~ 0 S. E E• 4- 41 4.’ 0 41 5.. 41 41 41 .

~~~ 
p 41 ., 0 4) V

04.’ r U U 41 CD 0) CD 4) 4) r— 41 U I— I- U in
C C  0 C ’i- 41 ,— 41 5- U 4) 5-~~~ 41 C C

4 1 4 10  E W E  C ( D  i n s -  0)~~~~ W i n c~~~r— ~~ V 41 41
J-~~ • 1 0. E ~~ S- 5- ~~~ 

.
~~
. — 41 ‘— ‘— V 41 an in ~~ 5-4) 4) U 4) 41 0. I.— 0) 1. CD .

~
.. 9.. 4) ~~ ~~ in C E U 41

f I— S. 41 .C ‘I— S.. 0) 5.. r 0 .C 0 41 41 an 41 41 E U ~~L - 4.’ .0 I— 41 •i- ~~ 4.’ ,— >. in z a ~~~ 0 ~~- S.. 5.. 0 .
~~ ~~U) ~~ C.) CD in C.) _I C’) _I ~~. 0. ~— C.) ,-

~ in
C 0 C’) . 0 U) Cd

‘- C’) r - 1 Cd Cd r- Cd ~~ Cd Cd

- ~~ —105—

r - J
I ~i-

~~~~ 
~~~~~~~~~~~~~~~~~~~~



I ~~~~~~~ ~~ —~— —•
~

•—...
~~~~

,—.• — •———•-—•.--.•—.—- —•—•-•— ,—— -•. -.—~~~
— 

~~~~ • -• ,~~ -•—~~~~ _ .--•-—•-_ • -44~~~~ --•• — —- —•---—-• -—-- •—~~~~ ~~~~~~~~~~~~~~~~~~~~~~ - • - -•-•-• _ -- •—• •- ,•_,~~. —• ~ •— •

1. Static Test Results

• 1 Figures 43 and 44 contain plots of the raw vol tage output
data for transducers NI to N8 (two bridges each). Where the transducers
were wi red to respond in a negative electrical direction , the signs of
the output voltages were changed to show a positive output change for
an increasing compressive stress. This was done to simplify visualization

• 
- 

• and compar i sons of the transducer act ions. -
- 

The data in Figures 43 and 44 cover the origi nal zero call-
• brations by Konigsberg, those at ASPC, pressure calibrations of the case-

mounted gages) •grain cast and cure, post-cure cooldown, mandrel withdrawal,
• pressure calibration testing in the grain , aging at 110°F, cycling, and the• thermal stress values at the time of motor vibration testing. The data) begin wi th the potted gage calibrations made at Konigsberg Instruments

prior to shipment to ASPC. These are presented in the form of the “zero
load” output at three temperatures , 30, 80, and 130°F. All of the gages

• showed excellent linearity of response to pressure, and , except for N2-l ,
• they all had less than a 2 my change in “zero load” response over the

i 
temperature span from 30 to 130°F.

) On receipt of the gages at ASPC, circuit boards (bridge corn-
-H pletion units) conta ining the requi red ci rcuitry external to the gage

were prepared for each bridge. Because of small differences in these
external resistances and circuit components from those used at Konigsberg,
the “zero load” values observed were generally somewhat different from
those indicated in the manufacturer ’ s calibrations . These small differences
are common occurrences and standard procedure in gage usage, and they have
no discernabl e effect on either the pressure sensitivity or the temperature
compensation. All of the gages were subjected to vacuum chamber calibrations
at ambient temperature. Wi th the exception of an irregu’arity observed in
N2-l , all of the gages showed linear response wi th the same sensitivities
as obtained by Konigsberg in the pressure calibrations . In two instances
(N4-2 and N7-l), the circuit resistances were changed to rebalance the• j bridges nearer to zero output. N7-1 was then recalibrated.

- •
~ Followi ng the vacuum calibrations , the transducers and their

bridge completion units were instal led on the chamber. The first test
4 performed on the chamber after this installation was a 15 psig pressurization

primarily for checkout of all of the gage circuits and to check the magnitude

the gages on the aft dome, the responses were generally quite linear with
sensitivities comparable to those obtained in the “free gage” calibra tions.
Many of the “zero load” output values were quite different from those obtained

~~~ and direction of the normal gage responses. With the exception of some of

• during the vacuum calibrations.
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The chamber was next sent to the propellant line for pro-
cessing. Handling rings were attached to the stub skirts both to
maintain the case in a round condition and to provide a means of
lifting and handling the loaded motor. The interior surface of the

• insulation was abraded, and the insulation was dried by flowing heated
air (180°F) through the chamber for six days. Liner was applied to
the insulation surface, and the chamber was sealed wi th a humidity

‘ cover having a container of desiccant attached to its inside face.
The unit was then placed in the casting bell where the liner was
partially cured (16-20 hours at 110°F) by circulating heated air
around the chamber. In the bell , the chamber was in a vertical
atti tude resting on the forward handl ing ring.. The bell temperature
was lowered to 70-80°F, and the casting tooling was installed . Instru-
mentation cables were installed to al low remote measurement of the gage
outputs , and the next set of measurements was made on 2 November 1972,

- - 
• just prior to the propellant casting. Again , large differences from

the previous zero output values were observed. The changes ranged from
2 to 25 my except for 112-2 which showed a change of almost 90 my from
the original chamber pressurization test. (This transducer continued
to be erratic for the remainder of the program).

The propellant was cast on 2 November 1972, and the cure
)  pressure (15 + 1 psig) was applied at 1945 hours on that date. The

next set of data was taken the afternoon of 3 November 1972. All of
the gages responded to the pressure, but the magnitudes varied from
somewhat less to considerably greater than the sum of the propel lant
hydrostatic head and the cure pressure.

Following gelation of the propellant , the behavior of the
transducers became much more regular. Except for the exaggerated response
of N8-2 to temperature changes and the atypical response of N2-2 to both
thermal and pressure loads, the gages generally reacted in the expected
direction to applied loadings, and the traces for companion bridges on
each gage remain very nearly parallel through the rest of the tests.

Experience with the shear stress transducers was s imi lar to
that of the normal stress gages (see Appendix H).

2. Transportation , Handl ing and V ib ration Test Data

The bulk of these test data are reported in Appendices I and
J. Only l imited data are presented here to show typical results.

—
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In a later discuss ion it is pointed out that most of the gage
, responses to pressure , or stress , d ifferentials generally rema i ned fair ,

al though erratic behaviors occurred in some tests . This seems to be the
case for the han d l i ng tests . Hgures 45 and 46 present plots of data

- from three normal and four shear stress transducers during a roll test on
-

• the motor. Here , the motor is rolled about its long itudinal axis while
- 

- the transducers were being monitored . The data were reduced as the stress

- 
- change observed during the test. The results given in Figures 45 and 46

• - are cons istent with those predicted analytica lly for this motor, Appendix P.

-
~~ Some vibration test results are given in Figures 47 and 48.

The differential stress results appear to be reasonable for the conditions
- cons idered, but the dynamic analyses are not sufficient for a proper

assessme nt of them.
- - C. FULL-SCALE MOTOR NO. 2 DATA REVEW

- A summary log of the test measurements made on this motor is given
in Appendix K. Only limi ted data are presented here to show testing trends.
The same kind of shift in the zero-load output occurred on taking the motor

-
~~~~ from the laboratory to the casting bell and attaching the transducers to

— - - the portable DAS (see Appendix K).

In general , however, the measurements on thi s motor seem to be more
reproducible and consistent than those obtained from Motor No. 1 , This i s
attributed to the use of improved motor instrumentation techniques learned
from the work on Motor No. 1.

Figures 49 and 50 provide data plots for the casting , pressure
cure (15 psig), depressurization and cooldown of Motor No. 2. The data

I 
from the gages seem to track each other quite well.

j The primary problem appears to have been the initial zero-load output
V shift before grain casting. This effect shows up in the data when reduced

-4 to the apparent grain stresses, Figures 51 and 52. These reduced data show
a zero—load output shift , in that:

-
• 

(1) The loads range to impossibly high values of the tensile stresses.

(2) The data , after an initial adjustment step, seem to track
together reasonably wel l , showing general consistency of the measurements.

(3) The two half-bridge circuits on the same gage do not give the
same results.
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4- D. DATA ANALYSES SHOWING NEED FOR CLOSE ASSESSMENTS

Many factors were Invol ved In revising the program at this point; - -

including questions of the relative accuracy of the gages at expected
levels of the measured stresses. But, it Is sufficient at this point
to show that the two basic calibration parameters of the normal stress
transducers were behaving erratically.

The two gage calibration parameters are the sensitivity , b , and

J 
the zero load output of the gage, a. Thus, for a stress , a, applied to
the transducer the output voltage, v, Is given by

v = a + bci (1)

The value of b is readily determined from the slope

b~~~~ (2)

It will be seen in Section 11 that the stress at the gage Is not equal to
the pressure applied at the inner-bore of a grain. But, our purposes are

j  satisfied by the approximation

bI %
~~~a 

(3)

where 1’a is the pressure at the grain inner-bore

1. Effect of Age on Gage Sensitivity

Table 11 was prepared to show the marked changes observed in
the transducer sensitivity measurements over the test program. For
reference purposes, also included are the calibrations taken at Konigsberg
Instruments, Inc., under vacuum at ASPC, and when mounted in the empty
chamber.

The revised program began in June 1974. At that time , more
gages had changed to the point that they were no longer considered usable.
These are distinguished by the term °Bad” In Table 11. Ten normal stress

‘I- transducer circuits and four shear stress transducer circuits were con-
sidered unacceptable during the 60 + 5°F pressure calibration as compared
with 6 normal stress transducers during the pressure calibration at 87°F.
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4- 
Later in the revised program , before the motor was reworked ,

the motor was warmed to 88°F and again pressure calibrated . Almost all
of the gages showed a marked improvement, with only one of them remaining
unacceptable (N2-2).

2. Effect of Age on Apparent Zero Load Output Changes

The zero load output could not be conveniently monitored , so
a substitute was found in using the gage output at a given temperature .
Sin ce the gage out put chan ged greatl y, while only small changes in the
grain stress could be expected to occur , this reading was a reasonab le
indicator of gage dri ft or instability .

Tab le l2contai ns the zero-load output data for the gages.
Again , for comparison the actua l gage calibration values taken at Konigsberg
Ins t ruments , Inc., in vacuum at ASPC and in the empty motor are given. The
data taken at 87° to 90°F show very marked changes from test to test.

- 
‘
~ E. CONCLUSIONS

It was apparent at this stage in the program that the gage measure-
ments were exhibiting marked calibration changes when subjected to different

) thern~ l environments .
The overa ll system needed evaluation , both to correct the prob lems H

I ‘ encountered and to hel p prevent others from doing the same thing. But ,
once the problems were corrected then in-situ recalibration techniques
for the transducers would be required before the gages could be used .

The ro les of the gages , DAS , and the electrical systems On the H
observed anoma lies were to be ascertained through diagnostic studies on
the motor and reinforced by laboratory eval uations .

Questions of DAS and transducer accurac ies were to be addressedr-- - — to give the most accurate measuring system possible with the devices .
This was to be assured through rigorous certi fication and operation
techniques . The fo llowing sections address the questions to the extent
that they were pursued on this program.

In this planning the closed envelope restriction was removed from
the program and ASPC became directly involved in data acquisition procedures
and gage data reduction.
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SECTION 9

MOTOR DIAGNOSTIC EVALUATIONS
AND INSTRUMENTATION REWORK

- Revised Program -
p

In an effort to pinpoint the causes of the system anomalies a
critical review of the prior test data was made by all of the concerned

H parties, and opinions were solicited from a number of experts on semi-
conductor strain gages . Finally, an expert on electronics and trans-
ducers (Thomas 1. Yamauchi of the Boeing Company) was empl oyed to serve
as an independent consultant. The overall reconinendation was to conduct

• a systematic evaluation of the total measuring system, effect repairs
where indicated, develop rigorous DAS calibration and measurement pro-
cedures, and support this work with laboratory studies of some of the

- 

- most probable factors that might produce the erratic gage measurements.

This section provides the resul ts of the systematic tests con-
ducted on the motor, the rework of the electrical system, and the

- —‘ performances of the system components after the rework. The laboratory
tests conducted to evaluate gage anomalies are discussed in Section 10.

A. DIAGNOSTIC EVALUATIONS ON THE MOTOR

The diagnostic tests conducted on full-scale Motor No. 1 were
designed to isolate and/or identify possible gage and measurement
problems. There were 14 diagnostic tests conducted on the motor,
beginning wi th the rather trivial and progressing to the more complex.
These tests are sumarized below.

F- 
— 1. V isual Inspection

r All junction boxes were visually Inspected for the following :

r loose connections, bad solder joints, loose wi res , v is ib le corros ion,
and loose hardware. Visual inspection did not reveal any obvious faults or
problems.

2. Verification of Bridge Completion Circuits

All of the bridge completion circuits were traced-out as per
the original schematics. No discrepancies were noted.
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4*
3. Electrical Resistance Measurements

Semi-conductor gage resistance readings for the normal stress
gages and the shear gages were taken and are listed in Table 13. The
gage resistances were read using a digital voltmeter. The three leads
from each gage bridge were disconnected at the input terminal strip.

-p

Because of gage self-heating , the res istance values could
only be used to assess fairly gross anomalies . Only two transd&~cers
evinced problems; one of the two semi-conductor elements of shear gage
S-2 was found to be open, while S-13 had a shorted or damaged el ement.

4. Possibl e Shunting Paths

The two independent bridges on each of the normal gage
diaphragm and the bridges of separate nearby gages were checked to
determine if there was shuntinq between circuits. The results of
tests are reported in Table 14. Normal stress gage No. 11 showed
a dead short between the comon lead of one-half bridge to the cormuon
lead of the companion half bridge. The short was probably caused by
the comon gage lead of one bridge shorting against the other conmion
gage lead. This could occur at the gage stem, in the gage itself, or
along the cable bundle. This short undoubtedly affected the output
measurements of gage No. 11. No other shunting effects were
detected . The measurements of resistance between adjacent bridges of the
same transducers and between bridges of nearby stress transducers are al so
l isted in Tabl e 14. These data showed no undesirabl e shunting effects.

5. Determination of Circuit Interactions

The purpose of this test was to determine whether undesired
electrical conductive paths existed between any of the gages. It was
conducted by applying shunts to selected channels and measuring the

— outputs of all channels both before and after application of the shunts.
- - j A change in output of any of the channels would i ndicate interaction.

The shunts were prec i sion res i stors selected to produce a
mid-range or full-scale output on the selected channels. The shunts
were appl ied in pairs to adjacent channel s, then the voltage output of
all of the channels was recorded. None of the channels showed significant

- 
I differences in their readings taken before and after the appl ication of

shunts to other gage channels.
4.

It was concluded that there were no interactions between the
electrical circuits .
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TABLE 13

SEMI-CONDUCTOR GAGE RESISTANCE READINGS
4*

Resistance , ehms
Gage No. Side One Side

P - Il- i  470 480
P41-2 480 470
N2-l 570 580

J 
P42-2 570 610
P43-1 580 580

N3-2 570 570
P44—1 470 470
N4-2 480 480
N5-l 500 500

-
~ -

- P45-2 490 510

-~ 

‘- N6-1 470 480
-‘ P46-2 480 480

Ni-i 470 470
N7-2 470 480
P48-I 500 550

N8-2 540 540
N9-l 510 510
P49-2 520 510
N1O-1 510 500
P410-2 500 500

Nil— i 500 500
N15-i 520 520
Nl5-2 520 530
Si 360 360
S2 Open 320

- 

- 
- S3 360 360

4 - S4 400 400
S5 350 340
S6 360 350
Si 380 380

SO 430 430
S9 350 350

t 
SlO 360 350

S12 350 360
S13 40 400

- ~~~ Sil 340 330

S14 360 350
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TABLE 14

TESTS FOR SHUNT I NG BE T WEEN CIRCU ITS

90° Junct ion Box

- 
Gage Pair Tested Resistance

Nl— l and Nl-2 Inf.
Nl -2 and P42—i Inf.

- 
P42-i and N2-2 Inf. :1
S—1 3 and S-14 Inf.

0° Junct ion Box

N9-l and N9-2 Inf .

) 
N9-1 and S-li Inf.

• P49-i and P410-i Inf .
P410-2 and Nl0-l Inf.
N10-2 and S-il Inf.
N iO -2 and S-12 Inf.
Nil -i and Nli-2 Short
Ni1-l and S-12 Inf.
Nh —i and S-6 Inf. - - 

-

P411 —2 and S-5 Inf.

r S—5 and S-6 Inf.
- S—6 and S-7 Inf.

4 
- 

S-6 and S-8 - Inf.
S—7 and S—8 Inf.

I-’
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6. Effects of Varying Circuit Loads

This test was conducted to determine whether there were effects
on gage readings due to varying the loads on the common power supply. Two
junction boxes with 20 channels of circuit load were powered and recorded ,
then the power was disconnected from one of the junction boxes, which had

- the effect of removing the load of ten bridge circuits. The oOtput of the
circuits that were still powered and the power supply voltage was recorded.

,
- The changes noted ranged from zero to + .3 my which range was typical for

repeat measurements at that time. —

J 7. Tests on Bridge Completion Networks

• Tests were conducted to evaluate the wiring and the resistors
in the bridge completion circuits . No apparent circuit anomalies, other

- I than those gages found to be bad, were detected and no faulty resistors
- 

- were found. The resistance measurements of the bridge resistors are given
in Table 15. These values are all within .5% of those originally specified
by the gage supplier.

8. Transducer and System Repeatability and Hysteresis

— Two motor pressurization tests to 50 psig at 88°F were con-
ducted two days apart to evaluate the gage and system repeatability and

—~ hysteresis. Table 16 presents a sumary compari son between the two
pressure runs. The apparent sensitivity Is the slope of gage output
voltage versus motor internal pressure . Zero return is the di fference
between the gage readings taken before and immediately after the test.

For the normal stress gages, the differences in the apparent
sensitivity ranged from about 1% to 24% (for Channel 12). The shear gage
apparent sensit ivity data were more variable ranging up to a factor of
two.

The zero return data were found to be strong functions of
the time after test and ranged up to 3.2 my for normal stress gage P42-i
(Channel 14) and 2.9 my for shear gage 5-13 (Channel 17).

I 9. Drift Test of All Gages and Circuits

Drift tests of all the gages and gage circuits in the motor were
conducted from the period starting 22 November to 10 December 1974 . During
this period al l gages were powered and data were sampled periodically using
either a digital voltmeter or an automatic recorder. Table 17 provides a
summary of the drift- data observed , while Table 18 reduces these observations
to give the apparent dri ft rates . Between the three test periods shown in
Table 18 some adjustments were made in the system and a change implemented

~~ in the recording instrumentation (manual readings with a precision digital -

- 
- voltmeter were used for the fi rst two readinqs , while an automatic scannin q

1111 1~ W . I. . 1 1 . i.II 1* 1 1  1115 I I libI ( S I  IIII~ IIN .I . I H S 1 1 1 1 (II  - )  -

— 133—

I ~~~~~~~~~~~~~~~ 
- 

-
~~~~~~ ~~~~~~~~~ ~~~~ ~~~~ 

- 
~~~~~~~~~~~~~~~~~~



_ _ _~~~~~~ -
- -~~~~~~~~~

TABLE 15

MEASUREMENTS OF BR IDGE RESISTORS IN SUSPECT CHANNELS

Resistance , ohmsGage RB RB RNo. R-l RS-i R-4 RP 2 z2 3 z3

Nh -h 5005 3424 5003 5,003 17 29,270

P41-2 5008 5003 5004 5,004 76 35,040

N2-h 5009 463 5010 5,011 21 550

• N2-2 5010 605 4888 5,007 - - 11

P44-i 5007 1507 5000 5,007 13.8 32,450

N4-2 5007 1506 5007 5,007 7

N8-l 5006 3012 5006 5,008 16 - - 25,490

P48-2 5007 2944~ - -—5009 1-O- 020 17 - - 18,732

N15- 1 4997 2504 4996 No 16 27,990
Resistor

Nl5-2 4997 2435 4997 No - - 7 296,100
Resistor

RS-2 R4

S-2 3379 3385 4997 3384

- 
- S-6 3060 3064 2180 2179r

S-7 3053 3056 2188 2187 —

S-8 3064 3069 2187 2185 (Parallel R4 491 ,800 )

S-9 3056 3059 2176 2177

S-1O 5003 5008 5000 5001

S-12 3049 3048 2148 2158 (Parallel Ri 165,320)

S-13 3045 3039 2057 2127 (Parallel RS2 158,030)

S-l4 3047 3046 2173 2171

- 134-

H1 
-



- 

~~~~~~~~~~~~~~ ~~~~~~~“ 
— - 

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~

- 

- 
TABLE 16

- - MOTOR PRESSURE TESTS TO 50 PSIG AT 88°F

F- I 11/20 11/22
- Apparent Zero Apparent Zero

Channel Gage Sensitivity , Return, Sensitivity Return,
• No. No. mv/ psi my mv/psi my 

—

J 

1 N8-2 .77 

- 

0 .784 1.1

2 N2-2 GAGE BAD

3 P410-2 .764 0 .786 .8
- 

-
~~ 4 P45-2 .730 .9 .774 .7

~ 
5 P43-i .244 .7 .234 0

f 6 N7-2 .814 0 .820 0

7 N6-2 .784 0 .784 0

8 N9-2 .780 0 .772 0

9 N4-l .280 0 .272 0

f 
10 Ni-i .248 .4 .286 .6

11 P415—i — — — —
12 P411-2 .666 1.0 .822 .5

13 S-8 .088 .4 .064 0

14 P42—i .218 .5 .258 3.2

15 S-il .402 1.0 .410 .6

16 S—6 .076 .6 .120 .5

17 S-l3 .612 2.9 .682 1.5

18 S-l4 .242 1.4 .162 0

j 19 N9-1 .766 1.6 .768 .5

20 P411-i .734 .4 .834 0

21 S-9 .796 .5 .862 .7

22 S-2 - - - -
— 

23 P410-1 .766 0 .780 0

4.

-135—

~~ 

- -f. - 
1~~ 

- 
- 

~~~~~~~~~~~~~~



_ _ _  ~~~~~ _ _ _ _ _  - 

_
- _ _ _~~;;;= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~-~~--~~ - •-

4* TABLE 1 6

MOTOR PRESSURE TESTS TO 50 PSIG AT 88°F (CONT.)

11/20 11/22
Apparent Zero Apparent Zero

Channel Gage Sensitivity , Return , Sensitivity , Return,
No. No. mv/psi my mv/psi my

J 24 P41-2 .296 .7 .284 .5
25 S-12 .096 .6 — —

26 S-5 .342 0 .346 .5
27 N4-2 - 0 - 0
28 P45-i .836 0 .810 0
29 N15-2 .276 0 .272 0
30 S-7 .166 .6 .186 0
31 P48-i .760 0 .802 .4

— 32 P46-1 .780 0 .776 .5
33 S-3 .290 .7 .288 0
34 S-4 .184 .5 .140 0
35 N7-l .70 1.7 .804 0
36 S-iO - - - 0

37 S-i .124 1.6 .056 0
38 N3-2 .198 0 .196 0
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TABLE 17

SUMMARY OF DRIFT TEST DATA
4*

Channel Output, my
No. 12 /2 12/3 12/5 12/9

1 .2 to .6 0.2 - -
2 112.3 111.9 - -
3 24.6 24.6 24.01 24.33

J 

4 32.4 32.3 31 .54 31.68
5 27.0 26.8 27.32 27.66
6 -2.1 -1.7 -1.08 - .38
7 16.4 16.4 15.11 14.95
8 18.9 18.8 14.14 18.14
9 36.4 36.3 74.15 123.05
10 24.1 24.2 0 0

I 11 39.9 39.1 42.85 34.64
12 20.4 20.3 20.29 20.82
13 1.0 .7 - -
14 -3.4 -3.0 - -
15 — .1 — .2 —2.65 —5.58
16 3.2 3.0 2.47 3.27
17 -363.4 -362.9 - -
18 -2.1 —2.0 - -
19 -13.5 —13.5 - -

20 1.6 1.6 .93 .20
21 —11.4 —11.5 -9.25 -7.52
22 - - - -
23 -24.9 -24.9 -24.70 -25.09
24 —15.2 -15.4 -16.48 -16.58
25 1.3 1.3 .50 - .68
26 -7.3 -7.3 -5.35 -5.61
27 -9.1 -9.1 -9.36 -9.30
28 -18.4 -18.3 -17.65 -17.79

- 1 29 -1.0 - .3 -9.45 -9.66

- 
V 30 1.0 .9 .47 -1.00

31 - -5.8 - -

32 — .7 - .7  -10 .61 -10.91

33 -1.6 -1.5 -1.06 - .41
34 2.8 2.3 - .86 - .64
35 - .9 -1.2 -7.05 -7.75
36 1.1 1.3 - .86 -3.85
37 -5.0 -4.8 -2.74 -2.66
38 -10.9 -10.9 -11.35 -11.31
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TABLE 18

APPARENT DRIFT RATE FROM 7- DAY TEST PERIOD

Channel Drift Rate , mv/Day - 
-

12/2-12/3 12/3-12/5 12/5-12/9

+0.4 - -
2 -0.4 - -

3 0.0 -0 30 0.09

J 4 -0.1 -0.38 0.02
5 -0.2 0.26 0.07
6 0.4 0.3 1 0 15
7 0.0 -0.65 -0.06
8 -0.1 -0.33 0.01
9 -0.1 18.93 13.09

10 0.1 - -

ii -0.8 1.88 -0.42
12 -0.1 0.00 0.11
13 -0 3
14 0.4 - - —
15 -0.1 -1.23 -0.59

) 16 -0.2 -0.27 0.15
17 0.5 - -

18 0.1 - -

19 0.0 - -
20 0.0 -0.34 -0.16
21 —0.1 1.13 0.36
22 — — -

23 0.0 0.10 0.10
24 -0.2 -0.54 0.04
25 0.0 -0.40 -0.22

L 26 0.0 0.98 -0.12
27 0.0 -0.13 0.01

- - - 28 0.1 0.33 -0.03

F 29 0.7 -4.58 -0.05
30 -0.1 -0. 22 -0.40
31 0.1 - -

32 0.0 -4.96 -0.06
33 0.1 0.22 0.11
34 -0.5 -1.58 0.03
35 -0.3 -2.93 -0.15

36 0.2 -1.08 -0.63
37 0.2 1.03 0.04
38 0.0 -0.23 0.03

-138-

4:

‘~~~~~~ - - - - Z~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ 

~~~~~ 

‘
~~Z~~~~~~ ~~



_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - --
~~

Excluding the obviously faulty channels an average drift
rate of about 0.16 mv/day is observed. This converts to about 4% of
full scale per month (assuming a full-scale output of 120 my).

Virtua lly all of the channels showed some drift, wi th some
very marked changes in eleven of the channels. These data represent
the total drift which could include changes from the gages, bridge
circuits , and data acquisition systems. Possible drift in the elec-

J tronics is considered next.

10. Electronics Drift Testing

The electrical drift shown in Tables 17 and 18 occurred
in unpredictable ways. Sometimes there was no drift, sometimes a
little drift and at other times some quite spectacular steps appeared
in the output. The largest observed excursion was that of Channel 9
where the output increased 87 my over the seven-day test period.

To isolate the sources of this drift it was necessary to
redesign the circuits to permit independent assessments of the gages,
gage junctions (stainless steel solder joints) bridge completion circuit
boards, power supply, and the recorder. Isolation of the electronics
was considered first in five sets of experiments.

The gages were completely disconnected from the electronics
and replaced with dummy gage circuits made of 0.1% precision resistors
wired as half-bridges. These were wire wound precision resistors speci-f I—
cally selected because of their low temperature coefficient. With the
transducers disconnected, the measurable drift would have to be attri-
buted to the electronics system.

Five test sets were conducted since only nine of the precision
half-bridges were available at the time. Each of the test sets involved
drift testing with continuous monitoring . Tables 19 to 22 contain
tabulations of the channel output vol tage taken at the beginning and
end of the drift test period. All of the drift data stayed wi thin
the established accuracy of the measuring digital volUeter used ,
+ 0.1 my, except channels 1 , 10 and 31. A rework of the solder junctions

4 

in the bridge completion units for those three channel s was effected and
the drift tests were repeated. This time the three channels performed
wi thin the + 0.1 my limits.

The drift data for the total system (Table 18) indicated
average drift rates of 4 to 30% per month. In this case, wi th the gages
removed from the circuits , only 2 of the 37 channels tested exhibited
drift rates as high as 2.5 to 5% per month.
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TABLE 19

TESTS FOR DRIFT IN ELECTRONICS

- FI RST SET ( 73°F) -

Gage _~___ PY~~!_i11V
Channel No.  12/6 12/9

1 P48 -? -30.51 -30.20

2 P42 -2 -77.73 -77.71

10 Ni-i 27.93 27.93

f 13 S-8 - .06 - .07

14 N2-1 -69.88 -69.92

17 S-13 6.55 6.54

18 S-14 - .05 - .04

19 P49-i -18.54 -18.49

31 P48-i -42.94 -42.30
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TABLE 20

- TEST FOR DRIFT IN ELECTRONICS

- 
- SECOND SET (72°F) -

p

Gage Output, my
Channel No. 12/10 12/11

3 NlO—2 33.0 33.0

5 P43—i 40.4 40.4

13 S-8 .90 .90
F

14 N2-l -62.0 —62.0

-
p

15 S-il -13.9 -13.9

19 P49-i -13.0 -13.0

23 P410-1 — .10 -.10

24 P41-2 -16.0 -16.0
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TA BLE 21

TEST FOR DRIFT IN ELECTRONICS

- THIRD SET (71°F) -

Output , my 
-

Gage 4 p m  8 a m  1 p m
Channel No. 12/11 12/12 12/12

8 N9-2 51.8 51.9 51.9

9 N4-1 98.0 98.0 98.0

10 Nh-i 23.4 24.0 23.8

12 P411-2 44 .3 44.3 44.3

21 S-9 .20 .20 .20

26 S—5 —11.5 -11.5 -11.5

27 N4-2 -16.6 -16.6 -16.6

30 S-7 -1.3 -1.3 -1.3
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TABLE 22

TEST FOR DRIFT IN ELECTRONICS

- 
- FOURTH AND FIFTH SETS (71°F) -

p
I 

Gage Output, my
Channel No. 12/12 12/13 12/16 12/17

4 N5-2 -14.4 -14.4

6 P47-2 -17.1 —17.0

7 N6-2 18.8 18.7

16 S-6 .01 .01

20 Nil-h 3.1 3.1

f 25 S-12 7.2 7.2

28 P45-i -24.1 -24.2

29 N15-2 12.5 12.4

32 P46-1 -21.7 -21.7

33 S-3 -.1 -.3

34 S-4 -.4 -.5

35 N7-l -23.0 —23.0

I 36 S-hO -5.6 -5.6

4 
37 S-i 2.4 2.3

.
~ 38 P43-2 -12.6 -12.7
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The obvious conclusion to t~e drawn from the results of thistest series is that the gage leadwire-soider junction combinations were
significant contributors to the large system drift initially observed.

11. Gage Self Heating and Power Reversal Effects
p

These tests were planned to evaluate possible unbalances in
transducers due to self-heating of the semi-conductor gages or corrosion
of the stainless steel headwire junctions , which might produce a diode
effect in the circuit.

The experiments were performed on Motor No. 1 using a knife
switch; thus allowing simple power on-off switching or rapid up and down
powering . The measurement circuit for the tests is shown in Figure 53.

A specific reference test was made using a dummy bridge com-
posed of four equal resistors , each having a resistance of 600 ohm , another
600 ohm resistance was in series wi th the bridge . This dummy bridge caused
extreme heating of the bridge , but gave a flat trace when energized with
either positive or negative power.

Figure 54 shows effects that are typica l of a gage and bridge
completion assembly which shows no unusual effects other than differential
heating of the semiconductor elements which are in differing environments.
When the power is reversed the si gnal reverses polari ty and an equivalent
curve is generated. Figure 55 , however, shows a more common behavior
which is attributed to a diode effect somewhere in the circuit. The diode
can be formed by an ox ide l ayer on any metal surface in contact wi th a
di-fferent metal.

The diode conducts in the forward direction and under this
test condition , it causes no change in the observed result. When power
is reversed , however, the diode introduces resistance to the circuit.
This resistance causes an offset, but more important , the diode layer is

- j heated by the current causing further offsets as the diode temperature
changes . The diode heating effect can either aid or oppose the response
produced by the heating of the semiconductor elements , although the diode
heati ng would have a different time constant. The combination of two

.) effects, sometimes opposing and sometimes aiding , could , with differing
time constants, superpose to give the effects observed .

4 There are no clues in the data to determine where a diode
exists; but the fact of its existence can he inferred from the data taken.
Twelve tests were run , and the diode effect was evident in ten of the
twelve . Typical shifts in the warmup data were from two to eight my
in three seconds.
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Knife Switch

28V + 28V 
- 

~
-‘1

~
’
~j 

To Bridges

Power 
i i  ______

Supply  

~ 
4je~~f

+ During Initial
Powering

- Durinq Power
Reversal

1’
Typical Bridge

Oscilloscope

Di fferen~~ Y”}
_

4 

Ground

FIGURE -53. MEASUREMENT METHOD FOR GAGE SELF-HEATING

AND POWER REVERS A L TEST EX PERIMENTS
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Dummy Resistors (+ Power)

p

- Self Heating No Diode Effect (+ Power)

+

1

-

-

4-
Self Heating No Diode Effect (- Power ) I 

J
I 

Dummy Resistor (- Power)

T ime
-J

FIGURE 54 . SELF HEATING EFFECTS
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The self-heating effects are a t t r i b u t a ble only to the semi-
conductor gages since the therma l coefficients of resistors in the
b r id ge completion units are too smal l . The changes observed would
require heating one of the semi-conductor gage elements up to 128°C
hotter than its counterpart gage element in the bridge completion unit.
With the low current (1/2 watt) resistors used (including some carbon
resistors ) these temperature differences are considered to be almost
i mpossible.

p

~J 12. Observations on Leadwire Soldered Junctions at Terminal
Strips

The possibly strong effects of corrosion at the stainless
— steel leadw ires was given a brief assessment at this point. The first

test was to evaluate the sensit iv i ty of ga ge output to the quality of
the soldering.

Gage N8-2 was selected for observation since moving wires
or application of pressure on the case near this gage caused 1 to 2 m v
excurs ions -in its output signal . One of the leadwi res on this gage
was acc identally broken in the pull test so all of the l eadwires were
cu t to an equal length and resol dered. The new junctions were found
to be qu ite sensitive to movements of the leadwires and the termi nal
strip, so they were resoldered . The resoldered junctions gave an in—
crease of 30 my in the gage output .

observed again in the labora tory. A gage was obtained which was mounted
This apparent sensitivity of the soldered junctions was

in a section of flexible case wall with liner covering over the rubber
encapsulant. The sta~nhess steel wires came out through the flex casematerial through a meta l tube and were soldered to the junction pads
in the same fashion as those on Motor No. 1. When this gage was powered
and connected to a recorder , it exhibited the same behavior as gage P48-2.
The 10 mv recorder could be dri ven off scale by touching or moving the
lead wires . (It should be noted that most of the junctions on the motor
did not exhibi t this same phenomenon at this point in time).

j The soldered junction problem was compounded by the use of
an acid flux which provides an environment conducive to degradation of

4~~~ 

the connection as the system ages . Section lOB contains a thorough
discussion of this problem and the processes invo l ved .

13. Summa ry and Conclusions

A concise summary of the results of the twelve diagnostic
- 

- - tests conducted is presented for review in Table 23.
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TABLE 23

SUMMARY OF DIAGNOSTIC TEST RESULTS

Description Correcti ve
Test No. of lest Diagnostic Results Action Taken

1 Visua l Inspection No apparent probl em. As a precaution
No corrosive signs. all solder joints

in B.C.U. were
touched up, all
terminals were
t ightened .

2 Gage Resistance No apparent problem . None
Gages S-13 , S-2 bad.

3 Checkout of Junction No circuit discrep- Insure leads are
- Box Circuits andes were noted. not touching.

~ 

4 Shunting Effects Gage Nhl was affected. None possible.
No other shunting

- I effects were detected.

5 Determination of No gage interactions . None
Ci rcui t  Interactions

6 Power Supply No power supply Non e
Loadi ng Effects loadi ng effects .

7 Resistor Check No fa ul ty components. None

8 Drift Test on All System drifts observed After system cor-

was reduced to that~ Gages on a l l  chan nel s. rections d r if t  rate

reported by manufact urer.

9 Drift Test of Channels 1 , 10 and Channels excluded in
Electronics 31 have slight drift, data acquisition.

10 Gage Pressuri zat ion Gage respo nse vari a t io n . Ra te dependency
Tests detected and reported .

11 Gage Self Heating Heating effect and System stabilized for
r I and Power Reversal diode effect. 16 hrs before use.

Effects Current applied in
one directi on only.

12 Junction Observations Unstabl e stainless Determine and use
on Soldered Terminal steel sol der joints , stable junctions .

HI
1’t
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I The results from test Nos. 1 through 7, and test No. hO
indicate no gross faults , no circuit interactions (with the exception
of gage P411), no shunting and loading effects, no faul ty resistive
components in the B.C.U., no apparent problem wi th absolute values
of the gage resistors) and no massive drift of the electronics
(exception Channels 1 and 31). Minor problems detected were very
typical of this type of portable-field use instrumentation which
has been subjected to environmental conditions not normally encountered_

J in everyday usage, as compared to a temperature controlled , humidity
controlled , and permanent installation.

Test No. 9 evaluated total system drift which appears to
have occurred in all of the channels , wi th some very marked changes
in eleven of them. Since the electronics drift testing in test No. 10

— indicated very little change the observed system dri ft must be
- - I attributed to the gages, leadwi res and soldered junctions. Test No. 12

illustrated that marked changes in gage output could be obtained by
soldering and resoldering gage leadwi re junctions which were sensitive
to mechanical disturbances. This suggested , but did not prove, that
a problem existed wi th all of the stainless steel solder junctions.

Based upon the results of the eval uati on to this stage , it
-‘ was concluded that the most significant probl em area wi th respect to

the system anomalies observed centered around the gages and the solder
junctions with the stainless steel leadwires. There was some indication

~ that errors were also occurring in the bridge completion units .

It was also recognized at this point that no means were
available for independent assessments of the bri dge completion units
and the data acquisition system. For exampl e, there was no way to
assure that all of the circuits were equally powered (28.00 vol ts).

Before continuing with the next phase of the diagnost ic
evaluation , therefore, the fol lowing changes in the system and cor-

I 
rective actions were implemented .

- 

q • Rework the soldered leadwi re junctions to give- the optimum age stability to the stainless steel
wi re connections.

• Provide diagnostic capabilities for isolating
suspect areas of the gage or bridge circuits . 

*

• Upgrade the data acquisition system and implementrigorous operational procedures.

-
- 

- -150-
—

a -

r ~~
- .

i— i  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~- -~~~~~si~~



I 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~
- 

~~~~~~~~~~~~~~~~~~~~ ~~ - -- — 

B. REWORK OF THE MOTOR ELECTRICAL SYSTEM

1. Leadwire Junctions and Reference Bridges

The rework of Motor No. 1 began with the removal of all of
- the soldered junction strips , then replacing with screw type terminal

strips . The stainless steel solder junctions were replaced with crimped
spade-lug terminals ( 23 ) using a tool specially made for ASPC by the
Florida Power Tool Company .

J The modified junction strip is shown in Figure 56. Three
resistors were added to the termi nal strip to allow a complete electrical
drift and calibration check prior to and fol lowing each measurement. At
a later date , the work necessary to move termi nals from point-to-point
and problems associated with this operation prompted a change to rotary
swi tches which further simplified the pre- and post—measurement checks.

The procedures for making electrical checks with the new
F— ~ terminal strip were as follows :

(1) The 1 zero” readings of the dumy circuit were obtained
after moving the completion wires , JB1 and JB2, onto the R~ resistors.

) These two resistors were nearly matched , so the dumy gage circuit would
give an output near zero, but differing from zero due to the output of
individual bridge completion networks .

~ (2) The ufull_ sca he~ readings of the dummy circuit were
obta ined with JB1 still attached to the resistor Rz and JB2 moved to Rf.
The va l ue of the resistance of Rf was chosen to simulate a bridge output
near full-scale. Again , the observed output vol tage depended upon the
individual bridge completion circu it.

The electrical check obta i ned above is valid within the
L statistical limita tions of the DAS and the stability limitations of

the electrical circuits.

1 2. Standards Added to Each Junction Box

4 Each of the four junction boxes had a dummy bridge added
wi th a simulated output near 10 my. A divider was placed across the
power supply and one DAS channel to make the output proportional to
the gage energization power as an added check to assure that there
would be no undetected bridge energization power change.
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3. Addition of Rotary Swi tches

. 
Investigations revealed that the repeated manual operation

— of connecting and disconnecting the spade-lugs to perform the operation
(changing from the balanced to the unbalanced conditions) caused fati guing

- and eventual breaking of some l eadwi re joints resulting in different
, electrical baseline zeroes. An inability to tighten the small spade-

lug to the small screw head on the terminal strip in a repeatable fashion
I also contributed to this problem. The solution was to include precision

doubl e-pole , three position rotary switches.

Drift testing was conducted with three of the new swi tches
connected on—line to three gage channels (replacing the manual operation).

-
‘ A typical hookup is shown in Figure 57. The output data were not affected

— in numerous tests of swi tching back and forth. Upon demonstrating that
- - the switches were satisfactory and that they improved system performance,

they were installed in all channels and a change over from the manual
operation was effected.

All resistors were soldered at the swi tches and the swi tches
were connected on line between the junction box and the transducer as
shown in Figure 58. The resistors and switches were then housed in an

) aluminum chassis. This change was not an electrical circuitry change
since the circuits were actually identical to the old ones. The change
was simply a procedura l step to swi tch the resistors in and out of the
circuits.

C. NEW DATA ACQUISITION SYSTEM

~ 1. Design and Operation

A data acquisition system was desired which could guarantee
precision and accuracy of the results wi thin a specified limit of + 0.1

- - - -- millivol ts or 3% of the reading , whichever is greater. The required
sensitivity of + 0.1 mv was to be valid from 1 mv to 100 mv full scale.

The data acquisition system consisted of an available Varian
620 i mini-computer , an interface with an analog to digital converter ,

j  
and a 64 channel multiplexer , Figure 59. The system was based around a
14 bit analog-to-dig ital converter capable of performing a conversion

~~ in 50 microseconds with an accuracy of + .005% of full-scale or + 1
- least si gnificant bit. The dynami c range of + 8192 binary counts and the

specified accuracy were well wi thin requirements , provided amplifier/
- multiplexer combinations of the required low-noise capability could be

obta i ned . Since there was no requirement for measurements to be made
4 - at high speed , relatively inexpensive amplifiers and multiplexer swi tches

were utilized . The software in the computer was used to compensate for
-
-
~ drift and noise as described in the following paragraphs .
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The first step in certify ing that the system was satisfactory

was to set up criteria for the DAS measurements and then verify that the
DAS coul d meet the criteria through a series of measurements in which
comparisons were made with equipment having high accuracy traceable to
NBS standards. The full document detailing the certification of the DAS
and the 500 ohm and 550 ohm resistors which were to be used as reference
bridges is attached as Appendix L.

To summarize the procedures, a sequential series of standard
voltages was input to the DAS and its responses to these voltages measured .
The actual series of measurements in the ASPC standards laboratory requ i red
three days to verify lineari ty, drift , common mode rejection and accuracy
of the DAS.

The resistors used for the bridge simulation bridges were
tested in the standards lab over the temperature range of 30 to 150°F.
These measurements verified that the temperature coefficients of the
resistors were within manufacturing specifications (50 parts/ mihlion/ °C).

A short assembly language program (Figure 60) was written to
contain a list of channel numbers , time information , At , and a repeat
number , M. Channels could be read in any desired order. A true zero
reading preceded each channel reading. The readings on each individual
channel and the zero readings would be repeated M times and the resulting
difference divided by M before printout. After all of the channels had
been read M times and the averages printed , the computer would wait a
period of time given by At. The entire process would then repeat unless
terminated by the operator.

The repeat nature of the readings gave a statistical reduction
in noise or scatter in the data which is given by

Original Noise Scatter
Final Noise Scatter = M

For exampl e, if M = 100, the scatter due to noise in the original resul ts
was reduced by a factor of 10.

Both short term and long term drift in the DAS were eliminated
by comparing every measurement to a true zero and averaging the difference
between the true zero and the channel bei n g measured . Thus , the data were
continuously corrected and all readings were maintain ed within a tight band.
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Incr ement wait Routine
Channel
Po i nLe r

Last Yes Reset All
Po i nters and

Read
the Zero Ch annel

Rea d Channel
Sum the Difference

I M = ~~1 + 1

__________________

10 
= Limit 

Yes 

~ Pr i nt Avera ge

FIGURE 60. FLOW CHART OF PROGRAM
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The genera l design of the DAS revolved around the multiplexers
and the analog-to-dig ital converter. Under worst case conditions , the
channel being read is at +Emax and the amplifier was at -Emax . At the
instant of switching the slew rate of the amplifier , the integrating ca-
pacitor used to reduce noise , the i mpedance matching networks between
amplifier components , and the charges held on the multiplexer gates
determine a rise curve as shown in Fi gure 61. A read delay must be
established to allow the system to settle before the analog to digital
converter is asked to convert .

J 
Another i mportant factor of the DAS design was common mode

rejection. DC comon mode rejection is easily obtained as it is only
necessary to balance the DC current in both sides of the operational
amplifier as shown in Figure 62. An a d j u s t a b l e  resistor , R6, can be
adjusted to make both sides of the final amplifier DC symmetrical .
If the amplifier is exactly symmetrical then there will be exactly zero
output at any coninon mode voltage .

Unfortunately, the AC common mode is more complex , since the
resistance and capacitance must be symmetrical on both sides of the
final op-amp stage . To obtain maximum AC common mode rejection , exten-
sive desi gn and balancing of all stages of the multiplexer amplifier
system is necessary . This is especially true when a broad frequency

) range is also specified.

2. Data Acquisition System Certification

The data acquisition system was required to undergo a rig-
orous test of its operational capabilities . The operational procedure
is contained in full in Appendix M. Essentially, it entailed a compa r-
ison of DAS output with laboratory standard data which was guaranteed
to -4- .02 my. Channels were first selected randomly and examined at 20
carefully selected voltages on two successive days . Agreement was
required to be within + 0.1 m v  or + l.5% of reading. Other specifica-
tions were common mode rejection of 80 DB with a 10 volt AC or DC
signal , zero offset of 2 my and cross talk less than .1 my.

The actua l DAS performances were much better than required
wit h one exce pt i on , that being the AC comon mode. The 10 V RMS AC had
to be replaced with 10 V peak-to-peak , if acceptance was to proceed
wi thout expensive trimming of the input to the amplifier. Actual

• va l ues observed were well within specification on voltages , common
mode rejection was 80 DB at -4- 10 volts DC or + 10 vo l t s  AC peak - to-
peak. (+ 10 volts AC RMS = -f 14.1 volts peak-to-peak). No measurable
DC offset or cross talk were detected .
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D. DEFINITION OF NEW OPERATIONAL PROCEDURES

The procedures followed in the remainder of the tests were designed
to assure that no fault could be found with any of the electri cal equipment ,
accuracy , precision of measurements or the procedures themselves in makin g
measurements on the full scale motor.

The ASPC Integrated Test Instruction (ITI No. 00845) is incl uded in

J Appendix N. The ITI is basically a checklist of test operations to be
• performed . It contains provisions for the test engineer to initial each

— 
sequential procedural step. The ITI is prepared by test operations personnel
to insure that tests are conducted properly. Any deviation or failure to
comply results in a report of discrepancy .

Tests of the electronics were conducted before each test by inserting
two dummy resistor pa i rs in place of the gage. The first pair of resistors
was balanced and the second pair unbalanced. The resistors were chosen to
simulate approximately a zero reading and a full scale reading . The dummy
resistors had been checked and were guaranteed by ASPC standards laboratory
to meet original specifications of less than 50 parts per million per °C
temperature change and to be wi thin 0.1% of the stated value of either
500 - or 55O~~ .

Each test required measurements of the test temperature, ambient
barometr ic  pressure, and of each DAS channel.

The operating cycle of the gages limited them to 24 hours powered
with a minimum of 24 hours off. The first 16 hours of powering were
required to stablize the gages leaving only eight hours for test measure-
ments. Justification for this procedure was taken from the studies reported
in Section 10. Typical voltage output versus powering time data for two
gages are plotted in Figure 63. They show that the changes are essen-
tially complete after 16 hours .

The detailed procedures used in the pressure testing of Motor No. 1

4 

are given in Appendix N.

t 

E. EVALUATION OF THE STABILITY OF THE REWORKED SYSTEM

carried out on Motor No. 1 between 4 August 1975 and 21 November 1975.~~ Measurements wi th the new DAS and the specified procedures were

The internal checks made and the certified DAS assured the validit y of
the data gathered. A test schedule and list of tests carried out is
a ttached as Table 24. The schedule began wi th drift and stability * -
tests which continued through the entire series. Two pressure cali-
bra ti on tests to 50 psi were inc l uded in the series.
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TABLE 24
TEST SCHEDULE

Test Date Tests (110°F)
8/4 Fi rst drift and stability tests — balance and unbalance mode.
8/6 Drift and stability tests - transducers mode.
8/8 Drift and stability tests - transducers mode.

t 8/11 Drift and stability tests - balance and unbalance mode.
8/13 Drift and stability tests - transducer mode.
8/15 Drift and stability tests - transducer mode.

to
8~

ll9 Te~ orary hold period.

10/20 Pre—pressure calibration drift and stability tests - balance
and unbalance mode .

10/22 Pre-pressure calibration drift and stability tests - transducers
mode.

10/24 Pre-pressure calibration drift and stability tests - transducers
mode.

10/27 Pre-pressure calibration drift and stability tests - balance
) and unbalance mode.

10/29 Pre-pressure calibration drift and stability tests - transducers
mode.

11/3 P -c—pressure calibration drift and stability tests - transducers
-~~~~~~~~~~ mode.

11/5 Pressure cal ibration to 50 psi - f irst run.
11/7 Pressure calibration to 50 - second run.
11/10 Post—pressure calibration drift and stability tests - balance

and unbalance mode.
11/12 Post—pressure calibration drift and stability tests - transducers

mode.
11/14 Post-pressure calibration drift and stability tests - transducers

mode.

4
11/17 Post-pressure calibr~tion d r i f t  and s tabi l i ty  tests - bal ance

and unbalance mode.
11/19 Post-pressure calibration drift and stability tests - transducers

mode .
11/21 Post—pressure calibration drift and stability tests - transducers

mode .
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1. Drift and Stability Tests

Stability of the electrical circuitries and DAS was excep-
tionally good , excluding stress gage circuits , S-9, N3-2, N8-2, and
N15-l. The latter gage circuits were just slightly over specifica-
tions by .070, .050 and .080 my , respectively. The stability of the
system, independent of the transducer and stai nless steel junctions ,
was very satisfactory and justifies the considerable effort which was
directed toward establishing good system baseline stability .

Figures 64 to 66 summarize the drift data for all gages
over a 97 day period . One gage, £115-i , showed a strong anamolous behavior - -

~

that was noted previously and should be excluded from further consideration.
If N15-1 is excluded then the maximum drift observed over a 97 day period 

—

is 6 my and the average dri ft 2 my. These values calculate to system
drift rates that average about 0.5% FSO/month and reach a maximum of
about 1.5% FSO/month, a substantial improvement over those observed —

before any correction or rework (Table 17).

The dri ft rates of the reworked system were compared to those
measured by Koni gsberg , Appendix 0. His data show zero pressure drift
rates of 0.2 to 0.4% FSO/month for the top 25% of his transducers and

) 0.6 to 0.8% FSO/month for the top 50%. Thus, the observed drift data
are wi thin the manufacturer ’s range of experience wi th the gages.

It should be noted , however, that when these drift data are
compared wi th allowable limits for drift which are considered to be con- -~ I

sistent wi th the original objectives of the program (Figures 64-66) j
the majority of the gages exhibit drift behavior which exceed those limi ts.

To place this observation in perspecti ve consider that 1% FSO/
month converts to 1.2 mv/month which , given an average gage sensitivity

r of 0.8 mv/psi (150 psi gage), represents about 1.5 psi/month. Since the
thermal stresses developed in the Minuteman Stage 111 motor under norma l
storage conditions are typically of the order of 5 psi it’ s obvious that
this type of drift behavior -is unacceptable for long term testing.

4 
Table  25 shows the readings from the dummy resistor bridges

placed in each junction box. The dummy bridges serve two purposes :
(1) That the power at each junction box is verified ; and (2) that the
stability and power supply checks are obtained. Failure of any of the
channels 42, 43, 44 and 45 are a signal to stop and repair. Should one - -

of these dummy channels be out all associated data would be invalid. - -
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Figures ~7 throujh 69 !1~ 4’ il lustrations of the stability
of the DAS , bridge completion units and ~‘esis tors. Figures 67 and
h~ (hspl-u ,- 1- 4 - I d i lIl;’- with the pai r of bal anced resistors substituted
in place of the gage , while Figure 69 shows the readings wi th  the
unbalanced resistors substituted . Gages S-4, S-9, N3-2 and N8-2 were
sliqhtly out of specifications . N15-l , the 3-D gage , was badly out
of specifications , indicating a faulty circuit.

- 

J 

2. Conclusions

Tests on the reworked system with its accompany ing rigorous
cal ibratio n and measuremen t techn iq ues have in d ica ted the fol l ow i ng :

(1) Rework of the system wi th the removal of the solder
joints eliiiii nated the major source of erratic readings and faulty
sensitivity of the gages .

C 
‘ (2) The electronics beha ved q u i t e  s a t i s f a c t o r i l y  a l l o w i n g

confidence in the data .
-,

• (3) Drift -in the range of 0.5% FSO/month to an extreme of
1 .SZ FSO/inonth occurred in most of the gages over the period of the
experiment.

The observed drift in the reworked system is attributed to
d r i f t  of the ga ges themselves , and although it appears small relative
to full-scale output , a comparison of the drift magnitude with that
of the stresses which were to be measured in the majority of motor
tests conducted in this program shows that at best an accuracy of
+ 5O~ could have been expected .

The drift data discussed above are most concerned with only
one parameter of the gages , zero stress output. Questions still rema ined
rega rding gage sensitivity , viscoelastic gage -grain interactions , dynamic
loadings , hysteresis , in-situ recalibrations of the gages , and others .
The -i mportance of answering some of these quest ions lead to the performance

I 

4~~ 

of the series ci laboratory experiments discussed in the next two sections.
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SECTION 10

SOME LABORATORY EVALUATIONS OF

NORMAL STRESS TRANSDUCER ANOMALIES

- Revised Program -

This effort was designed as an exploratory eval uation of normal
stress transducers and some of the factors that could modify their
behaviors. The studies began with considerations of l eadwi re junctions
then, turning to the transducer itself , considerations were given to
semi-conductor gage self-heating, transducer hysteresis and high rate
attenuation effects. —

The work was conducted in parallel wi th the diagnostic studies
on Motor No. 1 and was somewhat redundant with those efforts. Never-
theless , these laboratory studies brought to light some very interesting
aspects of the transducers that should be considered in future trans-

) ducer development studies. The following discussions were written to
serve that purpose.

A. Stainless Steel Leadwire Junctions

As concluded in Section 9, replacing the soldered stainl ess steel
junctions with crimped spade l ugs was the major factor in reducing measured
drift in the zero stress output of the gages. Some of the background work
leading to this corrective action is given below.

1. Nature of the Wi re and Junctions

The stainless steel wi re was a 33 gage bundle of 15 or 25
- - I strands. This multistrand wire had a resistance of 40 ohms/foot.

The soldered junctions were made on a termi nal strip that was
• attached to the motor case. As shown schematically in Figure 70, the

terminal strip had metal solder tabs mounted on an insulating backing.
‘
~~~ 

The leadwi re junctions were soldered to these tabs.

The supplier delivered the gages wi th pre-tinned leadwi res.
— -~~ The pre-tinning involved a proprietary technique the value of which was

not appreciated until the revised program.

I
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• - The pre-tinned l eads were first soldered to terminals for
vacuum calibration of the gages, then they were disconnected , and after
installation in the motor, re-soldered to the terminal strip. In this
process a few of the leadwires lost their tinning , some were broken ,
and some were cut to shorter lengths. So it was necessary to strip the
insulation and re-tin the ends of these leadwi res.

- Stainless steel is intractable to normal resin flux solders
so that solder joints could only be made if acid flux was used. It was

-
- I expected that ordinary wiping wi th a basic solution would remove excess
- acid and eliminate any residual acid problems . However, the leadwi re
- has a wicking action whereby it holds flux between its many strands. Any

unremoved acid has serious long term degrading effects on the junctions;
with potentially very large resistance changes . The proprietary technique
devised by Konigsberq Instruments, Inc. either prevents or minimi zes this
wicking action , but ASPC was not made aware ot its existence until later

- in the program.

- 
- 

The degradation of the junction is an oxidative process that
- 

‘- is accelerated by moisture (24). The formation of a non-conductive
- oxide l ayer between the leadwi re and the overlayed solder is the basic

/ feature of this process. This metal oxide can act like a diode when it
- 

f 
occurs between dissimilar metals, as in the case of a soldered junction .

- 
- The amount of permissible resistance change in a junction was

calculated using typical gage circuit parameters. Wi th a limi t of + 0.1
m v  on the gage output , the allowable junction resistance change calculates
to be + 0.05 ohms. This limi t also represents the tolerable unbalanced

= difference between resistance changes in the junctions associated with
the two arms of the gage half-bridge .

- 2. Tests of Soldered , Crimped and Clamped Junctions

- } A number of possible leadwire junctions were considered in this
program. They were tested in short wire loops with the junctions at both
ends. Degradation of the junctions was effected by an accelerated aging

f which involved high temperature storage in moist air. The test junctions ,
set up as shown in Figure 71 , involved the following test articles :
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FIGURE 71. DiSli;;j OF TEST JUNCTIONS
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Sl - A loop of stainless steel wire, both ends swaged in spade lugs.

S2 - A loop of stainless steel wi re wi th one end in a swaged i nter-
connection to copper wire and the other clamped under termi nal
screws.

S3 - A loop of stainless steel wi re clamped under terminal screws.

S4 - A loop of stainless steel wire wi th ends soldered to the spade
1 ugs.

S5 - A loop of copper wire clamped under terminal screws.

This combination of wires and junctions were all attached to a comon
screw -type terminal strip and was soaked in air at 160°F and 100% R.H.
for eleven days in a laboratory oven. At the end of the soaking period ,
the junctions were removed and allowed to dry out. Figure 72 shows
the effect of drying on three junctions and Tab le 26 gives the tabulated
data . The swaged junction tests, Sl and ~2, 

did not deteriorate signifi-
cantly through the test and subsequent drying. On the other hand , the
soldered stainless steel junction showed only a small change when first
removed from the high humidity , but the resistance increased rapidly
with time thereafter. It changed by 13 -.. in the first eight hours. The
data are interpreted as an effect of the acid flux catalyzing oxidati ve
degradation of the stainless steel joint.

The ranges of the resistance measurements reported in Table 26
are suninarized below .

Resistance, ohms
Range

Upper Limi t 16.47 19.25 15.22 18.20 0.0666

A Lower Limit 16.27 19.10 15.04 15.50 0.0625

4 Delta 0.20 0.15 0.18 2.70 0.0041

4 -
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TABLE 26

RESISTANCE READINGS OF TEST JUNCTIONS IN OHMS

Res i stance , ohms
Date Time ~l ~2 

S3 S4 S5

12/18/74 0900 16.31 19.22 15.19 - -

12/18/74 1200 16.37 19.25 15.22 - -

12/19/74 0800 16.32 19.24 15.15 15.51 -

12/ 19/74 1100 16.31 19.19 15.14 15.50 .0625

12/19/74 1700 16.38 19.18 15.14 15.51 .0625

Sent units to 160°F at 100% RH at this point.
I

12/30/74 Removed from box at 0830

12/30/74 0905 16.45 19.13 15.10 15.72 .0625

12/30/74 1115 16.45 19.17 15.11 16.51 .0637

12/30/74 1330 16.47 19.25 15.13 17.21 .0627
— 

.~~~ 12/30/74 1625 16.40 19.24 15.15 17.57 .0666

12/31 /74 0820 16.27 19.10 15.04 17.47 .0651

12/31/74 1135 16.47 19.20 15.12 17.96 .0651

~ ~1
Tension experiment: Pulled on each l ead then re-measured.

12/31/74 1135 16.37 19.19 15.13 17.80 .0651

12/31/74 1135 16.41 19.16 15.12 18.20 .0651

I:
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These data show that the stainless steel wire s with swaged spade lugs
and clamped junctions (Si, S2 and S3) are virtually the same , wh ile
the soldered junctions , S4. are d i s t inc tly infer ior .

The copper wire tes ts were performed to show that un der
this aging small changes can occur in these junctions , also. But the
chan ges were quite negligible with respect to gage requirements ,
+ O.05j

To expl ain the behavior of S it is suggested that one or more
of the stran ds of the s ta in less  steel wi~e was completel y isolatedfrom the other wire strands , Figure 73. If the soldered length of
w i re wa s reduc ed . such as chan gi ng the solder tab from 1/4 in . to
1/8 in. for example , then the max i mum change in resistance of the
wire that cou ld occur is ‘i~ . On the other hand , if one stra nd in
eighteen is removed a 6% change in resistance cou ld result. Since

-
~~ 

‘ - a l3 (- change was observed,it was conclu ded that  at least two strands
or the equivalent were isolated from the remainder of the bundle.
Further testing showed tha t more resistance change coul d be developed
by bending the wire near the junctions thus modifying the contact between

— - the strands and the solder. As shown in Tabl e 26 , a s l i g h t  movement
of the wire caused a change from 17.8 to 18.2 ohm.

- 

~ B. FEATURES OF THE NORMAL STRESS TRANSDUCER REQUIRING ASSESSMENT

An exhaustive listing of problem areas has not been attemp ted
here , since a simplified picture is both sufficient and easier  to
fol low . The make u p o~ the transducer is considered fi rst , then a
listing of the prima ry observations is given. Some of the areas
noted have been assessed and are discussed in a later sub—section.

- 1. Make-up of the Normal Stress Transducer

The primary elements of the norma l stress transducer are
I the semi—conductor strain gages . since it is these gages that sense the

4 deformations of the diaphragm and control the electrical output of the

j  

un it.

.- 
- These silicon semi-conductors were bonded both externally

an d i nternal l y to the d i aphra gms of the norma l stress transducers as
illustrated in Figure 74. Bonding of the gages was effected using
an epoxy adhesive cured at 350 F. Because of thermal e:-.pansion differences ,

C coolin g the transducer to room temperature produces differential stresses
in the semi-conductors and in the diaphrdgm. Creep of the semi-conductor

- 
- arid the long term drift of the zero stress output of the transducer

(Appendix 0) are associated with these therma l stresses.
S
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Oxide Insulating Layer on Each
Strand Acts as Insulation

Strongly Oxidized Zone
Isolates Center Strand
or Strands

~T 4

FIGURE 73. SUGGESTED TUNNELING OF STAINLE SS JUNCTIONS
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Embedding the transducer in a rubber or propellant medium
exposes the external semi-conductor to a possible corrosive environment.
This eni~edment also introduces viscoelastic interaction effects whichincrease as the temperature decreases.

2. Possible Problem Areas Needing Assessment

The previous model of the normal stress transducer is suffi-
d ent to make the following observations.

• j a. Temperature Effects

~J The resistance values of the semi-conductor strain gages
are very strongly affected by the temperature. So, the mounting of gages
on both sides of the diaphragm places them in different thermal environ-
ments which could seriously complicate transducer measurements . Thus ,
stress measurements in the presence of temperature gradients are probably
in error; an error that would become greater as the therm— i gradient
increases .

A complicating feature of this problem is self-heating
of the semi-conductor gage. Since the gage is effectively a resistor,
the passage of current through the gage should cause it to evolve heat,
wi th a corresponding increase in its resistance valu e. Since the two gages
are not in the same thermal environment they should not dissipate this
heat equally. Thus, possibly different resistance changes in the semi-
conductor strain gages could occur from this self-heating . The effect
would be expected to be larger as the temperature change on the semi-
conductor increases.

Measurements of the temperature changes in the sel f-
heating process are reported in Section 1OC.

b. Hysteresis Effects

One component of transducer drift and hysteresis would
be creep of the semi-conductor strain gage relative to the diaphragm.
As pointed out before, this is an effect that is both recognized and is
now being taken into account (Appendix 0) by new gage manufacturing
methods

-185-
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However, for the gages like those used on the Flexibl e
Case-Grain Interaction program, the questions of hysteresis are still
viable ones. As it is presently understood, hysteresis effects would
occur because of strong viscoelastic effects in the transducer. The
only sources of such effects would be the epoxy adhesive and the rubber

J (or propellant) potting material that surrounds the gage.

The epoxy was expected to become more brittle as the
temperature drops below ambient, so the strongest viscoelastic effects
of this material should be at the upper test temperatures (maximum of
130°F) for this program. The IBT-115 rubber potting increases its
viscoelastic effects as the temperature drops, which suggests test
measurements in the range of 00 to 30°F.

- •-i Measurements of gage hysteresis over the temperature
-‘ range are reported in Section 1OD.

c. Attenuation of High Rate Transducer Response

The viscoelastic effects mentioned above have an even
more significant role in the attenuation of transducer response. If
viscoelastic effects can retard gage responses, then the higher the
test rate the greater the retardation. This characteristic is-al so
considered in Section 1OD.

A companion to these viscoelastic attenuation effects
• would be adiabatic heating of the material in the inmiediate vicinity

of the transducer. This would involve local heating of the exposed
• semi-conductor strain gage by a few degrees, if the pressurization

rate was high. Additional heating would occur if casting bubbles
were present.

d. Barometric Pressure Changes

Since the transducer is a closed system It will respond

\ 

to changes in the barometric pressure. For small grain stress measurements,
or for tests conducted at various altitudes, these changes could be signifi-
cant factors. No experimental analysis of this factor was made on the
Flexible Case-Grain Interaction program.

4 
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C. SELF-HEATING OF THE SEMI-CONDUCTOR STRAIN GAGES

The amount of self-heating in a semi-conductor strain gage was

j  

~~
. estimated from comparison of precision resistance measurements made

on the gages using pulsed and continuous powering techniques.

The -transducers tested were those shown in Figure 75. The
bare transducer contained two active half bridges 1-1 and 1-2 which
were individually tested. The potted transducer also had two active
bridges, numbers. 2-1 and 2-2. A third transducer, which was embedded

lr~ in rubber potting and mounted on a section of case wall in the same
fashion as the full-scale motor installations, had two active half-
bridges, 3-1 and 3-2. At some point in the measurements half-bridge
3-2 was lost due to a broken wi re.

The first set of measurements was made at 74 + 2°F after 22.5 hr
of electrical powering of the gages. The measurements involved a resis-

- 11 tance substitution technique. First, the transducer output was measured
then a precision decade box was substituted (using a simple switch) for
the gage element being evaluated. Following this, the resistance of the
decade box was adjusted to bring the transducer output back to the original
reading. This resistance value was taken to be equal to that of the gage
element.

The second set of measurements was made with the gage held at
thermal equilibrium while its resistance was determined using 90 micro-
second electrical pulses (the duty cycle was 90 microseconds on and
100,000 microseconds off). These measurements were conducted at 32°, 78°,
and 110°F.

Figure 76 illustrates the resistance measurements plotted as a
function of test temperature. The temperature rise was determined from 3
the graphs as the temperature difference between the measurements at a
given resistance value. Thus, the steady-state, continuously powered

\ strain gage elements gave temperature increases between 11 and 21°F,
as suninarized In Table 27.

The data given in Table 27 indicate a slightly larger temperature
rise, 3°F, for the externally mounted strain gages. This effect was antici-
pated for the potted transducers, but Its occurrence in 1-2, a bare trans-

P ducer, suggests that the individual semi-conductor may play a strong role,
also.
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TABLE 27

- 
SELF-HEATING OF

SEMI-CONDUCTOR STRAIN GAGES

;- _  _  

- j

Strain Gage Temperature
Transducer location Rise, °F

1-1 Inside 21
Outside 21

- 1— 2 Inside 18 - 

—

Outside 21

(1 2—1 Inside 11
Outside 17

2-2 Inside 13
Outside - 13

3-1 Inside 15
Outside 16

: 4
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0. HYSTERESIS AND ATTENUATiON EFFECTS IN TRANSDUCER RESPONSES

- • The measurement, at moderate pressurization rates, of hysteres is
and response attenuation in the transducers was accomplished using the
pressure bomb and test procedures described below. Following this

- description is a discussion of the experimental results.

1. Experimental Set-up

The pressure bomb used for these tests is illustrated in
Figure 7 7. The transducers under test were attached to the center
post which , in turn, was attached to the cap. A thermocou~1e wasinserted through the bomb sidewall , whi le a pressure gage was

- - I attached to the gas input line. The experimenta l set-up using the bomb
is given in Figure 7 8. With the transducers mounted in the pressure
bomb, suitable connections were made to the recorder and gas pressuri-
zation source. A temperature bath surrounded the pressure bomb. Al though

- í nitrogen gas was used for the pressurization, various working fluids sur-
rounded the gages under test, including nitrogen gas, ethylene glycol ,
and liquid polybutadiene. Pressure was effected by hand control of the

( valves. Typical pressure-time traces for these hand operated runs are
j  given in Figure 79.

The transducer measuring circuit followed the design given
-
~~~ in Figure 80. Various power sources and various measuring methods

were used in the following experiments.

2. Test Results

A large number of tests were conducted to show that hysteresis
occurs in the transducer measurements when they are conducted under moderate
pressurization rates. The primary inference from the data is that tests
under the still higher rates of motor pressurization could produce very strong
modifications of transducer response.

- 
- F igure 81 contains a plot of transducer output versus test

pressure for unit 3-1 when tested at 32°F. The pressure was applied in
10 seconds, held for 5 minutes at 200 psig, then returned to atmospheric
pressure in 10 seconds. The hysteresis in the trace is apparent, as is
the residual output of the unit at zero pressure.

- 
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FIGURE 77. PRESSURE BOMB WITH TEST TRANSDUCERS MOUNTED IN PLACE
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Since this test was performed in a working fluid of
- ,. nitrogen gas there was concern that adiabatic heating and cooling

- during pressurization and depressurization, respectively, might have
infl uenced the results. So, the tests were repeated In both ethylene
glycol and liquid polybutadiene. Figures 82, 83 and 84 show tests con-

- ducted on the bare and potted transducers at 130°F.

The bare transducer at 130°F, Figure 82 , evinces

J significant hysteresis and residual offsets that persist for long
times. Other tests on the bare transducer shows these effects decrease
with temperature.

F igure 83 illustrates essentially the same behavior at
130°F for the potted transducer, 2-2. But, Figure 84 contains plots
where the hysteresis effects at 8°F have significantly increased over
those obtained at 130°F. The short time residual offset was markedly
increased also.

In some of this testing the transducer output versus
pressure traces were distorted, Figure 85, causing concern forj  the response times of the x-y recorder. Actually, the behaviors
near the two ends of the curve are considered to be fairly realistic ,
while the middle portions of the curve are likely in error. Figure 86

-

- 

- 
- - contains two photographs of oscilloscope traces taken in tests where

still higher pressurization rates were attempted. Marked gage hysteresis
• effects may be seen at the point where the pressure was first applied and

the pressurization rate was very high. After that, the rate slows down
and the hysteresis seems to be about like those seen above.

- Measurements of hysteresis were obtained from two transducers,
1-1 and 2—1 , using the departure from linearity. This is defined as the
deviation of the curve from the center line, expressed as percent of the
full-scale output of the gage. Table 28 sumarizes the deviations
attained in these experiments. There is a large effect of rate and
temperature and no noticeable effect when changing from the fully exposed
to the rubber covered gage.

¶ 3. Conclusions

High rate motor pressurization experiments (minutes per cycle
• at -9°F and seconds per cycle at 79°F) would require calibration corrections

~~~ to any data generated by gages of the type tested if linearity and hysteresis
errors must be limited to the range of 1% or less. Such errors can run as
high as 15% without correction at the 1 sec./cycle rate range.

V
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FIGURE 86. HYSTERESIS TESTS FOR GAGES I-i AND 2-1
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TABLE 28

• EFFECT OF PRESSURIZATION RATE AND POTTING

UPON RESPONSE ATTENUATION -

Transducer Temperature Approximate Working Departure from
No. - °F Rate, sec/Cycle Fluid Linearityt , %

1-1 -9 120 PBD 1.7

1 1-1 32 120 PBD 1.0
- . 1-1 32 20 P80 4.2

1-1 79 30 P80 .1

-
~ 1-1 79 7 PBD 1.0

[ )  1-1 79 1.5 EQ 12.5

2-1 32 120 P80 1.0

2-1 - 79 30 PBD .1

2-1 79 7 PBD .1

- 2-1 79 1.5 EG 14.2

) PBD is polybutadiene
- 
-

- EQ is ethylene glycol

* Deviation from center line as percent of full-scale output.
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Gage creep errors are expected in a significant fraction of
• the gage elements at temperatures of 130°F or higher when the gage element

is fully loaded. Long term, high temperature, high stress experiments - -

would be expected to accumulate the errors as a function of the stress,
temperature and time. Insufficient data were taken to quantify this - -~

J 
aspect, however.

E. GAGE CALIBRATIONS FOR TIME AND RATE DEPENDENCIES

The preceding work has shown that the gages have long term drift - -

and pressurization rate dependencies. In addition, a strong time dependent
interaction between the grain and the gage was predicted by Pister (25).
These three phenomena are expected to combine to give complex gage ca ll-
bratior, relations like the following.

V(t ,T) = b(t,T) a (t ,T) + a(t,T) (4) , -

where
V(t,T) is the measured voltage output of the gage expressed

as a function of time and temperature

J b(t ,T) is the sensitivity of the gage

a(t,T) is the zero stress output of the gage

0(t,T) is the time varying stress appl ied at the gage

The methods for making these cal ibrations have not been fully estab-
lished . But, a procedure that assumes linear viscosity is given in Volume II
of this report. This type of calibration would be required for all time
dependent loading conditions to which a given appl ication might be exposed.
That would incl ude vibration , high rates of pressurization, rapid thermal
changes and long term storage.

ASPC reconinends that the Air Force support some practical studies
9 to develop the required time-dependent gage calibration procedures.

- 
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- SECTION 11

IN-SiTU RECALZBRATIONS OF NORMAL STRESS GAGES

- There are a number of reasons for making an in-situ recalibration.
Among those reasons are the following:

j (1) Response of gages must be verified.

(2) The gages or the bridge completion circuit may have changed
on aging, thus producing new gage characteristics.

(3) Questions regarding gage-grain interactions can be resolved
only through an in-situ recal ibrations.

j The following di scussion describes the theory for making the in-situ
j  recalibrations , with an example set of measurements made on the motor at

110°F. These new calibrations are compared with those taken earlier by
the gage supplier.

J A. THEORY

This approach is based upon the use of internal pressure or vacuum
in the motor to define the load sensitivity of the gages, and the establish-

1 ment of a condition where the thermal stresses in the grain can be assumed
(or, even defined) to be negligibly small. A further requirement of the
theory is the use of a number of normal stress transducers to give replicate
measurements of a given loading condition.

A final constraint imposed by the theory requires that the diaphragm
stiffness of the gage be sufficiently large that the viscoelastic aspects
of the gage-grain interaction can be ignored. Wi th the limited operating
temperature ranges of the strategic missiles the propellant1s viscoelastic

I contribution should not be a problem. But, the very wide temperature ranges
• allowed -in the use of the tactical rockets could yield a signi ficant visco-

elastic effect, unless the gages were specifically designed to eliminate
- this interaction.

The followi ng simplified relations provide convenient methods for
estimating gage calibration parameters from motor pressurization test

• data .

1. Gage Sensitivity Evaluations

For the normal stress transducer, the fundamental relation
between the voltage output, v . and the stress, a , imposed by the grain
is given by
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v = a + b a  (5)

where a is the zero stress voltage output of the gage, my

b is the sensitivity of the gage, mv/psi

J 

At the grain bondline, the normal stress, a, at the gage is
seen to be the sum of three stress components.

a = o
9
+a T +Q

P (6)

where a is the stress due to the force of gravity actingg on the grain

aT is a thermal stress

is the, stress induced upon motor pressuri zation

The thermal stress, 0T’ may be taken to be nearly constant
F for a large grain tested at thermal equilibri um.

The pressurization stress at the bondline, a , is related to
the internal chamber pressure, 

~a’ 
as follows. p

= 
~~n~a 

(7)

where f~ is the fraction—of--the internal pressure that is transmittedthrough the grain web. It is specifically given by the relation

= 

~b”~a 
(8)

where p5 is the pressure reaching the bondline

In general , 
~n 

has a value greater than 0.90.

Combining Equations (5) .  (6) and (7) gi ves , after
rearrangement

v = a + b (ag + a T
)_ bfn Pa (9’)

Taking the derivative of Equation (9) with respect to p8 gives

~~~~~~~ 

= -bf,., (10)

Thus, the slope of a plot of gage output voltage versus motor
internal pressure equals the gage sensitivity mul tipl ied by a term that
has a value close to 1.0. In general , the value of f~ is adequately cal-cula ted from structural analyses of the pressure calibration test.
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2. Determinations of the Zero Stress Output
S

This quantity must be approximated using both empirical andr - analytical procedures. The basic relation to be used here is Equation (9)
with the internal pressure, Pa’ set equal to zero (atmospheric pressure).

v = a + b (ag + aT) (11)

c At the assigned stress-free reference temperature, I , the

J thermal stress, 
~i 

is arbi trarily set equal to zero*, while °g ~s readilycalculated for a given grain design. Thus, upon rearrangement a at I
is given by r

— 

-
~~ 

a(Tr) = V(Tr) - b(Tr)ag (12)

Thus, we have one known value of a.

The value of a at other temperatures, a(T), is obtained in
terms of this quantity. but in an indirect way. This is done by first
rearranging Equation (5) to give

)  ~~~~ - + a  (13)

Then, the following definitions are made.

0 -
~~

- (14 )

and

a ~~
- (15)

So, Equation (13) becomes

H 0 = a + a  (16)

This change of variables permits a simplification in the analysis ,
as shown below.

* In practice the motor must be stored at this temperature for a period
of time sufficient to allow a nearly complete relaxation of the grain

- ‘ thermal stresses. We prefer to call this process, “anneal ing” .
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At the reference temperature, Tr’ Equation(l6) takes on
the form

0(Tr) a(Tr) + a(Tr) (17)

Similarly, after equilibratin g the motor at another storage temperature, I,

J 
Equation (16) becomes

0(1) = a(T) + a(T) (18)
- 

- 
Subtracting Equation (17) from Equation (18) gives the

-~~ following incremental relation.

(19)

where, by definition ,

0(T) - O(Tr) 
(20)

a(T) - ci(Tr) (2 1)

Aa a(T)  - a(Ir) (22)

Substituting Equation (6) into (22) and making the appropriate sub-
script changes gi ves

~
a ( a g +aT + a p)_ (a g + a Tr

+a p) a T (23)

This simpl ification arises from the fact that O~~ is virtually independent of
the storage temperature, that the tests are to 5e conducted at atmospheric
pressure where °p = 0, and that Tr 

0.

I Consideration is now given to a number of transducers placed
circumferentially around a motor at the bondl ine. That is , the gages are
all placed at a given axial distance along the motor, Figure 87. If the

- grain is sy~mnetrica11y designed all of the gages shoul d experience the samethermal stress (as shown by Equation (23) we are not concerned here with

- °p and ag) thus, for the various gages

t~a1 = 
~
‘2 = . . = Aa1 (24)
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Also , for the 1th gage

= + na~ (25 )

Suming Equation (25) over the total number of qages , n , gives

n n n
L nO. / Aa. + ~~ no. (26)
1=1 1 i=l 1 i=1 1

But, from Equation (24)
n

~ 

~~1 
na.~ = n A a 1 (27)

Combining Equations (26) and (27) gives

p 

~~~ ~ l 
~~~ = ~ 

i~1 
Aa ,~ + na~ (28)

For convenience , we will use the definitions

~~~~~ E~~
aj (29)

and

~0~~~j En01 (30)

4 

The temperature compensation of the coefficient for the stress trans-
ducers was designed to be within 1% FSO/l0O° (see Reference 26). Al so , the effect

•1 of tempera ture on the coeff ic ient a var ies from gage-to-gage , although it is not

.~ completely random . If the effect were completely random , then for a large value
o f n :

- n
~~

‘ Aa . 0 (31)
1
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Nevertheless, the sunnation is expected to be quite small* and division
- 

. 
by n further reduces its size.

- Combining Equations (28) and (31 ) gives the apparent
stress on the gages .

, no1 
= 

~~~ ) (32)
- 

I 

1=1

~
J The no. calculated here may now be used in Equation (25) to get the

for ea~h gage. Substi tuting this quanti ty in Equation (21) and , then ,
- into Equation ( 1 5 )  gives the desired a1 (T) for the -j th gage. This process
-
~~ reduces to the following relation 

-

-
~~~ I a.(T ) 1

-

- 
a1(T) = b~(T) Lb~~~~

T
~~~

) 
+ nØ,1 - Ao jj (33)

The use of Equations (32) and 33) requires as many gage
measurements as possible , wi th great care taken to exclude data from those
gages that have behaved erratically or shown some other form of gage or

.1 measurement anomally.

B. APPLICATION TO 110°F MEASUREMENTS ON FULL-SCALE MOTOR NO. 1

Internal pressurization tests were conducted on the full-scale motor
at 110°F using the newly certified DAS and motor testing procedures. The
motor had been held for 9 months at 110°F during the diagnostic and repair
procedures. This temperature had been selected as a good candidate for the
reference temperature, Tr, since the motor was cast and cured at 110°F , then

I held there for four additional months while the propellant post-cure reactions took
I place. This last storage at 110°F was intended as an annealing process designed
F-. . to promote .residual post cure reactions and accelerate the relaxation of

1 

thermal stresses.

I The internal pressurization of the motor was accomplished in pressure

~ A’ - -‘ steps according to the following sequence: 0, 10, 20, 30, 40, 50, 30, and
- 0 psi. The motor was held for 30 minutes at each pressure during which

time the gages were read three times; after 10, 20 and 30 minutes .

* For tactical motors at low storage temperatures a finite va l ue of Th may
be required . The factors involved in generating its magni tude have not

• 

- 

been explored . 
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- 
The analysis of these data involved a rearrangement of Equation (10)

which gives

(34) . 

-

— n a

Where the symbol b is used to represent that this is an estimate of the
- - sensitivity parameter.

- The slope - ~~
-
~~

- , was obtained from the recorded data using linear
- 

- regression analyses. alhe fraction, f~, was obtained from elastic analysesof grain pressurization, Appendix P, usinq the relationship given in
- Equation (8). The values of :dv/dpa and f~ thus obtained are tabulated in- 

- Table 29 along with those of b.

Estimates of the zero stress voltage output, ~~, were obta ined from
the motor pressurization test data taken at atmospheric pressure. Equation
(12) was used for this calcula tion . Rewri ting that relation in terms of

c
i 

~ and ~ gives

a = V(T ) -

I The values of b were obtained from Table 29 and the values of °g from the

I 
elasti c analysis of Appendix P~ The measured vol tage rea di ngs , v(Tr), °g’
~ and ~ are tabulated in Table 30.

C. COMPARISONS WIT H PREVIOUS CALIBRATION DATA TAKEN ON THE GAGES

- Comparisons of gages sensitivities wi th those previously taken at
Konigsberg Instruments and in gage calibrations at ASPC are given in Table

- 31. These resul ts show that most of the gages (15 out of 20) are more sensi-
tive now than they were at the time of their manufacture . It would appear that

- there has been a change in either the gage characteristics or the gage—grain
-y interaction effects. The fo rmer seenis unlike ly, but there is insufficient

- 
- data to support any hypothesis at this stage .
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TABLE 29

DETERMINATION OF NORMAL STRESS GAGE
S

SENSITIVITY PARAMETER FROM

MOTOR PRESS URIZATION TEST ING AT 110°F

Normal dv . 
‘f~~

J 

Stress Gage dimensionless b , mv/psi

Nl-l 0.283 0.956 0.296
N1-2 0.277 0.956 0.289

N2-l 0.104 0.862 0.120‘1 N2-2 4- BAD DATA

- 

- — 

N3-l 0.238 0.956 0.249
N3.-2 0.218 0.956 0.228

I • N4-l 0.281 0.862 0.326

~ L 
N4-2 0.282 0.862 0.327

N5-l 0.905 0.968 0.935
N5-2 0.722 0.968 0.746

N6-l 0.854 0.962 0.887
N6-2 0.770 0.962 0.800

N7-l 0.819 0.942 0.870
N7-2 0.830 0.942 0.881

N8-l 0.779 0.964 0.808
N8-2 0.943 0.964 0.978

N9-1 0.803 0.968 0.830
N9-2 0.815 0.968 0.842

Nb -i 0.912 0.962 0.948
NlO-2 0.851 0.962 0.884

Nil -i 0.844 0.942 0.896
. Nll-2 0.818 0.942 0.869

I.
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TABLE 30
- 

. 

DETERMINATION OF NORMAL STRESS GAGE

- 

ZERO STRESS VOLTAGE OUTPUT FROM

FULL-SCALE MOTOR TESTS AT 110°F

J 

Normal
- - 

- ~~~~~~~~ 
V(T ,J , mV ~~~~, ~~ ~ mv/psi ~~, 

my

N5-i —52.58 1.98 +0 935 -54.43
N5-2 -11.40 1.98 +0.746 -12.88

I N6-i -16.96 1.628 +0.887 -18.40
N6—2 5.555 1.628 -0.800 +6.86

N7-i -28.29 1.50 -0.870 -26.99

(

1 N7-2 -8.005 1.50 -0.881 -6.68

N8-l 32.18 0 -0.808 +32.18
N8-2 -50.64 0 -0.978 -50.64

N9-l -27.04 -1.98 +0.830 -25.40
N9-2 -19.67 -1.98 +0.842 -18.00

N1O-1 -13.97 -1.628 +0.948 -12.43
NlO-2 -12.77 -1.628 +0.884 -11.33

Nil-i 5.216 -1.50 ~0.896 +6.560
Nii-2 -77.98 -1.50 -0.869 -79.28

T I
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- ~ SECTION 12

RECOMMENDATIONS FOR FUTURE TESTS ON
MOTOR NO. 1 FOR COMPARISON WITH ANALYSES

Any recomendation for possible future tests on Motor No. 1 , mus t
be made in terms of the magnitudes of the stress level s being measured

- 
, and the probable error in making these measurements . Clearly, the larger

stress levels are more signi ficant wi th respect to any given measurement
error, so test conditions which give large grain stresses are preferred.
Consi derations of s ignifi can t stress levels in these measurements are
discussed first, then some reconinended test plans are presented.

- 

- •- 

A. SIGNIFICANT STRESS LEVELS

The considerations made here involve statistical considerati ons of
significance and the possibility of large thermal stresses ‘in Motor No. 1.

1. Statistical Considerations

The simplest approach to questions of measurement significance
is to use the Student t-test. The reconwnended form of this test evaluates
the significance of the difference between average measured stresses and
the analytically predicted values . To keep from being restrictive , the
standard deviation for the test measurements is assumed to be unknown and
mus t be calcula ted from the repl icate measureme nts.

The calculation of to from the test data and analytical pre-
dictions requires the following relation -

A (36)

4 where: °A is the analytically predicted stress

~ 
is the average of the measured stress

S is the estimated standard deviation from the tests

4. - 

n i s the number of repl icate tes t measuremen ts.

The measured mean s tress , ~~

‘

, is signifi cantly different from
when to is greater than the table value of t at the selected confidence
level . We will use this fact together wi th the following definition

~ b A - 
~ 1 

(37)
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Substituting Equation (37 ) in (36 ) gives

t <  (38)si(~

J ~ or, upon rearran ging

> t/fn (39)
S

Equation (39) provides a simple ratio of the signifi cant
stress difference to the testing error in terms of the number of repli-
cate test measurements. A plot of A/S versus n is given in Fi gure 88
for a confi dence level of 95%. The curve~decreases rapidly as the number
of replicates increase from 2 to 4 and A/s falls to a val ue of 1.05 at
six replicates. Thus , wi th six replicate measurements ~ is significant
if it exceeds 1.05 ~~. This appears to be a good target criterion for both
the number of repl icates and for the stress difference, ~~ .

The replicate measurements could come from repeat tests on the
motor or from gages located in the same axial plane in the motor; see
Figure 87. The shear stress gages have little redundancy wi th four sets
of paired gages (two replicates for each set).

The norma l stress trans ducers each have two br idges ; so pai red
transducers would give four replicate measurements. There are four sets
of paired transducers, wi th four replicates for each set and one set of
three gages (N6, N8 and N b )  with six replicate measurements.

From these cons idera tions it i s concluded that at leas t two
repeat tests on the motor would be required for the normal stress gages
ani three motor tests for the shear gages. Considering the di fficulties
in reproducing large motor tests it is reconinended that three replicate
measurements be made in the planned experiments.

2. Possibly Large Thermal Stress Level s

There is growing evidence (27 to 30) that propellant moduli
taken at low strains (i.e., at 0.25% and below) are much larger than those
taken at higher strains (i.e., at 1% and above). The impact of these
moduli discrepancies are being fel t in compar isons with motor therma l
stress* data (31 and 32). The measured stresses given in these motor
tests were four and six times, respectively, those analytically predicted.

* Acc elera tion stresses are usua lly not dependent upon gra in modul i and
- 

- comparisons of these stress measurements with analyses have usually been
quite good.
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To predict the creep of a 120 in. grain in vertica l storage, Bills and
Svob (33) had to use compression tests on large speci mens , which qave
propellan t modubi that were four times those obtained in conventional
tensile measurements.

J 

Based on these and other supporting laboratory observations ,
it is expected tha t the thermal stress measurements in Motor No. 1 may

• be higher than expected. If the stress measurements should be as much
as a factor of two higher than those predicted, then the stress difference ,

- 

~~, will be quite large and the tolerable error in the gage data corres-
pondingly increased .

B. SUGGESTED THERMAL STRESS TESTING AT 30°F

The suggested testing is given below. But, the need for the effort
• can be better understood in terms of an analysis of the grain stresses
I and considerations of just one of the factors that can markedly affect

their prediction . The structural analysis is given next, then the sug-
gested testing effort is presented.

1 

1. Structural Analysis of 30°F Cooldown Test

A prel iminary stress anal ys i s was per formed on the- Minu teman I I I

propellant grain when the motor is subjected to a temperature of 30°F for~ Third Stage motor to determine the stresses and strain imposed on the

30 days. It is a preliminary analysis in as much as the material properties
had to be taken from the best available information instead of values deter-
mined from specimens made from the dissected motor.

The analysis was made using the TEXGAP propel l ant grain computer
program (34). The grain properties used in the analysis are as fol l ows :

1 .  Coeff. of
- I Modulus , Poisson ’s Ratio Thermal Exp., cx
- E (psi) v (in./in./°F)

‘ 
Propellant 216 0.5 53.7 x io 6

Liner 300 0.5 53.7 x 10 6

~~~ -6Insulation 500 0.5 100.0 x 10

- 
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The results of the analysis are shown in Figures 89 to 91.
Figure 89 shows the i nner bore hoop strain distribution when the third
stage motor is subjected to a temperature of 30°F for 30 days. The location

• of the LVDT’s are also shown in this figure. Figures 90 and 91 show
the propellant-liner interface tensile and shear stress distributions ,
respectively. The appropriate gage locations are also shown on these
same figures.

Over the gages the normal stresses range from about 5 psi to a

J maximum of about 14 psi , Figure 90. If the propellant in motor No. 1
follows Minuteman experience (35) then the modulus in the gra in would
be larger than that used here according to the relation

E~(grain) = 1.319 Er(carton) + 48.270 (40) - 

-

where Er is the relaxation modulus at a specifi c time

Using Equation (40) the propellant modulus would be increased
from 216 psi to 333 psi. This is a 56% increase that would be directly
reflected in the grain stresses.

The analysis given above, and the large correction to the
propellant modulus , were presented to illustrate both the approximate

p - magnitudes of the grain stresses and the considerable size of just one
of the unknowns in making accurate stress predictions . To this may be
added the possibly larger effect of strain-level dependence on propellant
moduli , as noted previously.

2. Recomended Testing Plan

It is reconinended, therefore, that Motor No. 1 be subjected
to three thermal cycles from 110°F to 30°F. In each cycle this would
require 30 days at both temperatures. The storage at 110°F should annea l
the grain and recover the modulus parameters. Reference 36 reports work
on the ANB-3066 propellant to show recovery of strain induced damage. This
work is sununari zed in Section l4.C below.

The system measurement errors are expected to be better than 1%

4 of the full-scale output of the normal stress transducers and no worse than
1.5% FSO. This should be quite adequate to assess the expected deviations
from analyses.

checked at the end of each 110°F storage and all gages normalized to that
point for the duration of the cycle.

- ~~~ If gage dri ft should be considered to be a problem it can be

~p

- 221-

- 
-;-

~~~~-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~ ~~~~



r~ ~~~ 
~~~~f-”i r- ~

--

S..
‘I) a)

C
0

a)
4) 4-~~~ U

NI
S NJ

0

I ~1
\
\~

•

I

~~ ~~ 
~~~~~(~) ‘ U L Q J 3 5  doo ~ ~~~ ~auui “N

-- 222-

— 
~~~~~~~~~~ ‘~~~ 

- 
.-~~~ . ~~~~~~~~ b—~ ~~~~~~~~~ “~~ià q~ ~~~~~ “ I~~~~~~~ - - ~~~~~~~~~~~~~~~~ - -s,j- _

~
_ 

-- - -



—‘- -“p - — - - •  — - - -  — •--- - - • -‘-‘----
~~ --~~--,~~

‘-
~~~ - - --

~
-- “---‘-— ------ • --‘---—. —-.---‘-- --

S

•

• 1 ‘~ / 
•
‘

~~~~~

I 
e.G 

-

-
~4 -

~~~~ I—
-
~~ - (I) CD

LIJ Ui
- ~~~ I-

~- L)
VS Ui

Ui

—
VS

‘ I• Lii C)
I- I-- C)• w ~~/ (—S

~~~ Lii
LI~ (~- .4:

• • LU I—
-
l

— CDI 
- -

~

-J LU_J ,-
LU
0.

(I, C —
~~0.

• N.

/ d• 1 1  II

C

r~~~~~~~~~
‘
N / (Lsd) ‘ SS~ .43S

/ 
aj~suaj. aDQJ,J~ 3UI

• •
~I
. 

~~~~~~~~~~~

• I ,
-223-

•1~



‘~~~~~~~~ ‘ “  -- , • ~~~~~~~~~~~~~~~~~~~~~~~~~~ , -~~~~~~~~~~~~~~~~~ -------.-~~~-- •--~ - -
- ‘-.-- —~~ — - -- ——--- —“I

r~

a) • I~
I /

I I 

J Q) ~~~~L
0 C!) !) 

- 
—0 
~~•~~ L) , ~~~ ~~ ~~~ C.’,

“ -~1 VS

I
,

- 

-
,

I 
‘ I

- ii I
L i  I (C. -

P I L C
F I ’--

LU

- ‘- I

— -- “- H -
~~~~~~~~~i

- f-**- 4
~
- - -t 

~~~ c’,i c CO •~~~~~
- C’,) C”j~~~- ~~~~ C

I .— , _ ,

~ ~~~~~~~ 
-
~ 

‘ - - 
•“

‘ ‘ ‘ 

- 
•,
/
/ 

-

.• 
-

H 
/ / 

-

-224-

p

~~~~I

- _______

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

‘
~%



-~ 
~~~~~~~~~~~~~~~~~~~~~~~

C. SUGGESTED HI GH RATE PRESS URIZATION TESTING
• This effort is not reconuiiended as a test of grain response properties ,

although it might serve that purpose. The effort is reconinended
primarily to assess high rate response characteristics in the trans-
ducers and gage-grain ‘interaction phenomena.

1. Rate Dependency of Both the Gage and the Grain
- 

. As discussed earlier in this report the normal stress
gages showed viscoelastic response effects ; the higher the pressuri-
zation rate the greater the response lag in the gage. This effect
could be evaluated for all of the transducers in the motor in a series
of pressurization tests . Then, they should be dissected from the motor
and individually characterized for thei r rate dependency . The primary
purpose of this effort would be to devise general procedures to account
for this rate effect in the transducers .

Unfortunately, the grain itself evinces the same kind of
rate dependency, and it operates in the same direction as that observed
in the gages. Figure 92 illustra tes the attenuation effect for a
plane section through the grain. If the propellant had no modulus the

- 4 pressure at the grain inner-bore would inunediately reEch the case wall.
However , the propellant is a ;tiff material that resists the inner-bore
pressure. As the pr€ssurization rate increases the effective stiffness
of the propellant increases and less of the inner-bore pressure reac i€ s• the case wfl ’ .

The resolution cf  these two rate dependent phenomena (the
gage and the grain) requires an additional consideration for the gage-
grain i nteraction. This is a third rate dependent phenomenon whose
resolution is essential to the use of these gages under high rates of
loading.

2. Recomended High Rate Pressurization Testing

From the point of view of motor testing, it is recomended
that the motor be subjected to repeated pressuri zations to a maximum of
200 psi g, with zero dwel l time at the peak pressure. This should invo l ve
three pressurization rates conducted three times at each rate .
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A fundamental assessment of the gage-grain interaction should
- 

I 

be conducted before the testing to best define the actual testing approach
that would allow corrections for the phenomenon. If this analytical cor-

- rect ion is achieved, then the rate dependences of the grain and of the
gages can be assessed. This should be confirmed by dissecting the motor
and performing individual characterizations on the gages and on thepropellant.

)

~
T.J
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SECTION 13

PROGRAM ASSESSMENT

J 

The final efforts of the basic program were to compare the motor
test data with the STV results , evaluate the potential value of STV’s,
and make reconunendations for the disposition of the two full-scale
motors. These final efforts are reported below.

A. COMPAR ISON OF MOTOR TEST DATA WIT H STV RES ULTS
-
~~ The chores assigned to the STV’s on this program (16) were for

the most part quite successful. They provided evaluations of gage installa-
• tion procedures, potting, and gage per formances under var ious motor loa ding

conditions . Unfortunately, the gage measurement anomali es that occurred
in the full-scale motor testing prevented any meaningful comparisons with
the STV testing. After the system was reworked, the residual gage drift
and pressurization rate dependency led to a termination of the program.

- 
- Thus, there was no real chance to compare test data taken on the full-

scale motor and the STV ’s.

B. POTENTIAL VALUE OF THE STy’S AND THEIR FUTURE USE

The limi ted experience of this program has shown tests of these
motors are potentially much more practical than those on the large motors.
The tests are cheaper to conduct , the motors easier to fabricate, and the
testing schedules are often shorter , and they can be easily dissected for
retrieval of the somewhat expensive gages. In addition , the work can be
performed in a labora tory under close supervision of the experimenter.

There are few features of the large motor that cannot be scaled
for evaluations in the STV motors. For the most part these are limited
to factors associated wi th the bulk of the large grain. This would include

- J gravitational stresses, lar ge therma l grad ients across the web, and patterns
of propellant flow that give rise to property gradients (i.e., gradients

4

~ 

of propellant density, modulus and strength). But, the first two effects,
i n mos t cases , are adequately handled by analysis and do not require gage
moni toring, anyway.

The effects of property gradients and flow patterns are littl e
‘ understood at this time and no serious problems identified wi th them

have been established . So, it is doubtful that gages in full—sc ale motors
will be required to monitor their effects .
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There are specific design features in full-scale motors that do
need experimental stress analyses appl ied to them, but, the more funda-

I mental questions of the adequacy of present stress and failure analyses
need to be addressed first. This function can be conducted most prac-

- 

tically by the STV’s. —

J 

C. RECOMMENDATIONS FOR THE DISPOSITION OF THE FULL-SCALE MOTORS

The reconinended disposition of Motor No. 1 is presented in Section 12,
which involved thermal and pressurization testing, then motor dissection to
recover and calibrate the gages for high pressurization rate sensitivity .

- Motor No. 2 would best serve the Air Force as an asset in the Long
Range Service Life Analysis studies at OALC. This motor has been stored
under conditions similar to those for Motor QT-ll which evinced special

- 

- - liner aging characteristics that need to be better understood.

Another use for Motor No. 2 mi ght be its appl ication to the deflag-
ration-to-detonation transition problem. This motor could be used to monitor

) the sequence of events occurring in the initial break-up of the grain after
the nozzle or forward head is blown off.

It is reconunended that the motor be fired for a time between 12 and
15 seconds before the destructive sequence begins.

\ D. CONS IDERATION OF MOTOR NO. 2 —

In considering any future experimental stress analysis efforts wi th
full-sclae motors it should be remembered that Motor No. 2 received the
benefits of the learning experiences gained from the instrumentatlo,, of
Motor No. 1 , and it has been stored undisturbed since grain cure. It,
therefore , represents an asset which would be better suited for the types
of tests suggested in this section.

:4
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• SECTION 14

SUPPORTING ANALYSES

. The original interpretation of the major objective of this program
was to define the capabilities and limi tations of existing , advanced struc-

~J tural analysis techniques. Consistent with this objective it was planned
that in Phase IV (Program Assessment) a re-analysis of the Minuteman III ,

• Stage III motor be performed using a non-linear viscoel astic stress analysis
and a NASTRAN dynamic analysis, wi th refinements provided in the areas of• flexible case composite behavior , computer progranining and propellant
properties characterization.

To provide these needed refinements several parallel experimental
and analytical efforts were conducted. The results are briefly suninarized
in the following sections. For more details regarding the composite charac-
terization and propellant damage studies the reader is referred to AFRPL-
TR-75-ll , dated May 1975.

A. VISCOELASTIC CHARACTERIZATION OF A NON-LINEAR GLASS/EPOXY COMPOSITE
• INCLUDING THE EFFECTS OF DAMAGE

Isothermal creep and recovery tests were conducted on an epoxy resin
and a glass fiber-reinforced composite made from the same bulk resin. The
glass /epoxy which was studied included unidirectional and laminated (angle-
ply) composites as well as samples removed from a Minuteman III solid rocket
motor case. The creep and recovery tests were carried out at a series of
stress levels well into the non-linear region at temperatures of 20, 75 and
140°F for several fiber angles. Both the epoxy and glass/epoxy were found
to be thermorheologically complex materials wi th a creep compliance which
ma’i be represented by a power law ‘in time.

The linear viscoelastic principal creep compliances were determined
for the glass/epoxy using fourth-order tensor transformations. Using the
Halpin-Tsai relationships and the “rule of mixtures ” , the principal creep

j compliances were compared with those predicted by micromechanics. The
experimental results were found to agree very wel l with the Halpin-Tsai

4 

- model, except at higher temperatures, and were wi thin the upper and lower

t 
theoretical bounds on compliance which were established . The presence of
significant crack growth, even at low stress leve l s , was found to crea te

- 
appreciable softening at higher temperatures.

The non-linear properties we re found to depend primarily on the stress
normal to the fiber, suggesting a crack opening mode as the essential mech-

r anism. Multiple cycles of creep and recovery showed a disproportionate
~~~ amount of damá~e dur i ng the f i rst cycle. Crac k growth was foun d to reduce

more rapidly wi th less softening in the laminated (+ 9) composites as a —

result of the interfacial barrier between the layers. In general , the
off-angle composites exhibi t considerable softening due to crack growth.
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Bendi ng tests conducted on glass /epoxy beam and pla te spec imens
reflect a strong infl uence of the strain gradient. Linear theory can
be used for most of the useful engineering range of appl ication. Non-
linear theory, based on un id irect iona l data, under predic ts the actual
stiffness as a result of rapid crack arrest near the outer surfaces.

Mul tiple cycling effects on the glass/epoxy composite were found
to depend on the stress normal to the fiber. The second-order Lebesgue
norm (L2) was found to model multiple cycl ing effects such as seen in a
solid rocket motor case. The L2 norm, whi ch is a measure of the root
mean square of the stress, is proposed as a model for the time-dependent
crack growth softening during hydrotesting.

B. GEOMETRICALLY NONLINEAR ANALYSIS OF AXISYMMETRIC SHELLS

The TEXG.AP-SA038 program has been modified to include the effects
of geometrical nonl inearities during loading of the structure. The new
program is available on the UNIVAC-’1108 Exec 8 System at ISO and is stored
on two tapes; AS 4491 and AS 4492 where one tape is used as a back-up.
Var ious subrou tines , which are either new or modified, are linked with
the basic linear version of TEXGAP (Reference 34) to form the new non-
linear analysis program. The source cards for these modificati ons are
ava i la ble.

The der i vat i ons of the pert inent matrices for the geometric
nonlinear analysis modifications, as well as the input instructions

- • which describe the nonlinear option cards required to execute the new
program are presented in Appendix Q.

C. RECOVERY OF STRAIN INDUCED DAMAGE IN ANB-3066 PROPELLANT

In the course of the overall “Flexible Case ” program the full-
scale Minuteman III , Third Stage motor was to be rapidly pressurized
to 250 psi g then dissected to obtain propellant mechanical properties.
But, non-linear viscoelasticity measurements have demonstrated that

‘ 

solid propellants “remember ” past deformation histories. Consequently,
these histor ies mus t be taken into accoun t when plann ing to character i ze
the material properties of the grain.

ASPC approac hed thi s pro blem us ing a ser ies of pro pellan t mechan ical
property tests designed to assess the effect of motor pressurization on
the propellant mechanical properties, followed by evaluations of the
effects of annealing time (recovery) in a stress-free condition.
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These experiments were conducted to determine how long the propellant
cut from the full scale motor would have to be stored before it returned to

- 
- . its original mechanical properties after a short term motor pressurization.

-
~ Once having eliminated the infl uence of past deformation by a proper
- 

recovery period this propellant could then be characterized for its

J I mechanical properties.
- Based on the experimental data contained in this report it was recom-
- - mended that large propellant blocks from the dissected motor be stored stress-
• free at room temperature for a period of at least one month. This storage

- - time shoul d be su fficient to el iminate the infl uence of the pressur ization
experiment on the propellants mechanical properties. After this period of
recovery these blocks could be cut into samples for mechanical properties
charac ter ization.

- ) It is important to emphasize that the one-month period cited here is
for the specific experimental conditions described. It simply states that
one month stress-free storage is required for the material to recover from
the effects of a 15 minute relaxation test. What recovery period is required

L for any other deformation history was not investi gated. Past experience would
~ J indicate than it is doubtful that recovery of response would occur if the

propellant was in a state of tensile stress.

4;

- 
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