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FOREWORD

This report was submitted by Aerojet Solid Propulsion Company, p. o. Box
13400, Sacramento, Cal ifornia, 95813, under Contract No. F0461l-72-C-0055, Job
Order No. 305910J1J with the Air Force Rocket Propulsion Laboratory, Edwards,
California , 93523. The report summarizes the technical efforts conducted under
this contract from Apri l 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-
rnents , m c . , the Texas A&M Research Foundation, and the University of Texas.

The key technical personnel on this program were: Mr. Kenneth W. Bills , Jr.
of ASPC, who was the Principal Investigator on the Program; Mr. Samuel W. Jang, also
of ASPC, who was the program’s Principal Engineer; Dr. Harold Leeming, of HL&A, who
coordinated the instrumentation of the motors and, later the acquisition of gage data
during motor testing; Mr. Herman P. Briar, of ASPC, who conducted much of the gage
diagnostic work; Mr. Eph Konigsberg, of K!, who supplied the stress and strain gages
and supporting consultation; Dr. Scott W. Beckwlth, of TAMRF, who provided an exten-
sive study of flexibl e case materials and their constitutive relations; and Drs.
Eric Becker and Robert Dunham, of the University of Texas, who developed an advanced
computer code for the structural analysis of grains held in fiberglass cases.

Thi s 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 publ ic, including foreign nations. This report is unclassified and
suitable for general public release.
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Project Engineer Chief, Survei llance and
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~- (thermal cycl ing, handling, vibration, pressurization) and then comparing the
experimental results wi th predicted values. This was to be a “closed envelope”
approach in which the reduced data from the gages were to be kept secret until
the final assessment phase of the program. Midway through the motor testing
phase serious anomalies were detected in the gage data. This led to a sus-

• pension of the original plan and an eventual redirection and change in scope
- to concentrate efforts on the identificat ion and correction of the sources of

the anomalies observed.

The revised program included diagnostic evaluations to isolate error
sources , a system rework to correct and/or modify questionable components,

J a parallel laboratory investigation of specific gage characteristics and,
finally, verification of the stability of the reworked system. From the
results of the diagnostic tests it was determined that the major anomalies
observed could be traced to the gages-lead-wire—solder junction combinations..
Use of an ac id flux in soldering the stainless steel leadwi res provided a

f potential for corrosion to occur as the junction aged. The reworked system,
which included crimped spade-lug junctions in place of the leadwire solder
joints, a new DAS and revised operational procedures showed a substantial
improvement in system stability , exhibiting an average drift rate of 0.5% of
full scale output per month. This value is consistent with that for the gages
alone as quoted by the manufacturer, and converts to about 0.75 psi per month
for the 150 psi gage. However, this drift is considered excessive for measure-
ment of long term thermal stress (as required by the original program).

Laboratory evaluations of the gages addressed potential problems asso-
d a ted with exposed semi-conductor strain gages on the normal stress gage

2 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.

\~~~ Volume II - Solid Propel lant Gra in Instrumentation
System Design and Application

he experience and knowl edge gained from this and simil ar programs were
compiled in this volume , which was designed as a guide to the experimental
stress analysis of solid propellant grains. The effect was divided into sixL.a. , major phases. The first phase is directed to the program manager and the
project engineer, who must make the initial decision to conduct such an effort.

J The second and third phases are more elaborate versions of Phase I, but involve
7 realistic plans for instrumenting and testing the units. Phase III is an

4

~

; evaluation of these plans to assure that the measurements can be obtained with
the availabl e facilities and test equipment. Phases IV and V defi ne the
extensive work required to carry out the test plans , whi le Phase V I incl udes
the reduction of the test data and an assessment of the quality of the testing
and the value of the results .~(

Volume~
’III - Appendices

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

INTRODUCTION

1.1 PURPOSE

¶ This is a pedagogical instrument designed to guide the project
engineer in planning his program and the experienced instrumentation
engineer in carrying it out. It aims to provide the necessary guidel i nes
and criteria to enable the project and instrumentation engineers to design
a complete instrumentation system for measuring stresses, strains and
temperatures wi thin a real (live propel lant) motor. To this end , questions
are posed to determine precisely the purpose of the tests and the relevance
of instrumented motors. Having established the basis for the testing the
next questions l ead to considerati ons of what a complete instrumentation
system comprises, what available instruments can and cannot do , and how
accurately the required data can be measured. This preliminary phase
provides the project engineer and/or program manager wi th sufficient
information to assess the merits of instrumenting a motor and the chances
of obtaining the desired data . In this manner it is hoped to discourage
ventures which are unl i kely to succeed and ensure that marginal operations

41 will only be undertaken in a full realization of their high risk of failure .
Too often, in the past, instrumented motor programs have been initiated with
no clear understanding of what is wanted , or why it is required , and with no
estimation of the chances of success. This report is intended to preclude
this possibility in the future.

~~~ 1.2 STATUS OF TRANSDUCERS AND THEIR APPLICATIONS

Al though these transducers were developed and brought to an advanced
state of sophistication , their present accuracy levels limi t their appli-
cations . They are quite satisfactory for simple measurements of stress
change at a constant temperature. But, thermal stress measurements are
made less accurate by gage drift , thermal gradients through the gage , and
the uncertainties in the time and temperature effects of the gage calibration
parameters. Both the normal and shear stress gages, when embedded in the soli:

4 
propellant , are sensitive to high rates of loading and they are frequency
dependent. This dependence (based on present understanding of gage-grain
interaction) is expected to decrease wi th increasing gage stiffness. Thus ,

.
~~~~~~~ the use of gages in motors must invol ve careful planning wi th a good under-

standing of the characteristics of the gages and of the loads that are to
- ~~. 

be measured. Past experience has supported the view that this rate dependence
is predictabl e purely on the basis of viscoelastic propellant behavior. However,
laboratory tests of gages (see Volume I, Section 10 of this report) appear to
indicate that another mechanism (possibly viscoelastic behavior of the epoxy

~‘ -~
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used to bond semiconductor gages to the transducer diaphragm) may be
involved . The dilefllua this created for the Flexible-Case-Grain Inter-
action Program is one to be avoided in future programs. The laboratory
tests indicated that the calibrations of the transducers in the test
motor were invalid for the high rate test; there was no way to directly
recalibrate those transducers prior to the high rate test, and no firm
evidence that an external cal ibration of other identical transducers
would provide a sufficiently accurate correction factor.

The existence of rate and frequency dependencies is clear and
the possible sources of the effects have been isolated. It must be l eft
to future research programs to define the factors more accurately and to
develop better gage designs or more precise methods of transducer cal i-
bration and data analysis.

The most significant use of in—situ stress measurements, in the
present stage of development of stress transducers, is to determine the

• I effective level of propellant modulus in the short term thermal loading
of various grain designs. It is known that the relaxation modulus
decreases with increasing strain level in the propellant (1). This strain-

- • l evel dependence in the grain is seen as larger than predicted grain stresses
(measured values from 2 to 6 times the predicted l evels have been reported
(2, 3, and 4)). Bills , et.al. (3), found that a factor of four times the

) measured relaxation moduli was required to fit the creep behavior of large
beams, large model sections, and a 120 in. diameter grain.

Another good application of the present stress gages is the measure-
ment of envi ronmental loads in some kinds of motor storage and handl ing
environments (where the thermal gradients are small).

Where the present gages are of borderline accuracy the measured
data can be made more statistically relevant by repl icating the gage
measurements. This adds to the costs of the test, which must be weighed
against the improved statistical significance of the data and the importance
of the test results.

In summary, although stress transducers can serve a number of useful
• purposes as they now stand, several problems require still more accurate

- - 
1 gages with more rigorous procedures for their calibrati on (time and tempera-

4 
ture dependence) and use in the motors. It is strongly recommended that
the Air Force pursue these developments and provide the opportunity for
further motor studi es.

The fol lowing document details the current procedures and, at the
same time, becomes a basic reference to guide the necessary improvements.

1 .3 FORMAT OF VOLUME II

Foll owing Section 2, the section headings of this volume follow the
Tier 1 flow chart (given in Section 2). The various requirements of the
system are discussed in detail. It must be emphasized that all aspects
of the instrumentation system must be reviewed in order to design the
required system.

• -2-

• (~~

•
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SECTION 2

CRITICAL FUNCTIONS

2.1 TIER 1 CHART
p

~
J A Tier 1 (first level ) flow chart which covers the overall aspects

of motor instrumentation is presented as Figure 1. Each block in this
figure represents an important aspect of motor instrumentation and the
titles of these blocks are employed as section titles in the remainder
of this report. Note that the design and building of a motor instru-
mentation system, as well as the Gage and Data Acquisition System (DAS),
Cal ibration and Data Analysis are covered in this chart. Each phase or

• block of this chart is important in the overall motor instrumentation
— 

- system and no aspect may be ignored wi thout risk of failure or poor
resulting data. Specific gage or DAS performance data are not included
in this chart or indeed in the body of this report. The problem here is
that motor instrumentation , including gages and DAS components such as
amplifiers , power supplies , etc., is constantly bei ng improved , so that
the instrumentation engineer should obtain the latest available data from

.1 the manufacturers to compare with his requirements.

2.2 TIER 2 FLOW CHART

A more detailed , Tier 2, Flow Chart is presented as Figure 2. This
flow chart outlines the information and problems discussed in more detail
in the subsequent sections of this report. Being an outline , it should be
used as an index to show where a particular problem area is discussed in
the report.

2.3 SCHEMATIC OF TYPICAL INSTRUMENTED MOTOR SYSTEM

Figure 3 shows a schematic of the important components of a typical
j instrumented motor system. It will be observed that it comprises two basic

-y components:

(1) The instrumented motor itself and

(2) the data acquisition system (DAS).

Additional items include the bridge completion units , power supply , dummy
gages, reference voltages and temperature standards. Also , the DAS may

- 
~~~• include a data recording device for subsequent computer analysis.

-3-
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PHASE I

CONCEPT EVALUATION

This phase involves only Section 3. It is addressed to the Project

J Engineer and the Program Manager. Before they make the decision to conduct
instrumented motor tests they should:

a. Eval uate their objectives to make certain that such eval uations
- are really needed.

- b. Assess the feasibility of making the measurements to the required
degree of accuracy.

• ) c. Consider alternate experimental and analytical methods.
- d. Comparatively assess the alternate approaches versus instrumented

- J grain tests. 

- 
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SECTION 3

PHASE I - ASSESSMENT OF OBJECTIVES

3.1 PRELIMINARY QUESTIONS FOR PROJECT ENGINEER/PROGRAM MANAGER

Table 1 presents a series of questions which must be answered by the

J 
project engineer/program manager before deciding that an instrumented motor
is the approach to follow . A number of comments are provided to clarify
what is intended by the questions .

The following subsections amplify the basic question-and-answer theme
of Table].

• 3.2 STATEMENT OF FUNDAMENTAL OBJECTIVES OF PROGRAM

Ini tially, the objectives of the work under consideration should be
listed . These objectives may range from specific requirements such as
determining the deflection and deformation characteristics of a pulse motor
grain during the ignition and firing of another grain , to more intangibl e
problems such as investigating the accuracy of a new nonlinear viscoelastic

J theory, or the estimation of the long term failure characteristics of an —

operational motor. A variety of probl ems may be investigated by means of
instrumented motors and the fundamental program objective must be clearly
stated at the initiation of the project.

In considering what is , or are , the program objectives , the question
of why this information is required must be examined . Usually, a need for
an instrumented motor will arise as a result of a probl em or probl ems during
the development or deployment of a solid rocket motor. In this event the
why question is simply answered , i.e., to provide specific answers to the
particular probl ems being experi enced. In other cases, much more ser ious
consideration must be given to the question of why it is necessary because ,
unless this question is thoroughly evaluated , an instrumented motor may be
manufactured which can provide no really useful data.

4
3.3 CAN THE REQUIRED DATA BE MEASURED?

Having specified what is required and why it is necessary , we then ask
can the data be obtained? This is not a trivial question because the answer

~~ hinges on the accuracy wi th which the data need to be determined. The accept-
able limits of required data accuracy must first be specified and then corn-
pared with conservative estimates of the expected test data .
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In this context the difference between absolute stress measurement
and differential , or change in , stress measurement must be noted. Under

- certain controlled conditions changes in stress level may be measured wi th
fair accuracy and relative ease whereas absolute stress levels are much
more difficult to measure. The probl em of absolute measurements with
embedded stress sensors is discussed in more detail in Section 11 of this
report.

J A preliminary guidel ine for the measurements that can be made is 
-•

given in Table 2. This table suninari zes the types of measurements and
the gages needed to make them, plus a listing of typical accuracies

• observed in past test programs. Clearly, new instrumentation and/or use
— 

-
~~ techniques will improve on these figures .

3.4 INVEST IGATION OF ALTERNATIVE APPROACHES

Al though it may be feasible to employ an instrumented solid rocket
motor to provide the required data, it may not necessarily be the best
approach. A review must be made of all alternative approaches , e.g.,
conventional two dimensional elastic analyses, three dimensional elastic
analyses , viscoelastic analyses , special laboratory simulation tests, etc.

Two dimensional elastic analysis is the simplest and most economical
method of obtaining stress and strain values in grains . Unless there is

e.g.,, the motor fails upon firing or storage, then this is always the pre-
L 
~ strong evidence that the analytical stress and strain values are incorrect ,

ferred prelimi nary approach. When the conventional analyses provide incorrect
values , the simplest approach is to consider more elaborate analyses or direct
laboratory tests to obtain more realistic propellant property data.

There is , however , a limit to what can be achieved by analytical tech-
niques before the cost becomes prohibitive. Therefore, if it is clear that
a three dimensional , nonl inear viscoelastic analysis will be necessary to

~~ provide the relevant grain stress values , it is highly probable that an
instrumented motor could provide the data more economically.

I In other cases it is possible that the specifi c problem cannot be
- • successfully modeled analyti cally, in which case the use of special laboratory

- - tests to simulate the problem as closely as possible should be considered .

3.5 COMPARISON OF ALTERNATIVE APPROACHES

Once the alternati ve methods of obtaining the desired grain stress/
strain data have been enumerated, their respective advantages and disadvan-
tages must be examined . Factors to be considered inc lude the following: 
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(a) Chances of success

(b) Relative difficulty

(c) Whether or not additional information
can also be obtained

(d) Cost

(e) Schedule impact

Item (c) above must be an important consideration at this stage
because it represents one of the main advantages of using an instrumented
motor. Al though the unit may be built and instrumented for a specific
purpose , it is often feasible to obtain additional useful information
from the motor at relatively low additional cost and wi thout compromising
the primary test objectives .

3.6 DECISION TO INVESTIGATE USE OF INSTRUMENTED MOTOR

After reviewing the alternative approaches and determining their
relative merits the preliminary study may indicate that the use of an
instrumented motor will provide the best chance of measuri ng the required
data . In this case the decision must be made to perform a more comprehensive
investigation into the instrumented motor concept including the test motor
design and the required data acquisition system (DAS). The project engineer!
program manager require additional information concerning the overall instru-
mented motor system and the types of test required to provide the information C

desired. These aspects are considered in more detail in the following sections
of this report.
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PHASE II

INSTRUMENTATION PLAN AND TEST REQU IREMENTS

In this phase a preliminary decision has been made to instrument
the motor . Now the project engineer must consider , in genera l terms ,
the practical aspects of the test motor design (Section 4), how it will
be tested (Section 5), and the methods available for data acquisition
(Section 6). All of these considerations are to be made as i nput data
to a feasibility assessment (Phase III), where the final decision wi ll
be made to continue (or discontinue) the planned testing.
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SECTION 4

PHASE II - TEST MOTOR DESIGN

J - 4.1 DESIGN PHILOSOPHY

Ins trume nted test motors can be des igned us ing one of two genera l
approaches;

(1) they can be scale models of the ful l size motor, or

(2) they can be simplified models incorporating only essential
design features .

‘ 

The first approach is often used for non-instrumented motors for aging
or firing tests, and -in such cases full—sca le motors are coninonly employed .
The second approach is the structural test vehicle (STy) approach in that

— - the motor is designed specifically for structural testing purposes and
model s a particular design aspect of primary concern to the manufacturer.

When realistic data are required from subscale motor tests the
designer must consider the scale factors involved . It is usually impracti cal
to duplicate thermal heating and cooling rates or inertia effects in subscale

4- motors. Often a modified thermal cycle or a more severe vibration spectrum
t may be required to provide similar stresses and strains in the subscale

grains.

When motors other than full—sca le units are tested, a rigorous review
of the test plan and STV design must be performed to ensure that valid data

~~~ and realistic simulations are obtained .

4.2 ENVIRONMENTAL LOADING CONDITIONS

Having determined the motor design philosophy the various environmental
loading conditions must be considered. These loads must be specified at an
early stage because:

(1) The types and locations of the sensors will be determined by
these loading conditi ons and ,

(2) The sequence of the environmental tests must be determined
so as to provide the maximum Information.

F
-17-
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Typical loading conditions which may be considered include :

a. Slow thermal cooling and heating

b. Temperature cycling

c. Rapid pressurization (motor firing simulation)

d. Long term storage (aging)

e. Vibration

-. f. Handling

4.3 PRELIMINARY TEST MOTOR ANALYSES

Once the design of the test motor and the details of the environmental
loading conditions have been determined, preliminary analyses of the grain

C should be made to provide estimates of the interface and bore stresses and
strains .

A separate analysis will be required for each environmental loading
- 

- condition. From these analyses , and assuming a linea r superposition of stress,
a detailed stress and strain history can be prepared to determine the sums of

• I the stresses and strains at key points in the grain. In this context, it
should be remembered that embedded stress or strain gages monitor the sum of
all the stresses and strains developed in a motor. Consequently, test con-
ditions such as changing the motor’s position from a horizontal location to
a vertical location must be included . While the inertial stresses involved
may wel l be small , they cannot be ignored without introducing signifi cant
errors into the analytically predicted stress/strain patterns.

Figure 4 presents sketches of the case-grain i nterfacial normal and
shear stresses and the bore hoop strains for a simpl e circular port grain

- - - subjected to thermal cooldown and pressurization tests. These figures show
the predicted regions of high stress and strain and will help determine the

4,- critical parameters to be measured and the location of the sensors.

4.4 DEFINITION OF PARAMETERS TO BE MEASURED

-~~~~~~ The most signifi cant test parameters will depend on the purpose of
the test vehicle. Usually, the motor will be designed to investigate a
particular loading condition or combination of conditions ,-e. g., therma l
cooldown to say -65°F fol lowed by a simulated firing. The primary objective
of the tests will be to measure the maximum bore (hoop) strains and the
critical normal and shear interface stresses during the testing sequence.

-18-
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The preliminary motor analyses will indicate where the maximum stresses
and strains will develop during the tests and it will be noted that these
maxima may occur at quite different locations depending upon the type of
loading condition imposed . Inasmuch as grain failure will resul t from the
resulting total stresses and strains (and the times for which they act) it
is necessary to review the complete motor analysis picture for the entire
loading sequence to determine which are the most cri tical parameters.

- 
- Frequently it will be found that the maximum stresses will develop at a

discontinuity such as the end of a flap or boot as sketched in Figure 4. In
such a case the temptation to attempt to measure the peak stress at the dis-
continuity should be resisted. Locating a sensor at such a disconti nuity will
modify the stress field to a certain extent, but more signifi cantly the embedded
gage will respond to the sun~ation of several of the stress components,not justto the desired normal stress or shear stress (5).

It is clear therefore that the critical parameters have to be specified
in light of the limi tations of what can be done wi th embedded gages and it is
frequently necessary to locate a gage some distance from a critical stress

~ 
( or strain location to a point of fairly uniform stress or strain , and then

.
~ £ employ the analysis to ascertain the value of the critical stress or strain.

In such cases two or three sensors may be required to determine the shape of
the stress/strain pattern along the grain for comparison with the analytical

- 4- predictions . If the measured shape is very close to that predicted and only
the magnitudes are different, it is then fairly simple to estimate what the
maximum (critical) value is. (This approach is illustrated in Figure 5 where
three gages indicate stresses approximately twice the predicted values).

Parameters which may be measured experimentally include the following :

•Motor case strain (hoop or axial)

•Bore strain (hoop or axial)

• Slot width

4 
- • Normal interface stress

• Interface shear stress and strain

•Individual temperatures

• Temperature gradients

Measurements of bore diameter and/or the width of a slot are frequently desired
when a motor is to be tested to failure . These data can be obta i ned readily
using clip strain gages. However, gages for bore strain measurement, if
installed improperly, may well induce local failure in the grain (6).

.1.;
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‘4 Installation of bore diameter or slot width gages as illustrated
in Figure 6 will usually provide a significant measurement from which
the critical bore strain can be calculated .

4.5 SUMMARY OF TYPES OF SENSOR, THEIR LOCATION AND USE

Table 3 provides a sumary of the various types of instruments which
may be employed wi th an instrumented solid propellant motor. The most

FJ 

suitabl e locations for the devices, typical problem areas and the envi ron-
rnent loadings for which they are most suited are discussed .

4.6 LOCATION OF GAGES IN MOTOR

At this stage we have :

(1) Determined the basic desi gn of the instrumented motor and ,

• (2) considered the types of environmental loads to be appl ied ,

(3) analyzed the motor for these various loading conditions and , - -

(4) considered the most significant parameters to be measured.

It remains to investigate the most suitable locations for the various
sensors described in Table 1 so that we may determine the required parameters.

Bore hoop strain is clearly a significant parameter and as will be
observed from Figure 4 the maximum strain under almost all loading conditions
will occur at the axial middle of the bore. Clip strain gages are usually
located at this point to determine the maximum hoop strain in the propellant.
In addition , two more clip type strain gages will usually be mounted at other
points along the bore to define the shape of the bore strain versus axial
position curve for comparison wi th the analytical predicted curve. When
bore strains are to be measured to failure , the clip strain gage at the point
of highest strain will frequently be replaced by a bore diameter gage to
prevent the gage from initiating failure (6).

4 - Figure 7a shows a sketch of the most useful locations for bore strain
sensors. 

-4 Elastomeric surface failure gages will generally be bonded at the
~~ location of maximum hoop strain , i.e., the axial middle of the grain. Care

must be taken that the physical properties of the gage, and the adhesive 
0

used to bond it to the bore are very similar to those of the propellant.
Too hard a gage may cause a premature failure in the propellant or reinforce
the grain locally, while too soft a gage instead may mean that the gage will
bridge over a crack in the grain i.e., it will not detect the grain failure.
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TABLE 3

SUMMARY OF SENSORS

‘4 Type of Measurement Suitable Inherent Suitable Environmental
Sensor Required Locations Problems Loading Conditions

Foil Strain Motor Case Motor Case Bonding Adhe- Pressure and Firing
Gages Strain External sive Creep Tests

Surface
Clip Type Propellant Bore of Mounting in Thermal Cooling and
Bore Strain Bore Hoop Propellant Propellant Pressurization , but
Gages Axial Strain Grain not near failure .

(Refs. 3 and 4)

Bore Diameter Propellant Bore of Bonding to Thermal Cycling and
Clip Gage Bore Diameter Grain Propellant pressurization to

- ) failure .

Surface Fail- Initiation of Bore of Bonding to Tests to Failure and
ure Gages Cracking at Grain Propellant and Aging.

Bore Matching Grain ’s
-- Physical Prop-

J 

erties

‘-I

Normal Stress Norma l Stress Case-Grain Calibration Thermal Pressure Tests
Sensors (Radial and Interface and Stability and Vibration.

Axial) (Ref. 7 ) of Response

Through Case Normal Radial Case-Grain Requires hole Thermal , Pressure and
Wall Normal Stress Interface through Case Vibration .
Stress - Pis- Wall. Low
ton Type Sensitivity .

Shear Stress/ Shear Stress Case-Grain Accuracy of Thermal , Pressure and
Strain Shear - Interface Data influ- Vibration Tests.
Cube enced by Stress

4., Field

Through Case Shear Stress Case-Grain Accuracy of Thermal , Pressure and
Wall Dual- in two Planes Interface Data-Low Out- Vibration .
Plane Shear put. Requi res
Gages Hole through

Case Wall

~~~ Interface Initiati on of Case-Grain Bonding to Failure and Aging
Failure Ga- Failure by Interface Propellant Tests
ges Cracking or and Matching

Unbond i ng Grain ’s Phy-
- - sical Prop-

erties
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TABLE 3 ( Cont.)

- SUMMARY OF SENSO RS

- Thermocouple Case/Grain Case or Low Output; Any Thermal
Temperature Grain Needs Special Testing.

- 
Wiring

C Thermistor Case-Grain Case or Long Term Any Thermal
Temperature Grain Stability Testing .

¶ Semiconductor Local Gage Location of Long Term All Tests, for
Gage Element Circuit S/C Gages Stability Interpretation of

J 

Temperature Gage Data

j

I
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‘4 Conventional foil type strain gages are often bonded to the motor
case , usually at the axial middle, to measure case strain and provide an
accurate boundary condition for realistic motor analyses. This is often
required when flexible (fiberglass) motor cases are employed but care must
be taken to ensure that the strain measured by the gage is typical of the
avera ge motor case stra in when filament wound motor cases are instrumented .

Embedded normal stress sensors will usually be placed at the axial

J 
middle of the grain (Figure 7b) since a peak normal stress occurs here
under most loading conditions . Furthermore the stress gradient -is low at
this point. Two more normal stress sensors are usually employed along
the axis of the motor to define the shape of the normal stress - axial
position curve. It is also good practice to make redundant measurements
of the key normal stresses. This may be done by employing two gages at
the mi ddle of the grain 1800 apart as shown in Figure 7b.

The measurement of the maximum shear stresses in a grain presents a
problem since they are usually associated wi th the termination points of
the grain (see Figure 4). Because the shear gage will provide an inaccurate
reading in regions of rapidly changing stresses (5) it is better to locate
the sensor a small distance from the end termination as shown in Fi gure 7c.
The maximum shear stress will then have to be estimated from the gage reading
and the stress analysis.

Interfacial elastomeric failure gages will be located at the anticipated —

failure sites i.e.,, adjacent to the ends of the grain , as shown in Figure 7c.
As wi th the surface failure gages, the physical properties of the interfacial
failure gages should be as close a match as possible to those of the propellant.

The use of thermocouples or thermistors for measuring grain and gage
temperatures general ly presents no problems. The sensor is simply bonded at
the desired location with a suitable adhesive (suitable adhesive implies one
that is compatibl e wi th the propellant and will not cause local stress con-
centrations as a harder epoxy might).

A more difficult problem is that of measuring temperature gradients
f throughout the grain. I-f precisely located sensors are required then the

~4 
best approaches are those employed by LPC (in the STV and BDU programs) and
by ASPC (in the Polaris program) (4,8,9). The scheme is illustrated in
Figures 8a and b where it will be noted that the temperature sensors are
bonded to a shaped piece of propellant (live or inert, as desi red) with the

~ lead wires routed to the case wall. The temperature block is then bonded to
the case wall. The temperatures at the discrete known distances from the
case wall may then be monitored during a test.
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- A precaution which must be observed in installing a temperature
block of this type is to ensure that it is small enough that a signifi cant
depth of propellant is subsequently cast over it. Otherwise, the block

- i tself may well act as a stress/strain riser and cause the grain to crack
- at the bore during severe thermal tests (10).
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SECTION 5
‘4

PHASE II - MANUFACTURING AND TEST FACILITY REQUIREMENTS

5.1 REVIEW OF MANUFACTURING AND TEST REQUIREMENTS

Beginning with the installation of the gages in the case, (and the
subsequent calibration tests), the complete planned motor history through
casting, cooldown , thermal , pressure and any dynamic tests required , should
be prepared.

A comprehensive listi ng of all the manufacturing procedures and tests
-C- planned for the motor is required so that the necessary facilities may be

-
~~ specified. It is important that i tems such as the foll owing be detailed :

a. Handling procedures ; any handling rings , trans porters ,
harnesses , etc., must be specified.

b. Details of all manufacturing operations and equipment
to be used , temperature and length of cure , orientation
during cure , any pressure requirements during cure, etc.

- P c. Location of facilities to be used , accuracy of temperature
and humidity control , ease of access and space available

— for auxiliary apparatus.

This information must be obtained to enable any problem areas which
might crop up with the manufacture and test of the instrumented motor to be
investigated and eliminated prior to motor manufacture . In this context,
a special provision has to be made for protecting the gage lead wi res

~ during cure and tests and for ensuring that modified casting equipment
is available if required to avoid interfering with the gages and l ead
wires. A provision for sealing the instrumented motor must be made if
a pressure casting operation is specified .

The specific tests to be performed will dictate the support apparatus
required. For instance , high rate (ignition simulation) pressure tests will

4 
require a special hi gh pressure fluid/gas source and high speed valves and
control circuits . Similarly, temperature cycling or cooling of a motor
requires conditioning boxes of adequate size , thermal capacity , and accuracy
of temperature control . When these support facilities are not available
they may have to be purchased or constructed and should be included in the
total cost of the proposed instrumented motor tests.

While the use of a series of separate single-temperature chambers is
feasible with an instrumented motor, because of problems associated with

‘ 
system component interconnection such as cables , plugs , power supplies ,p DAS , etc., it is preferable (and more accurate) to employ a single chamber
and to change its temperature as required with the instrumented motor installed .

I 
T I 
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5.2 ESTIMATION OF POSSIBLE GRAIN FAILURES DURING PROCESSING AND TESTING

The maximum and minimum pressures, stresses and strains anticipated
in the instrumented motor during the manufacture and environmental testing
sequence must be determined. These estimates are of great significance from
the viewpoint of avoiding unplanned motor failure due to excessive l oadings
or from damage accumulation.

J 
5.3 DEFINITION OF TEST PARAMETER LIMITS

Acceptabl e limi ts for the environmental l oading histori es must be
- 

- 
considered in addition to propellant property tolerances and gage accuracies .

fr.-

In particular the control limi ts at the lowest storage and cycling
temperatures must be known and so should the limits for the high rate
pressurization testing. In some cases it will be necessary to perform

- limit analyses , using these li ii iting temperatures and pressurization
rates, to indicate the type of variation in grain stresses and strains
which could result. These data will indicate the type of accuracy required
of the embedded gages and the DAS recording systems. Note that different
tolerances may be specified for an embedded gage for different environmental
loading conditions .

I. -- -..

~1
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SECTION 6

PHASE II - DATA ACQUISITION SYSTEM

‘4

The data acquisition system (DAS) is an important part of an
instrumented motor test program ; in that the accuracy of the measured
data is limi ted by the DAS accuracy. Consequently, the components of
the DAS must be selected so as to obtain the best possible information
from the gages proposed for use. Technically, the DAS presen ts no real
problem as it can be purchased to design specifications , calibrated and
standardized .

6.1 SYSTEM CAPACITY

Initially, the capacity of the DAS (i.e., the total number of
data channels to be measured ) must be considered. In the preliminary
review of the motor design we have determined the number of locations
where it is desi red to install gages and we have considered briefl y
the problem of redundant data measurements. However, the overall DAS
capacity will determine how many instruments can be monitored at any
one time . This DAS capacity also limits the degree of gage redundancy
which is required to add statistical significance to the data or, simply,
just to give confidence in the measurements.

In considering the total number of measurements we must include
) readings from the following:

(a) Individual stress gages

(b) Individual strain gages

(c) Individual temperatures

(d) Power supply voltages *

(e) Dununy bridge circuits

(f) Barometric pressure

5- (g) Motor pressure gages

4 (h) Standard reference voltages

‘I (i) Gage circuit currents where necessary

- 
- Often the DAS is chosen to operate with a specific type of sensor.

In such cases, more than one DAS would be required for some of the tests.
In many cases it i s con ven ien t to se para te the thermocouple measurements
because of their low range output voltages. This approach is satisfactory
for lon g term iso therma l motor tes ts , but may not provide sufficiently
accurate time-temperature correlation during thermal transient or high-
rate pressurization tests.

* At present constant voltage power supplies are generally used . In the
event that constant current power supplies are used, then some method
for monitoring their stability would be required.
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The use of capacitive type stress transducers (e.g. Hercules ’
sensors (11)) would necessitate a different list of measurements from
that given above.

6.2 REDUNDANCY

In general , if a particular stress is of great signifi cance then
at least two independent measurements of it should be made . For example ,
for a grain wi th an axi-symmetric port, the interface stress at the axial
midpoint may be measured by redundant gages located 1800 apart. Almost

~~

‘ 

all instrumented motors have employed redundant stress gages because of
inherent errors in single stress gage data (4, 12 to 15). When making
temperature measurements redundancy is not usually considered necessary,
but it is good practice to install thermocouples for temperature measure-
ment in addition to the use of other forms of temperature measurement,
e.g., thermistors or use of a gage’s bridge circuit. The reasons for
this are:

— -

- (1) Economic; thermocouples are inexpensive.
- -1

(2) There is much more experience with thermocouples than with
C the other temperature sensors.

1’ (3) They are inherently stable and repeatable sensors.

Thermistors can be wired in a bri dge circui t to provide a large
output but their resistance characteristics can change with time necessi-
tating frequent recalibration .

Redundant measurements are seldom employed for surface strain
measurement because it is felt that if the data from a particular gage
is suspect it can be easily replaced by another gage at (almost) any
time in the life of the test motor.

An-interesting approach to redundant test measurement uses two
strain gage circui ts on a single stress gage diaphragm . This dual bridge
gage, although initially expensive , minimizes the wiring problems associated
with redundant measurements c*nd provides two independent measurements of

4 the stress at a single location . Differences between readings from a dual
bridge gage provide strong evidence of problems wi th at least one half-
bridge circuit. When space is at a premium or whenever stress at a

4 specific location is essential , the use of a dual bridge, redundant
stress gage should be given consideration.

The degree of redundancy necessary for adequate test motor data
~
. should be determined for each essential measurement. This determines

the minimum number of required data channels for the DAS. Then, from
estimates of the stresses and strains and the sensitivities of the
sensors, the anticipated range of gage output signals can be listed .
This information determines the amplifier requirements of the DAS. Two
other factors which must be listed at this stage are the gage excitation
voltages of the sensors and the total power consumption required by all
of the sensors.
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‘4 6.3 DATA SAMPLING RATES

The rate of data gathering at the various points in the program
-
~~ must be specified in the overall test plan . Clearly, tests of a repetitive

(dynamic) nature such as vibration will require soecial data handlin g and
recording , e.g., magnetic or oscillographic recorders. Similarly, hi gh speed
data recording may be necessary for high rate pressurization tests although
a di gital system may be needed for this type of test to obtain the required

J accuracy. At the other end of the scale, thermal cooling and cycling tests
generally require a sampling rate which is logarithmic in nature. Thus,
initially, after changing the motor temperature, the sampling rate may
be as often as one reading per minute and this may slow to one reading
every four hours after approximately four hours of test.

When long term aging tests are performed the rate of data sampling
is open to question . Data have been monitored at intervals from daily to
weekly to monthly in various experimental test programs. When an automatic
data gathering and recording system is employed , the complete history of a
gage can be tracked much more closely. However, for a large motor subjected
to closely controlled environmental conditions , e.g., a first or third stage
Minuteman motor in a s i lo , monthly gage readings may well prove satisfactory
(see Reference 16).

Motor ignition , either simulated or during an actual fi ri ng is difficult
- 

- to monitor satisfactorily. Use of an analog recording technqiue , e.g., gal-
- - vanometer recor der , will provide the data but generally wi th an accuracy of

at best + 5%. Digital monitoring techniques are to be preferred but in this
case a very rapid sampling rate is necessary if a large number of gages are
to be monitored during the ignition pressurization. As an illustration , if
it is required that 50 channels of data be monitored during an ignition trans-
ient lasti ng 100 milliseconds then to obtain adequate definition of the trans-
ient stresses at least 10 readings of each channel are required, i.e., an
individual sampling time of one every 10 milliseconds , which requires that
the DAS have the capability of taking an individual measurement and storing
it in its memory in (10/50) ms., i.e., 0.2 milliseconds . High speed DAS

- - 

J equipment employing computer- control would be required to obtain this type
of data sampling speed.

- 

. 

6.4 MEASUREMENT ACCURACY

The purpose of the testing and the environmental loadings to which
~~ the motor is to be subjected will determine the levels of temperature, s tress

and strain in the grain. The overall accuracy to which these quantities
must be measured will be specified by the project engineer. His requirements
will be in the form of statemé~its— a~ : ( 1 ) norma l inter face s tresses
ranging from 5 to 25 psi to within + 5%; a~

d0-(2j—-bore hoop strain values
from 0 to 10% with a permissibl e error of + 1%. The system measurement
accuracy encompasses a number of different errors including:
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‘4 (1) Gage accuracy 
-

(2) Gage repeatability

(3) Gage hysteresis

(4) Gage stability

(5) Amplifier stability (drift)

(6) Power supply stability

(7) Digital voltmeter accuracy

(8) Recording accuracy

— 

- 

The instrumentation engineer has to review the total system including
the gage, power supply and DAS and ascertain that the total system will provide

J the required data accuracy. The typical output range must be known and the
amplifiers and power sources will have to be selected to provide stable ,

) accurate information wi th those sensors . For instance , the output of most
thermocouples is in the range of + S my, from one tempera ture ex treme to

p another. Consequently high gain fusually chopper stabilized) DC ampl i fiers
are generally used for monitoring the output signals from thermocouples.
Furthermore, T.C. reference junctions are frequently built into the DAS to
provide an accurate reference voltage for the temperature measurement. In
the case of the semiconductor stress or strain sensors employed in solid
rocket motors, their output has generally been in the range of 20 to 150 my.

To distinguish between DAS and gage stability problems a common
technique is to test the DAS against dummy bridge circuits wi th high stability
resistors. Any variations in dummy gage output are then a function of all
the components downstream of the gage. Similarly, several measurements of
the power supply voltage should be made together wi th the gage readings . It
is not possible to obtain accurate gage data if the power supply exhibits
si gnificant changes in vol tage wi th either load or line voltage.

- 

4 
A direct test of DAS measurement accuracy is obtained using standard

vol tages and measuring the variation in repeated measurement. The drift of
4 the system may be determined using similar measurements over a prescribed

period of time. The DC amplifier is probably the most drift prone component
-
~~~~~~~ of the DAS and it may be necessary to check it during a very long term test

period.
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In the case of a digital DAS, the Analog-to-Digital convertor may
- be a source of inaccuracy especially for low level signals in the presence

of large amounts of noise in the circuits . Some A to D convertors are more
- prone to noise effects than other types and the device must be chosen to

- 

. suit the particular appl ication. Unfortunately, high speed (successive
- - approx imation) A to D conver tors necessary for rapid pressuri zation tests

are particularly vulnerabl e to noise effects. Because of this fact a great
- ,~ deal of care should be taken when an instrumented motor is first set up,
- 

-~ to reduce noise in the circuits to a minimum. Careful circuit screening ,
- the use of guards and proper grounds, will el imi nate most of the problem

-
- 

- although occasionally some residual noise will remain (17).
- 

- Target figures for the whole system stability (long term and short
term) and repeatability must be made and these accuracy measurements should
be reviewed during the preliminary calibration tests of the motor. In con-
sidering the types of system accuracy which may be desired the following

- / observations should be reviewed :

- 
A + 10% error band is feas ibl e when measuremen ts of normal s tress or

- surface strain differences are considered , i.e., the change in stress or
strain when the motor is moved from one defined loading condition to another

- within a short time period.

- 
) The measured val ues of shear stress and/or stra ins are su bject to

L 4 inherently larger errors (+ 25% at best) because of the influence of other
- stress/strain components on the gage sensitivity (5). An additional com-

plexity with shear stress/strain measurement is the fact that significant
shear stresses or strains only develop towards the ends of a grain or at

i discontinuities such as flap terminations , etc. At these locations , all - -

the stress components are changing rapidly wi th distance from the discon-
- 

tinuity so that slight positional inaccuracy can also cause larger errors

I i n shear stress measurement.

I Where high precision measurements are required , e.g., from normal
- stress gages during pressurization tests to determi ne the deviatoric stresses ,

special gage calibration procedures are required in addition to a very accurate
- DAS . In genera l , the inherent error band of the DAS should be smaller than

- the allowable error band of the data . Note that this error band includes
- .4 drift, and repeatability errors in the acquisition system.

It is fortunate that the most precise data are generally requ i red
under isothermal conditions , since constant temperature tests are undoubtedly
the most accurate types of instrumented motor test.

i r ~
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A difficult test for instrumented motors involves long term, varying
temperature tests, where combinations of propellant and gage aging and thermal

- drift in the gage often produce significant errors in the data (14). At this
- time the only method of ensuring accurate, long-term absol ute stress/straindata is to employ specially selected “aged” embedded gages which have beentested under realistic stress levels for signifi cant time periods and have

demonstrated low or negligible drift and sensitivity change.

J
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PHASE III - FEASIBILITY STUDY

- Having established a preliminary motor instrumentation and test plan ,
it is appropriate to evaluate its feasibility from an operational viewpoint.
That is the subject of Section 7.

:1

4
’
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‘4 SECTION 7

PHASE I I I  - SYSTEM REQUIREMENT REVIEW

This assessment must be made by the instrumentation engineer who
will determine the feasibility of conducting the program in terms of the

J facilities and test equipment available to him. In general , he will
review the considerations noted in Sections 4, 5 and 6. The following
subsections summarizes the steps of this review.

7.1 OVERALL SYSTEM CONSIDERATIONS

7.1.1 Number and Type of Instruments

The instrumentation engineer must ensure that the
selected instruments are suitabl e for measuring the desired parameters
with the precision required over the specified environmental temperature
range. He mus t al so cons ider whether or not se vera l trans ducers with
different ranges should be employed. This will be necessary if low
thermal stress values are required initiall y and if motor firing data
are requ i red later.

A summary of the number of the di fferent types of sensor
is required so that the total number of DAS data channels may be specified .

7.1.2 Limiting Temperature Requirements

Most instrumented motors will be tested at several tempera-
tures and the highest and lowest test temperatures will have been specified.
It is now necessary to ascertain that facilities are available to meet these
requirements. This requires conditioning boxes of adequate size and thermal

5-..— - capacity for the new test motor. Furthermore the problem of taking the lead
wires from the motor to the DAS has to be examined. The ability of the con-
ditioning boxes to maintain the specified temperatures, wi thin the designated
error band also needs investigation .

In some instances, e.g., simulated aeroheat tests, the rates
of temperature change may be extremely important and the instrumentation

-
~~~~~~~ engineer must consider whether or not the available transducers, wi th their

inherent limitations under thermal gradient fields , can be place d in the
motor so as to make the measureme nts and whether the ex ist ing fac i l ities
will be suitable for the testing.

1~ 
-
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7.1.3 Maximum Pressure Requirements and Pressurization Rate

Al though in most cases the pressurization test requ i rements a -
will be fairly simple , such as step pressure tests to a specified maximum
pressure level , in other instances , e.g., simulated motor firing tests,
special facilities may be required. The instrumentation engineer must
ensure that any special test facilities required are available.

J 
7.1.4 Special Test Requirements

In this area, the engineer must consider such tests as
vibration tests, centrifuge (acceleration ) tests, handling tests, and
firing tests which require removal of the motor to a special test facility
and the mating of the motor instrumentation to the data acquisition and
recording apparatus. The motor wiring and gage circuitry must be designed
for transportation , and easy cable removal via multiconnector plugs and
sockets mounted on the motor case or end sealing plates is usually the
simplest solution. However, the l ocation of the bridge completi on units
and their wiring to the active gage elements must also be carefully reviewed
when these special (dynamic) tests are considered.

Data acquisition and recording for special (dynamic) tests -

) present problems that must be i nvestigated and resolved during the feasibility
study.

~ 7.2 COMPARISON WITH AVAILABLE GAGES

By this time the instrumentation engineer will have a reasonably good
idea of what gages are required , the environmental tests to be performed and
as a consequence the DAS requirements. He must now compare these requirements
with the performance of available gages and wi th available data acquisition
systems.

Considering initially the gage requirements the first question he must
answer is: Are the requirements wi thin the state-of-the-art? To answer this
question he must review the requirements from three viewpoints :

4 
(1) Their physical size

(2) Their overall performance

(3) Their compatibility with the motor propellant —

The physical size of the gage may be criti cal especially if a small
subscale motor is to be made . Another aspect of the physi cal size of the
gage system concerns the location of the Bridge Completion Units (BCUs)

- - of the gages. If these resistors and mounting board are to be situated
close to the gage then it must be determined that there is sufficient
space available.

-42-
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Considering i tem (2), it is clear that the required gage performance
rndct be met by available instruments. Compromise may well be required at
this point especially if it is concerned wi th the accuracy of the gage
measurements. The measurement of internal stresses wi th embedded gages is
a complex problem involving not merely the embedded gage, but the whole
range of external apparatus including the power supply and the DAS. Achieving
the desired accuracy level in a particular gage measurement must be examined
in the light of the overall system capability .

J 7.3 COMPARISO N WI TH AVAILABLE DAS

The data acquisition requirements must initially be compared with
availabl e DAS wi th a view to determining if the available systems will be
satisfactory. A common problem is that existing DAS do not have the number
of data channels required by the new test motor. In this case, the instru-
mentation engineer must carefully revi ew the requirements to see if they may
be reduced to fit the available DAS wi thout compromising the program objec-
tives . Discussions with the project personnel will reveal whether or not
compromise in this area is possible.

A more difficult area where compromise may not be possible concerns - -

the accuracy of the existing DAS. Older systems may exhibit considerable
drift or lack of precision in the digital measurement feature which may
preclude the meeting of the specified accuracy limits . In such a case, - 

-

the instrumentation engineer has the choice of recommending replacing the
whole system or at the very least replacing the digital voltmeter (DVM)
by a more precise, drift free component. As a guideline , the followi ng
minimum acceptabl e DVM readout errors are suggested :

(1) Konigsberg or similar moderately high output gages , i.e.,
+ 100 my full scale output , a DVM reading to one hundredth
of a millivolt , i.e., ÷ 0.01 my is required whereas

[ (2) For the low output -‘- 20 my full scale output gages , a DV M
F— reading to one microvolt , i.e., + 0.001 my is required .

Instruments of the above quality are expensive , but to obtain precision
data wi th a stiff , low output sensor, it is necessary to employ such equipment.

After reviewing the gage and DAS requirements in the above manner , the
instrumentation engineer will be able to determine whether or not any available
data acquisition systems will be satisfactory for the proposed project or if a
total new system or partial new system is required .

H-.
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An aspect of data acquisition which is frequently regarded as a

refinement rather than as an essential feature is the storage of the
— 

measured data in such a format that it may subsequently be analyzed in
a computer without manual transcription. Either punched cards, punched
paper tape, or digital magnetic cassette are suitable and enable the gage
data to be analyzed rapidly and wi thout errors due to manual translation
of the gage data into the computer or calculator. While this type of
data storage cannot be regarded as an essential feature of the DAS , it
will save considerable time and greatly reduce the possibility of analysis
errors if a considerable volume of data is to be handled .

7.4 MOTOR DESIGN AND PROCESSING CONSTRAINTS

In general the constraints imposed by the motor design and by the
processing operations involved in the manufacture of the motor, are se lf
evident. However, there are certain universal aspects of this probl em
which must be considered :

(1) The proposed gage locations must be examined to ensure that
they do not interfere with casting equipment.

(2) The casting tooling must be designed or modified to avoid
—
( interfering wi th the gage lead wi res.

(3) The procedures for attaching the gages and lead wi res to
case/insulation must be established.

(4) The instrumented motor must be pressure sealed if hydrostatic
gaseous pressure is required duri ng cure.

(5) Handling the instrumented motor before, during and after
casting, wi thout damag ing the gages or thei r lead wires

I__C- may require special procedures.

7.5 SAFETY CONSIDERAT IONS

Whenever electrically activated sensors are to be embedded within live
propellant the problem of the safety of the technique will have to be resolved .

‘ 
Considerable testing at ASPC during the Flexible Case-Grain Interaction program
(14) showed that power levels of the order of 3 watts were necessary to ignite
the Third Stage Minutema n propellant. This ignition power requirement is very
much greater than is conventionally applied to the embedded gages. However,
the difficulty is to ensure that under all conditions of use and abuse it is
not possible to apply sufficient electrical energy through the embedded gage

- ~~~. to ignite the grain. - -

*1~~
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‘4 / .6 REVIEW OF PROBABLE RESULTS f ROM TEST MOTOR

This point in the program represents the first decis ion point as far as
the new test motor is concerned . The program manager/project engineer and
instrumentation engineer wi l l  m eet to examine :

(1) The feasibi l i ty of instrumenting and testing the motor
-
- 

(2) The probable chances of obtaining the desired data , and

(3) The estimated cost of the complete operation.

These factors must be reviewed in some depth to determi ne whether or
not the new tes t motor is a technically and economicall .y feasible proposition.
It is much better to approach this discussion with a real istic assessment of
what can be done , what apparatus is available and how much it wil l  cost to
obtain the data than to discove r downstream that the real chances of success
are much poorer than imagined. It - is  also possible that several al ternative
decisions are possible. For instance , using existing DAS the chances of
measuring the required data may well be poor but if new DAS or part thereof
is purchased , the chances of success may be great ly improved . Decisions of
this type w i l l  be peculiar to each and every test motor and must be resolved

) by the cognizant personnel knowing the. levels of funding available.

4’

- 4

H

-
-t 

-

-45-

_________________ 
_ _ _ _



C- - -C-- C- C- 

- C-- C-

- 

~~~EDflG PJ
~~~~~~ LANLPNOT FIU’~F.D

-
-- C-- - -‘~IaC..—•-~~ - C-

~~~~~— —C-——-
~~~

‘4

PHASE IV - DESIGN AND QUALIFICATION

The instrumentation engineer assumes control of the work at this
point and firmly establisnes the plan that was roughed-out in Phase II.
He des igns the system to be used (Section 8), qualifies the instrumentation

‘ and test components (Section 9) and gives them a comprehensive evaluation
(Section 10).

4)
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‘4 SECTION 8

PHASE JV - SYSTEM DESIGN AND SPECIFICAT ION

8.1 SYSTEM DESIGN
,

Following a favorable decision to proceed wi th the new test motor, the
formal design of the total system begins. This includes the design of the
test motor itself and the specifics of the gages and the Data Acquisition
System. Al though many of the problems have been discussed earlier in this

-
~~ report, this section enlarges upon the solutions to them.

8.2 MOTOR DESIGN , MANUFACTURE AND TEST

8.2.1 Design Details

The significant design details of the test motor include
the fol lowing :

(1) Grain geometry

(2) Propellant composition

(3) Case material -

(4) Heavyweight or lightweight case

While all of these design details are comon to all rocket motors
they must be viewed in a slightly different light when an instrumented test
motor is under consideration. Usually the purpose of a solid propellant
rocket motor is to produce a specified thrust at a given pressure for a
particular length of time . The design details are chosen to meet these
basic requirements. In the case of the instrumented motor , however, the
basic requirement is not a rocket motor to fire but a test vehicle which is
subjected to a defined environmental loading wi th the major objective of

4 
determining the stress, strain and temperature at key locations within the
motor. The use of the embedded gages will introduce additional complexities

j into the motor design .

5- It is preferred that the test motor be either a simpl i fied model
motor (i.e. an Sly) or a full-scale motor since a realistic subscale model
of a full-scale motor involves difficulties in testing and in measured data

j interpretation.
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When realistic data are required from subscale motor tests the
desi gner must consider the scale factors i nvolved . In general , it is
impractical to duplicate thermal heating and cooling rates in subscale
motors (unless significant changes in propellant composition are employed).
Similarly, inertia effects cannot be duplicated precisely in subscale motor
tests. However, a review of the type of data which will be obtained may
often suggest a modified thermal test cycle or a more severe vibration
spectrum which will provide similar , if not identical , stresses and strain
at the propellant case interface and/or bore of the STy.

When motors other than simple geometry STV ’s or full-scale units
are tested, a careful review of the test plan must be made to ensure that

— 
valid data are obtained .

Additional motor desi gn parameters which must be considered incl ude :

(1) Provision for mounting bridge completion units of embedded gages.
5- (2) Provision for attaching lead wi res to motor so that they are

not easily damaged.

(3) Methods of sealing motor case containing gages for pressure
calibration tests. This will probably require special end
fittings if lead wi res are contained within motor case.

8.2.2 Motor Manufacture

Initially the proposed locations of the embedded gages must be
reviewed to ensure that when they are positioned in the motor wi thin the
hemisphere of propellant surrounding them (for calibration purposes) the
gage-propellant piece will not interfere wi th any casting equipment , e.g.,
the mandrel . Furthermore the locations of the lead wires must be planned
so that they may be routed out of the motor case wi thout i nterferring wi th

— the casting tooling. In most cases, a simple modification to the existing
casting tooling is usually sufficient to allow the casting operation to proceed
without destroying the gage lead wires. Coordination with the motor manufactu ring

- 
-

- engineer will usually resolve any difficulties .

Another probl em associated with motor manufacture concerns the
attachment of the gage and lead wi res to the motor case. Is the gage to be
initially attached to the case wall prior to insulation and lining operations
or will the gage-propellant block have to be installed on top of the normal
motor insulation? This question must be answered separately for each test
motor considered. Both approaches have been used in successful instrumented

~~
- ~~~. motor programs (8), but the most common approach has been to install the

gage—propellant block on top of the motor insulation . This requires that
— great care must be taken during gage installation not to contaminate the

surface of the motor insulat ion.
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‘4 8.2.3 Motor Testing

. As mentioned earlier it is imperative to ensure that all F
facilities required to perform the projected tests on the instrumented
motor are available and in operating condition. For thermal tests on the

- instrumented motor this requires that conditioning boxes of adequate size
and thermal capacity (and wi th proper temperature controls to maintain the
required temperature limi ts) are available for use. Furthermore the probl em
of routing the lead wires from the motor to the DAS has to be examined.

In some instances , e.g., simulated aeroheat tests, the
rates of temperature change may be extremely important and the engineers
must consider whether or not the existing facilities will be suitable or
if modified or new facilities will be required.

- - - ) In most cases the pressuri zation test requi rements will be
fai rly simple. Severe problems will only occur in cases where l arge (ballistic
type) motors are to be subjected to high rate pressuri zation tests. Most corn-
panies will only attempt such tests if they already have the facilities to
perform them properly or if such facilities exist nearby and may be leased
for the tests. However, the problems of mounting the instrumented motor in
the existing test hardware and the connection of the high rate pressurization

- ) pipes must be examined. At the very least, special adaptor plates or mounting
fittings will be requi red .

Considering normal (low rate) pressurization tests, it is
usual to employ high-pressure dry nitrogen gas as a pressure source. This
is readily available and relatively inexpens i ve. One of the few causes of
error wi th these conventional pressure tests is the measurement of the motor
pressure. A motor-mounted precision (secondary standard) pressure gage is
required for the precise pressure step (calibration) tests. Additionally,

— -if the gage outputs are being recorded then an accurate recording type of
pressure transducer must be employed so that a permanent record of the real
motor pressure is retained wi th the gage data .

- 
j A problem occurs when different range stress gages are employed
y in a test motor. In this case, it may be necessary to install the high stress

- - 
- sensors first and perform the required in-situ pressure step tests up to the

maximum pressure of these gages prior to insta ll ing the lowe r range stress
sensors. The later pressure step tests can then be performed at much lower
pressure levels using different pressure standards.

As mentioned earlier in this report transportation difficulties
associated wi th dynami c tests, e.g., vibration or handling can be greatly

- reduced by employing motor wiring cables terminati ng in multiconnector sockets
mounted on the motor. These sockets must be located so that they are not easily

~~~~
- damaged during transportation or handling of the motor. Similarl y, if externally

mounted bridge completion units are employed on the motor then they must be
mounted in a protective box and situated on the motor in such a manner that
they cannot easily be damaged.
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‘4 8.2.4 Safety Considerations

Several approaches are availabl e to reduce the hazards
of employing gages in live propellant motors. Early work in this area
by Hercules (18) showed that if an adequate (hermetic) seal was mainta i ned
on the CEC pressure gage then no safety problems would be experi enced
either in Cast Doubl e Base propellants or in the stabilized liquid nitro-
glycerine itself. The gage seals and the wi re insulation must be impervious

— to attack by the propellant ingredients .

When gages are embedded directly in live propellant a
problem may exist with gages using a high voltage (28 V) power supply in
a bridge circuit as shown in Figure 9. Normally if the bridge completion

-
~~ components are external to the motor, the embedded elements will only receive

a low voltage of approximately 2.5 volts maximum. The feed resistor Rs limits
the current through the bridge so that even if a short circuit develops wi thin
the motor insufficient power would be available for ignition . A break in the
wiring, however, at a point such as X in Figure 9, results in 28 volts being
availabl e across the break , which in certain cases might result in propellant
ignition .

The ASPC approach to a safe, live propellant instrumented) motor was to embed the normal stress gages wi thin IBT 115 , an inert insulation
material , and to take the lead wi res out of the motor case by the shortest

— possibl e route (see Section 8.5.4). Between them these safeguards virtually
eliminated the safety probl em wi th the normal stress gages.

Another approach to motor safety is to reduce the voltage
applied to the bridge. This approach was adopted by HL&A in their gages
employed in AFRPL ’s new fl ight vehicle (19).

In the case of embedded shear sensors most test vehicles
have employed gages made from inert propellant or insulation to reduce the

- hazards as much as possible (14). Some compromise with gage accuracy
is involved whenever the shear gage material or the surrounding material

r is not the real grain propellant but in most cases this compromise in
performance is willingly accepted for greatly reduced safety hazards .

- 4 In a few instrumented motor programs (4, 20) the shear
gages have been manufactured from the same live propellant as the grain

— and the calibration fixture material has been live propel l ant. These
k 

all-live propellant shear gages have not proved troublesome in use probably
because the low current used wi th the shear gages prevents local heating
even wi th the semiconductor gage close to the live propellant . In this
context , an early test at LPC during the Sly program showed that a shear

P gage comprised of four semiconductor elements in a 1/4-inch cube of live
propellant did not ignite when the gage elements were all connected in

-. 

- 

parallel and an increasing DC voltage was applied until the gages burnt
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out. Even though the hazards associated with an instrumented motor
may not be very great, there may still be difficulties in manufacturing - 

-

the motor because of accepted and rigorously enforced safety codes. For
example, it is not permissible to use a soldering iron in many propellant
laboratories . In other facilities the attachment of a power source to - -

wires connected to a motor containing live propellant would automaticall y
be prohibi ted. If the existing safety rules would prevent the new instru-
mented motor from being manufactured then the probl em must be discussed
prior to the motor and system design to work out compromise rules specif i-
cally for the instrumented motor.

8.3 INSTRUMENTATION REQUIREMENTS

The feasibility study discussed earlier will have provided a
reasonable idea of the types and total number of measurements required.
It will also have been ascertained that these measurement requirements
can be met by available instruments . However, it -is now necessary to
consider these measurement requirements in greater detail to ensure that
the correct gage is employed for a specific purpose and that an adequate
degree of redundancy is employed . To this end the followi ng subsections
consider the various types of instruments which may be employed , thei r —

—‘ most useful appl i cations , and any problem areas which might be encountered
- 

- 
in their use. —

8.4 SURFACE STRAIN GAGES

8.4.1 Types of Surface Strain Gage

Surface strain may be measured by several types of sensor
but only three have proved of real value with instrumented rocket motors.

(1) Resistance wi re or foil strain gages

(2) Semiconductor strain gages , and

(3) Clip type strain sensors

Types (1) and (2) are conventional devices developed
pri marily for the measurement of surface stra i ns in metallic structures.
Resistance wi re or foil gages are very stable, relatively temperature

Semiconductor type strain gages are usually very small and very sensitive

I 
insensitive devices with low sensitivity (a gage factor of 2 being typical).

type sensors wi th a gage factor ranging from 50 to 200. They are not as
stable as foil strain gages and their properties change markedly wi th

— 
-
~~~~~ temperature. Both the foi l and semiconductor type of strain sensor work

best when bonded to a high modulus material , e.g., a motor case of a
rocket motor. They are not suitabl e for measuring the strain at the
bore of a propellant grain. The clip type strain gages was developed for
this purpose. This device is comprised of a thin metal sheet structure
with strain gages (usually semiconductor type) mounted so as to measure
the displacement of the arms of the gage, as shown in Fi gure 10.

3’

-54-

i~~~~~~1

I- C-

~~~~~~~~ w!i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

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



-5---- __________ ______ - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

‘4 Foil Semiconductor 
5-.

-
-.’

Strain Gages 
- - - - -

I cLl2s I

J ~~~~~~~~~~~~~~ Q.25 in.

FIGURE 10. CLIP TYPE STRAIN GAGE

4)

Fixed Resistors

p R1 )
4 - Semiconductor 

: 
Rb 2

Stra in Gaqec

~~Rg1

Pb ~~~~~~~~~ 
-

‘ 3

Note : Either Rb2 or Rb3- 

and Rz2 or Rz 3 areRz3 2 used.

FIGURE 11 . SEMICO J-4i~UCTOR STRAIH GAGE BRIDGE CIRCUIT

55 

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

- 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ V ~-.z- 
~~~~~



r -

~~~~~

-

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

- 

~~~~ ~~~~~~~~~~~
‘
~~~

5-

~~~~~~

—
• - - 

_

8.4.2 Appl ications for Surface Strain Gages

Foil strain gages are employed to measure the strains in
rocket motor cases. The gage is bonded to the motor case with a high
quality (usually epoxy) adhesive which must exhibit negligible creep
over the working temperature range. The strain under load (pressure)
is measured by a special strain gage indicator calibrated directly in

J 

strain (micro inches/inch).

In cases where the change in strain under load is very
small the use of semiconductor type strain gages may be preferred for
measuring the case strain. These devices are more difficult to handle
and to bond to the case wall but are considerably more sensitive than
the foil types.

The clip type strain gages were developed to monitor
the strain at the surface of soft, elastomeric materials such as propellant .
They may be used to measure hoop and axial strain at points along the bore
of a grain or they can measure the strain at the tip of a star valley .

8.4.3 Difficulties wi th Surface Strain Gages

‘-
p

Foil type strain gages are relatively easy to handle and
to bond to the motor case wall. Almost the only probl em experi enced wi th
foil gages is creep of the adhesive bonding the gage to the case wall , —

the creep being noticeabl e primarily at elevated temperatures (>200°F).
For moderate temperature appl ications (<180°F) no sign i ficant creep should
be detected provided a good adhesive , e.g., Metalbond 600/610 is employed ,
and it is properly cured .

Semiconductor strain gages are more difficult to handle
and to bond to the surface because of their small physical dimensions .
Once properly attached , however, the adhesive creep should be negligible
at temperatures below 200°F. The major problem with semiconductor strain
gages is temperature compensation of the bridge circuit. Because of the

f great variation in gage resistance with temperature a dummy strain gage

j
i

-, (e.g., an axially mounted gage on a motor case) must be emp loyed in a
- 

- bridge circuit similar to that shown in Figure 11 . The values of the
series and shunt resistors Rb and Rz must be determined to obtain good
tracking between the gage resistances R2 and R3 across the whole tempera-
ture range.

f Long term stability of semiconductor strain gages is not 
5-

as good as that of foil gages, but this should present no serious problems
P where the gages are used to monitor the pressurization strains in the case

wal i .
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‘4 Attaching the clip gage to the propellant is the most
serious problem wi th these devices. Figure 12 shows three alternative
methods which have been employed in various instrumented motor programs.
The simples t approach shown in Figure l2a is to bond the feet of the
clip gage to the propellant with an adhesive. Achieving a satisfactory
bond presents a problem in that a soft elastomeric adhesive will exhibit
creep and will not provide stable data , whereas a hard adhesive , e.g.,

— 
an epoxy, will act as a stress riser and may cause the propellant to

J 
crack. Even if the gage can be properly bonded to the propellant surface
the gage calibration will almost certainly be changed so that the measured
strains will be in error.

Because of these problems which were experienced at LPC
during the early stages of the STV program the second technique shown in
Figure 12b was developed. The clip gage is mounted on and bonded to pins

- 
- i nserted in the propellant. This is a much more positive mounting techni-

que but cannot be used on a motor to be tested near failure because the
pins may precipitate grain cracking at the bore.

The third mounting technique for clip gages Figure l2c
was developed by Rocketdyne and the First Stage Minuteman motor (21).
With this technique the clip gage engages in the grooves machined in the) pins bonded to the propellant. The clip gage is sprung in position so
that it is always tight in the grooves. A special tool and technique
was developed by Rocketdyne to prevent creep of the clip gages in operation
arid over a period of 5 years the gages have performed very well in the
First Stage Minuteman motor (21).

8 .5 EMBEDDED NORMAL STRESS GAGES

8.5.1 Types of Gage Available

Two basic types of embedded normal stress sensor have been
employed in solid propellant rocket motors ; the through-the-case wal l piston
type and the miniature diaphragm pressure sensor. The through-the-case

j sensor was developed by Rocketdyne and is a very stiff relatively insensitive
device as shown in Table 2.

Several types of diaphragm sensor have been employed in
rocket motors including the CEC device used by Hercules (18), the Konigsberg
Instruments gages used by LPC and many other programs (12, 14) and the
capacitor type telemetry sensors developed by ABL (11). Three different
types of sensing element are employed in the above referenced gages .
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(1) The CEC gage employed unbonded resistance strain
gage wire to monitor the deflection of the diaphragm .

(2) The KI gages employ semiconductor strain gage elements
to monitor the strain in the diaphragm , and

(3) The ABL sensor uses the change in capacitance due to

J the diaphragm movement to produce a change in fre-
quency in an electrical oscillator circuit.

8.5.2 Appl ications for Normal Stress Sensors

Embedded normal stress sensors are usually employed to monitor
the radial stress at the propellant-insulation-case boundary . They can also be
used to measure the axial strain in a motor (7).

The KI P14 series of gages is very small in size (0.31 to
0.43—inches diameter) and may be used in small test motors as well as large
motors. The CEC gage is larger (0.75-inches diameter) and is thereby more
diffi cult to use in small motors. The ABL °transensor~ was designed fortelemetry data from large ballistic type motors, e.g., Polari s, and is not

f suitable in its normal form for use in small test motors.

8.5.3 Difficulties with Normal Stress Gages

The major difficulty associated wi th any embedded sensor is
the interaction between the gage and the propellant grain. The presence of
the gage in the propellant disturbs the stress/strain field in the vicinity
of the gage and simultaneously causes the gage to respond to the stresses
and strains developed. These local stress field perturbations are real but
of no interest to the grain analyst. He is concerned only with the stresses
produced by the grain as a structure . Consequently a technique was developed
by LPC during the STV program to eliminate the local stresses (caused by the
gage) from consideration. By casting a hemisphere of propellant around the
gage bonded to the insulation/motor case, the effects of the propellant on
the gage will be simulated without the simu l taneous development of the grain
stresses. The radius of the hemisphere of propellant needs to be approximately
five times the radius of the sensor to approx imate an infinite half-space
around the gage. By subjecting the gage embedded in the hemisphere of
propellant to the thermal and pressure environment , the effects of the

for analysis of the motor data obtained when the grain is cast around the4- - embedded gages. The stresses exerted by the grain on the boundary of the
hemisphere of propellant will then be detected and measured by the gage .

~~ gage-grain interaction can be measured and used as zero stress conditions

P The primary approximation involved in using this approach is that the gage
calibration also applies to non-uniform stress fiel ds.

L
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‘4 It is further assumed in this approach that the gage-
grain interaction stresses are fixed and depend only upon temperature
(and perhaps the duration of the load to a minor extent). However,
extended testing of instrumented motors, especially at ASPC (14), strongly
suggests that the gage-grain interaction stress may change due to aging
of the propellant or by long-term relaxation of the interaction stresses
themselves. This will , of course, change the “zero stress ” condition of
the embedded gage and introduce errors into the measured stress values .

The best approach appears to be the use of a very stiff sensor (which

- J There is no real method of eliminating this effect.

minimizes gage-grain interaction effects) wi th a corresponding reduc-
tion in sensitivity and an increase in measurement error.

As one fina l precaution in the use of embedded gages ,
it is imperative to eliminate or minimi ze porosity in the materials
surrounding the gage. The effective bul k modulus at low stresses can
decrease -from 1 ,000,000 psi to about 20,000 psi as the microvoid content

- 
— - goes from 0 to 1%.

8.5.4 Techniques for Installing Normal Stress Sensors

) Two basically different approaches to installing normal
stress sensors have been employed :

(a) The through-the-case approach of Rocketdyne , and

(b) The internal installation used by Hercules , LPC , etc.

In the through-the-case approach of Rocketdyne (Figure l3a),
a probe tip which is a close tolerance fit in a hole through the case wall
is attached to a sensing element rigidly mounted to the exterior case surface.
The propellant or insulation bonded to the plug applies a stress which is

— measured by the sensing -e l ement. No parts of the gage are mounted withi n
the motor and all lead wires ?nd bridge completion units are external to
the case.

In contrast , the diaphragm gages are usually installed by
bonding to the interior surface of the motor case, or insulation , and the
lead wires are taken along the interior surface of the case to a pressure —

tight plug at the end of the motor (Figure 13). Note that the whole gage
* and at least part of the gage wiring are contai ned completely within the

propellant in this approach.

— H
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A third installation technique was developed at ASPC for
fiberglass motor cases and is shown schematically in Figure 13c. In an
earlier program (22), ASPC had shown that drilling small holes through a
fiberglass wound motor case did not significantly impair the structural
integrity of the case. Therefore the ASPC miniature diaphragm gages
used rear mounted lead wires (led through a short , small diameter steel
tube) which projected through the motor case wall , as shown . The gages

~
J were cast at the middle of a small cylinder of trowelable insulation

material (IBT 115) and the internal motor insulation at the gage location
was machined so as to provide a good seat for the gage. The IBT “potted ”
gage was bonded in place wi th the same trowelabl e insulation material
(IBT 115). This approach to installing gages in a motor represents a
compromise between an a 1 i-interna l mounting scheme and a through-the-
case approach . The location of all lead wi res external to the grain meant
that no special pressure ti ght plugs were required in the motor. On the
other hand , each gage location had to be carefully sealed at the lead wi re
exit point.

The use of an inert “potting ” compound IBT 115 to encap-
sulate the diaphragm gage instead of the live propellant compromises the
accuracy of the “potted” gage calibration. Because the inert material
will not match the physical properties of the propellant in all respects ,
the stress at the interface between the IBT-115 and the propellant as
measured by the embedded gage will consist of the required grain interface
stress plus another local stress distribution due to the physical property
differences between the JBT arid the propellant. The closer the IBT resembles
propellant the smaller the ‘error’ stress will be.

A problem with the externally l ocated gages and lead wi res
is the possibility of thei r being damaged duri ng the handling operations
involved in motor casting. When (Rocketdyne) through-the-case gages are
used , the actual sensitive gage and l ead wi res are replaced by a dummy
gage element during the casting operation (and subsequent firing tests)

— so that they are not damaged .

8.6 EMBEDDED SHEAR SENSORS

8.6.1 Types of Shear Sensor

I Although a number of types of shear sensor have been used 5-

in motor programs only two types should be considered at this time . These
are :

(1) The shear cube , developed initially by Gulton
Industries for Hercules (23, 24), and

by Rocketdyne (25).~~~ (2) The through-the-case dual plane shear gage developed

• 
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These devices are shown schematically in Figures 14 and 15.

- The shear cube is a single plane sensor containing a pair
— of orthogona l semiconductor strain gages , mounted at 45° to the surface of

the case. Improved shear cubes were developed by HL&A for the ASPC Flexib le
Case-Grain Interaction program by employing the Kulite “Ruggedized ” semi-
conductor strain gages. These devices consist of semiconductor strain gages

- embedded in a thin layer of epoxy fiberglass. The improved sensor is able
to munitor shear stress/strain up to failure at a propellant-metal interface (27).

The Rocketdyne through-the-case shear sensor is a dual plane
device capable of resolving two planes of shear, e.g., i~rz and T r$ 

in a rocket
motor. The Rocketdyne gage is very stiff and therefore not very sensitive as
may be noted in Table 2.

- 
- 

8.6.2 Applications for Shear Sensors

All the shear sensors were developed for monitoring the
shear stress or strain at the propellant -insulation -case interface. The
axial shear stress T rz is usually of major concern especially towards the
end of case-bonded grains. However , under dynami c test conditions the

f 
latera l shear stress Tre can be significant.

Shear cubes m ay be bonded to the insulated motor case and
oriented to monitor either the m rz (fore and aft) shear component or the Tre
transverse shea r component. A single through-the-case device installed on
the motor case can measure both com1~onents simultaneously.

The best application for shear sensors is in dynamic tests ,
e.g., vibration handling or firing, where changes in the stress or strain
value due to a short-term imposed load are required . They may also be used

~ (with reduced accuracy ) for motor pressurization tests and for therma l cooling

• 
and cycling tests.

The shear cubes are generally very sensit ive and wi l l  measure
fractions of a psi stress with ease whereas the through- the-case devices are
much less sensitive.

~I 
Pairs of orthogonally mounted shear cubes are frequent ly

employed to measure both axia l and circumferential shear stress or strain.
Often , the differences in the measured data from the two gages wil l provide

* considerable insight into the validity of thermal coo ldown shear stresses or
pressurization shear stresses which tend to be diff icult to interpret in the
absence of corroborating information.
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— Al though maximum shear stresses and strains usually
occur at a discontinuity unreliable data results from shear sensors
mounted at such points . It is better to locate the shear sensors
some distance from the discontinuity and use analysis to determine
the maximum shear stress. A recommended practice is to install one
shear sensor at a point in the grain where analysis indicates there
should be no shear stress under most normal environmental loads, e.g.,
at the axial mid-point of a circular port grain under hydrostatic
pressure and/or thermal cooldown conditions . The behavior of this

J sensor during the experimental loading conditions of pressurization
or thermal cooldown will provide useful information as to the validi ty
of the calibration data and as to the probable accuracy of other,
similar shear gages in the grain. Similarly, another useful approach
is to instal l another shear cube at the axial midpoint of a symetrical
grain to monitor the circumferential shear stress or strain. Again ,
there should be no significant output under almost all loading conditions

- - of interest. (A single through the case dual plane shear gage may be
used in place of the two orthogonal shear cubes).

8.6.3 Problems with Shear Sensors

The Rocketdyne through-the-case shear gages suffer from
the problem of very low sensitivity (Table 2) and a corresponding low

- 1 accuracy of shear stress measurement.

The accuracy of the shear cube is also low but for a
different reason. The shear cube has ample sensitivity to shear but
it will also respond to other components of the stress field (5). An
analysis of an idealized shear gage (7) predicts a 40% increase in
effective sensitivity to shear stress when the shear gage is used in a
plane strain field rather than a plane stress field. Since the shear
cubes are usually calibrated under plane stress conditions this implies
that under certain conditions of use in a motor the actual sensitivity

~ will be up to 40% higher than the calibrati on val ue. Consequently, U

the data measured by shear cubes must be regarded as being subject to
large errors (÷ 25% at best). However, in many applications shear data
of this quality is still much better than can be calculated analytically.

1 4 - The other major problem with shear cubes is concerned
wi th the fact that in order to calibrate them they must be cast or bonded
into a shear test fixture. After the calibration tests are complete the

F ‘ shear cubes must be removed from the fixture wi thout damaging them. In
some instances this can prove troublesome.

5-
ti-
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8.7 FAILURE GAGES

~~~~ 8.7.1 Types of Gage

Two distinct types of failure gages have been developed :

(1) The surface failure gage, Figure 16a .

(2) The interfacial failure gage, Figure 16b.

Surface failure gages are simple conducting elastomeric
devices which become discontinuous when a crack is propagated through
them. Failure gages of this type have been used by several companies

- -~~ (26, 27). The physical properties of the failure gage should be as
close a match as possible to the propellant’ s physical properties for
the most reliabl e results .

Various types of interface failure detector may be
employed to determine when a crack has progressed to a specific location
at an interface. These devices usually comprise an electrical circuit
which becomes discontinuous when fractured . Conductive elastomeric
failure gages were employed by ASPC and Thiokol (15, 26) whereas LPC

) employed foil strain gages embedded in propellant in their STV program (12).
Neither technique is foolproof since it relies upon the grain crack

r ~ propagating in a specifi c direction and through the failure gage. Further—
more , the introduction of the failure gage must not by itself weaken or
reinforce the propellant bond line otherwise incorrect data will be
obtained .

8.7.2 Applications for Failure Gages

The main application for failure gages is to determine
the initiation of failure in a grain by bore cracking or by bond/propellant

L i fa ilure at the case/grain interface , under a spec ific type of loading
environment. Failure gages have been used for long term storage (aging)
tests of motors and for short term ignition simulation pressurization

I tests (28). -:

4- Surface failure gages will be attached to the propellant
~ bore at the region of highest strain. Similarly, the interface failure

* gages will be located at likely failure sites , e.g., towards the end

- 
mounted fairly close to each other (axially) but spaced along the periphery
of the grain to prevent interaction or possibl e weakening of the case-grain
bond . Each failure gage will be connected to a power supply and a con-

_~~~~~~ terminations of the grains. A group of failure sensors will usually be

tinuity detector so that the progression of the crack can be monitored

-
- by the sequential failure of the gages .
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8.7.3 Problems wi th Failure Gages

Many problems have been experienced in attempting to
manufacture and use failure gages in a motor. Considering initially the
failure gage manufacture , it has proved very difficult to obtain the
devices commercially so that the relatively small quantities needed
often have to be made by the propellant company . Typi cal probl ems
experienced may be listed as follows :

J (1) Matching the conducting rubber ’s physical
properties wi th those of the prnpellant.

(2) Defining a suitable adhesive to bond the surface
gages to the propel lant or the interface gage
to the insulated case wal l .

(3) Attaching the lead wi res to the conducting
rubber - a weakness in all failure gages.

(4) Aging (hardening or softening) of the conducting
elastome r used in the gages leading to premature
failure .

(5) Development of a satisfactory design for an
interface failure gage which is delicate enough
to fai l wi th the propellant yet strong enough
to withstand the casting operation.

8.8 TEMPERATURE SENSORS

8.8.1 Types of Sensor

Three different methods of monitor ing the temperature at
points wi thin a so lid propellant motor have been employed :

(1) Thermocouples

4 (2) Thermistor s

(3 ) The semiconductor elements of the embedded gages

; _  Thermocouples are self generating devices when used with
F -

~ - a reference junction located at a point of known temperature . The sensing -

element , i.e., the junct ion between the two types of wi re is very small
• 

- and prov ides accurate data without extensive calibration.
I.- -

4- -
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Thermistors are essentially temperature variable resistors
and must be used in an electrical circuit , e.g., a bridge circuit connected
to a power supply. The electrical bridge output is then related to the
temperature by calibration .

The third type of temperature sensor takes advantage of
the marked change in resistance of a semiconductor strain gage with changes

J in temperature to develop an output signal which can be interpreted as
temperature.

8.8.2 Applications for Temperature Sensors

Temperature sensors may be used for two distinct purposes
within a solid propellant motor: -

- - (1) To monitor criti cal motor temperatures

(2) To measure the temperatures of the embedded gages.

In the second case , the actual temperature at the gage
location may well be useful but the data are basically necessary for the

5-, 
interpretation of the gage outputs .

kJ. W hen a sensor is employed to monitor the temperature of
a gage, it must clearly be located as close to the gage as possible. For
this purpose, the use of the semi conductor strain sensing elements of the
gage as a measure of temperature has a distinct advantage. By employing
the circuit shown in Figure 17 the change in gage element resistance with
stress is virtually eliminated at the ‘temperature output’ points .

The use of thermocouples or thermistors to measure
temperature gradients in propel l ant grains was discussed in reasonable
detail in Section 4.6.

8.8.3 Problems wi th Temperature Sensors

The most common difficulty wi th thermocouples concerns the
requirement for special bimetal plugs , sockets and wiring at all points in —

the thermocouple circuit. If this necessity is appreciated and if a stabl e
reference junction at a constant temperature is employed , then accurate
temperature measurements will be obta i ned . Where very accurate (+ 1°F)
measurements are essential , it may be necessary to order special batches
of thermocouple wi re, but in most situations the standard thermocouple
output tables with standard thermocouples will provide sufficient accuracy .
Furthermore , the output of the thermocouple is very stable over long time
oeriods .

‘1
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The low output of thermocouples (+ 5.5 my) over the
entire operating range may in some instances prove to be a probl em .
In field use in a noisy electrical environment the data from thermocouples
may be very poor. In such cases the greater output obta i nable from
thermistor circuits may prove beneficial . However, the thermistor
material may change its resistance with time (during extended aging
tests on motors) requiring periodic recalibration of the thermistor
circuit ’s output as a function of temperature.

— 
- The same problem , i.e., semiconductor material aging

may be noted when gage temperatures are monitored by means of the
circuit of Figure 17. This will probably be most evident in the case
of normal stress gages employing exposed strain gage elements or with
shear cubes since experience at Thiokol , Huntsville during their SALE
program (29) revealed that propellant attack could in certain circum-

— stances produce significant changes in the resistance of characteristics
of a semiconductor strain gage. The use of normal stress sensors con-
taining no exposed strain gage elements will certainly minimi ze the
problem although it may not eliminate it.

8.9 DATA ACQUISITION SYSTEM REVIEW

5) 8.9.1 Overall System Requirements

The main details of data acquisition were discussed in
some detail in Section 6. These considerations included :

(1) System capacity

(2) Redundancy

(3) Data sampling rates

(4) Measurement accuracy

In addition to these basic considerations the following
factors must be considered during the system design phase :

4 (5) Is there a requirement that the 0/kS be portable
so as to be able to follow the motor through its
various tests?

(6) Does the DAS need its own data analysis capability
to determine the validity of test data as quickly
as possible?

k
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If the answer to [tern 6 is yes then another series of
problems arises :

- (a) The DAS must be rugged enough to withstand
transportation , or

• (b) The DAS must be installed with shock absorbing
mounts into a special trailer or truck which

- can accompany the motor.

- (c) The need for air conditioning to keep the
temperature of the DAS wi thi n reasonabl e
lim its must be examined .

If in fact the DAS has to be portab le or transportable
— so as to be able to travel with the test motor , the diff iculties of

- maintaining system calibration and trouble-free performance become much
- 

greater than for a labora tory installed DAS.

The question of some data analysis capability in the
0/kS is specially va lid if the unit is intended to be transportable and
operated remote from any data analysis faci l i t ies . In other cases the) need must be exami ned from the point of view of convenience and speed
of operation versus additional cost. When long term tests are to be
conducted and analysis may be required over wee kends or holidays , then
the capabil ity to perform the more routi .e types of ana lysis as a part
of the fl/kS is a necessity .

8.9.2 Instrumentation Power Supplies

L 

One of the least considered aspects of motor instrumentation
is the type of power supply to be used and the method of its use. For
instance , the use of a simple DC power supply can be shown to generate
local heat wi th a gage through dissipation of the electrical current

— through the gage resistance. Because in most instances the sensing
1 element -is a minute semiconductor gage mounted on a small metal diaphragm

of low thermal capacity and surrounded by a good insulation material , e.g. ,
liner , rubber insulation or propellant , a severe temperature gradient can

- 4- be established in the vicinity of the gage. Typically , this temperature
gradient takes some time to establish after the power is turned on so that
the temperature variations produced can produce corresponding changes in

- the gage output. These output changes are, of cour~e, especially pronounced
-
‘ during the time period immediately followi ng the power swi tch-on , and become

4 progressively smaller as the local temperature gradient stabilizes .

The simp l est solution to this problem is to maintain power
~~~ on the gages at all times . In this manner the calibration and subsequent

- - gage measurements are performed under similar thermal dissipation conditions ,
-
- 

-
~~ which results in improved data accuracy .

*
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The time required for the various sensors to attain
equilibrium conditions (warm-up period ) must be determined prior to
conducting the motor tests. This is necessary because when removing
the motor from one test condition to another requires disconnecting
the power supply, it must be ensured that the ne~ .ssäry warm-up period
is allowed after reconnecting the power supply, so that meaningful data
are obtained .

The worst method of use is merely to switch on the
power supply and then proceed to take a series of measurements over
a period of several minutes . Unless such data are confi rmed by taking
dupl i cate or tripl i cate readings to ensure that the gage readings are
stable va l ues, then considerable doubt may exist as to the reliability
of the measured data. This is especially true of gage measurements at
very low temperatures where the local temperature gradients may have a
very pronounced effect on the gage readings .

To overcome the local temperature gradient problem the
use of a pulsed power source may be consi dered. The low duty cycle of
the power pulse maintains the heat dissipation at negligible levels.
Special demodulator apparatus is required for measurement of the output

- 
5) from a gage fed wi th a pulsed power source. The use of an AC power source

might be considered as an intermediate between pulse power and a DC supply.
An AC (sine wave) power supply has the advantage that the gage output can

— ~ be easily monitored with readily available meters.

8.10 SYSTEM SPECIFICATION

8.10.1 Test Motor

Once the design of the test motor has been determined
in detail the various components and manufacturing techniques must be
specified. The motor specifi cation must include at least the following
i tems:

(1) Grain geometry (with tolerance limi ts).

(2) Case material , including end closures .

(3) Insulation material composition , method of
application , cure time and the liner material.

(4) Propellant composition , cure time and temperature .

(5) Casting technique , including any required vacuum ,

4 vibration , pressure , etc.
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(6) Method of mandrel extraction after grain cure.

(7)  Techniques for installing clip gages in bore of
motor.

• (8) Location of bridge completion networks (any special
boxes or fittings required , etc .).

Note that the above parameters concern essentia lly the
motor design and manufacture . Aspects of instrumentation to be installed
prior to casting must be specified separately. Similarly, the required
test fixtures , testing sequence and measurements required are additional
items requiring specifi cation.

8.10.2 Embedded Gages and Sensors

The precise numbers of each type of sensor to be emp loyed
and its location in the tes t motor must f irst be specified. Note that
the specific gage requirements wil l  be determined from the est imated
stresses and strains at the point of measurement , considering the entire
sequence of tests to be perfo rmed on the motor from pre-casting cal ibrat ion
tests through temperature cycling, to failure or moto r firing.

Considering firs t a specific , bare (unembedded ) sensor ,
it must be specified in terms of the following:

( 1) Property to be measured , e.g., bore hoop strain ,
interface norma l stress , etc .

(2) Normal measurement range and overload capabil i ty ,
e.g. , 150 psi with a 450 psi overL - :~d capability .

(3) Power requirements , e.g.,  28 v. dc or 5 v ac.

(4) Physica l size wi th any permissible range , e.g .,
diameter from 0.3 to 0.6-inches ; thickness to be

4 not greater than 0.10 inches , etc.

t (5) Type of sensing element if crit ica l, e.g., pressure
5- sensor using foil gages for stabil i ty or pressure

sensor using semi conductor strain gages for sensitivity .

(6) Whether s inç .e or dual bridge (redundant) gage is
required .

( 7 ) Minimu~n and maximum full-sca le outputs for gage ,
e.g.,  + 100 to -

~ 150 my.
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‘5- (8) Maximum permissible inaccuracy , e.g., linearity ,
hysteresis and repeatability to be wi thin + l’~full—scale.

(9) Maximum tolerabl e drift in output with time ,
— e.g., + 1% full— scale output/month .

(10) Maximum permissible change in zero load reading
across operating temperature range , e.g. + 5%
full scale from -65° to 165°F.

(11) Al l owable range of sensitivity across operating
temperature range , e.g., sensitivity = 1.0 my!
psi + 2% from -65° to 165°F.

(12) Type of lead wi res to be used , e.g., copper.

(13) Whether or not external (semiconductor) strain gage
elements are permissible (trade-off for sensitivity).

(14) Type of lead wire exit from gage e.g., side exit
or rear exit.

8.10.3 Methods of Gage Installation in Motor

The following aspects of gage installation must be specified
at this stage:

(1) Location of gage in motor with positiona l tolerance
limit and methods of ensuring accuracy of location.

(2) Whether internally mounted gage is to be installed
on bare case or on insulated case. If former , method

- 
I_ of insulating or lining over gage must be specified.

) (3) Adhesive for bonding gage to case/insulation , cure
time and temperature.

(4 ) Type and size of material to be used for embedding
normal stress gages , e.g., live or inert propellant
or insulation material , 2—inches diameter.

(5) Preparation of gage for embedment (also whether gage
is to be ‘ pre— potted ’ prior to instal lation or not). —
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(6) Precise technique for mounting gage in test motor;
e.g. , through-the -case (Rocketdyne approach), all

. internal , or wi th lead wire exit through case (ASPC
approach) .

- (7) Location of bridge completion units if adjacent to
gage and method of bonding in place.

(8) Method of holding lead wi res to insulated case wall
prior to casting.

C- (9) Provision for special pressure tight bulkhead plugs
— 

- for normal and shear gage leadwires and for therrno-
couple wires.

(10) Details of methods of connecting lead wi res to
externally mounted bridge comp letion network , e.g.,
solder , crimping .

(11) Methods for protecting externally routed gage lead
-
, wi res .

5) 8.10.4 Data Acquisi t ion Sys tem Specif ication

L Summar i z i ng the fac tors di scusse d earl ier in  th i s  report
~ we must specify the following DAS parameters :

(1) Total number of data channels required , including
normal stress , surface strain and shear stress/strain
gages , al l types of temperature sensor , motor pressure
gages and barometric pressure gage .

(2 ) The anticipated output signals of all the sensors must
be specified to enable suitable amplifiers to be

• obtained . The sum of the various stresses and stra ins
from the sequential environmental loadings must be

/ used to determine the tota l gage output to prevent

4 overloading the amplifier. The amplifier specif ication
must include input amplitude , gain ~-eq uired for eac i
embedded sensor , and noise rej ectiun levels.

primarily be in terms of drift under both short and
~~ (3) The stabil i ty of the 0/kS must be specif ied. This wil l

long term testing. A lso included wil l  be the inherent
- erro r in the digital voltmeter used to measure the

output si gnals , and any drift of the zero reading
wi th  time .
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(4) The accuracy of the system DVM must be specified .

(5) The maximum and minimum sampling rates must be
specified .

(6) The recording and data storage system must also
be specified.

(7) The number of dummy gage circuits and power supply
voltage readings to be monitored with the real data
must be specified , as must the details of the

- dummy bridge circuits .

(8) Interconnecting components such as crimps , termi nal
boards , connectors , wi res, must be specified .

8.10.5 Environmental Loading Conditions
- 

The precise details of the environmental tests must be
specified and the sequence which will be followed experimentally. Details
of any transportation of the instrumented motor must be included together

j with any requirements for disconnecting power supplies or gage lead wires .
- 

A detailed wiring diagram must be prepared so that the wiring can be
- ,. reconnected wi thout problems .

Included wi th the environmental loading history will be
the required temperatures at each step with acceptable variations . Also
the details of the standard pressure gages and the pressurization system
to perform the motor pressure tests must be specified.
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SECT ION 9

PHASE IV - QUALIFICATION OF COMPONENTS

9.1 GAGE AND SENSOR QUALIFICAT ION

The detai led specification prepared in Section 8 wil l have listed
a series of requirements which any component to be employed in the test
motor or 0/kS must meet. The purpose of the Qualification phase of the
instrumentation operation is to devise test plans and inspection routines
to ensure that all the components of the new test motor system, i.e., all
gages , sensors , and DAS components comply with the specifications laid
down .

Considering initially the bare sensors (unpotted) and gages the
fol lowi ng aspects must be investigated during gage and sensor qualification :

(1) Response (sensitivity ) over temperature range (i.e., the gage
response must comply with the sensitivity and zero load shift
restrictions called out in the specifications).

f (2) Repeated loading and unloading tests must be performed to
ascertain the repeatability , hysteresis , and nonlinearity
inherent in the gage ’s response. This “accuracy ” figure must
be wi thin specification limi ts .

(3) Typical (or sample) gages should be placed on test to determine
dr ift both under zero load and typical loading situations . The

L 

drift observed must be within the figure specified.

(4) Pressurization rate response data for the gages are required
for all of the rate ranges to which they will be subjected

-
~~~~ during motor testing . The testing procedures* (see Section 10

of Volume I) must be conducted within a confining liquid to
minimize adiabatic heating effects.

(5) The response of the gages to high frequency loading is expected
to produce significant sensitivity changes . The gages should
be calibrated * for all frequency ranges applicable to the specific
motor testing .

1.
* The precise testing procedures have not been developed and ASPC recommends

AFRPL sponsorshi p of a study to define them.
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‘4 (6) Tests must be undertaken to verify that there will be no
safety problems due to incompatibility between the embedded
sensor and the embedd ing propellant. This will be most
important where live propellant embedment is adopted.

(7) When the bare gage has shown that it can meet the required . 
-

specification limits ; sample gages must be embedded in
the defined material to examine the embedded gage response.
Some sacrifice in performance must be anticipated but this
should not be marked except at very low temperatures (-65°F).

(8) A typical (sample) normal gage should be embedded within a
shear and compression test fixture to ascertain the effects
of shear on the response of the gage. This should be negligible.

(9) A typical (sample) gage embedded in a uniaxial test fixture
should be placed on extended test to ascertain the change in

• gage reading under constant creep loading condition. The short
term drift (or creep) over a period of several hours immediately
after the appl i cation of the load and the extended term (month
long) drift characteristics need to be measured .

5) Note that the response of a normal stress gage is attenuated by both
the viscoelasticity and low bulk modulus (less than 500,000 psi) of the
surrounding propellant or elastomer. This impairment in performance
encompasses both sensitivity (the embedded gage will show a loss in
sensitivity ; especially at low temperatures) and zero stress shift , where
the new embedded gage ‘zero stress ’ shift as a function of temperature will
be considerably different because of interaction stresses between the gage

~ and the embedding material .

Simi larly, the performance of a shear cube stress sensor is almost
impossible to predict before it is tested in a calibration fixture. Thus ,
the specifications quoted for the shear cubes must be applied to the gages
after embedding them in the shear test fixture . In addition to the response
of a shear gage to both positive and negative shear stress or strains , the

- f influence of a normal (tensile) stress component and a hydrostatic pressure

4 
,~ load on the shear gage’s response must be ascertained. (This can be done in

a scarf joint test where both normal and shear loads are simultaneously appl i ed).

Once the qualification test plan for the gages has been prepared it is
necessary to ensure that all gages are examined in accordance with the plan.
When the inspection tests of the as-del i vered (bare) sensors are considered , . -

the easiest approach is to specify that this work be performed by the cc- ‘pany
quality assurance laboratory and to require them to sign-off the gage check-
list sheet as being satisfactory . When it comes to the sample tests of

~~~ typical gages in propellant (or other embedding material) , this work should
be carried out by the department using the gages as they should be most
familiar wi th the embedment techniques and the calibration testing requirements .

‘
5-

-80-
S

-- J*~ 1 -4~~~~~~ 9~ l~~~~~~~ - - ’ -
~ -~~~~-~~~~~~~~~ ~~ ~~~~~~~~~



1
~

l rC- -- - -——-- - - - ------------- --—- 
_ _ _ _ _ _ _

- ‘4 Shear cubes will be tested merely for continuity in the as received
(not bonded in test fixture ) condition. Their cal i bration , sensitivity and
zero shift characteristics will also have to be determined in the user
laboratory after the embedment or casting procedure has been performed .

A special test plan must be prepa red to ascertain the best techniques
for embedding the gages , the adhesives to be used and the cure time and
temperature. Experimenta l tests of a small number of the embedded gages

J 
are required to determine the best experimental techniques and to obtain
realistic embedded gage performance figures . Simple pressure step tests
on the embedded gages at the designated temperatures will probably provide
the required data in the most expeditious manner. The stability of the
embedded sensor under zero applied stress conditions may be monitored
fairly easily but if the stability under a small applied stress is required
then a leak proof pressure vessel is necessary if the load is applied by

- - ) means of gaseous pressure . Alternatively, the stability tests may be
performed on gages mounted in uniaxial test fixtures (19) in which case
deadweights can be used to apply the small stress during the long term
test.

9.2 DATA ACQUISITION SYSTEM COMPONENT QUALIFICATION

) The qualification of the components of the DAS is a relative ly
strai ghtforward matter concerned with ensuring that the purchased parts
of the DAS , if it is being assembled by the motor manufacturer , or the

\ 

complete DAS, if the system is being built elsewhere and delivered to
the user, will provide the accuracy and stability specified .

To investigate the inherent stability of the 0/kS the gages are
removed from the DAS amplifier inputs and a series of precisio n vol tage
signals from a standard voltage cell and a precision attenuator is applied
to all channels. After preliminary adjustment (calibration) a large number
of repeated individual voltage reading should be made so that the accuracy

L of the DAS measurements at typical voltage input levels may be determined .
These data will provide a reasonable estimate for the measurin g accuracy
of the DAS.

Repeated tests over a period of hours , days and weeks are required4 - to enable the following DAS specification parameters to be determined :

(1) Individual channel sensitivity and repeatability error.
- 

(2) Total system stability both long term and short term ,
expressed in either mv/hour or mv/month dri ft or percentage
amplifier input range drift/hour or drift/month.

_ _ _ _  
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(3) The data sampling rates; mean figures and typical ranges,
e.g., reading/minute or readings/hour with + error band .

(4) Rejection of cor lnon mode signals applied to amplifier.

L 

(5) Interaction between channels when an overload signal is
applied to one channel .

p

The standard voltages should then be replaced by dummy gage circuits
connected to the DAS and powered by the specified excitation power supply.
The followi ng characteristics must then be ascertained :

(6) Stability of power supply over a period of hours and months .

(7) Stability of output readings from dummy gages which should be
- - very similar to that of the power supply.

(8) Signal to noise ratio in duniny bridge circuit.

In considering measurements from a specifi c gage circuit made by a
properly calibrated DAS wi th low inherent circuit noise , the individual

/ gage readings will have real validity . However, in order to be able to
5) determi ne the measurement accuracy , at least three gage readings are

essential as used by Thiokol , Wasatch on their Third Stage Minuteman
program (16). If an automatic DAS is employed then a minimum of 10
readings per gage would provide more meaningful data especially if there
is noise in the gage circuits .

9.3 ADDITIONAL COMPONENT QUALIFICAT ION

~~~ In this area we include a broad mixture of mi scellaneous factors
which need to be considered and which frequently will be overlooked in
the structuri ng of an instrumented motor program. Recent AFRPL sponsored
programs (14 , 29) have revealed that considerabl e diffi culties can result
if factors such as those listed below are not closely specifi ed :

- I 
- 

(1) SCU resistors

4 - 

(2) BCU boards

1 (3) Solder and fluxes used

- (4) Crimping technique

- (5) Lugs , tags , etc.
I

~ 
~~~~ _ (6) Cables

(7) Connectors
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Considering the above i tems the following coments are pertinent :

(a) The resistors employed to complete the gage bridge circuits
must be precision , high stability components with low
temperature sensitivity coefficients . Otherwise, spurious

- - 
gage outputs are observed as the resistors change va l ue due
to temperature changes or due to aging effects.

(b) One of the best approaches to building a bridge completion
unit is to have a printed circuit board prepared with the
spaces for the resistors properly i dentified . In this case,
all that is necessary is for the special resistors which are
generally suppl ied wi th the gages to be soldered in their
correct places on the BCU boards and the device will be

- 

- correctly wi red . An important aspect of this approach is
to ensure that the printed circuit board is absolutely
correct and defect free.

Cc) An attractive approach where space is available is to
locate the BCU in a seal ed unit adjacent to the embedded
sensor. Many problems wi th leadwi res, junction corrosion ,
etc. are eliminated wi th this approach . However, the
safety problem may become serious unless low voltage
bridge circuits are used as in (19).

(d) The whole bridge completion network if it is to be located
external to the motor must be placed in a junction box mounted

- —~ on the motor case end rings or skirts . These junction boxes
must be rugged and moisture proof and maintained at the same

— temperature as the gages . Furthermore , the design of the BCU
boxes must provide easy access to test points for bridge
voltages and for power supply vol tages . Additionally the box
must i ncorporate facilities for trouble—shooting and replacement
of components .

(e) The major problem with solder and fluxes was concerned wi th the
method of connecting the stainless steel l ead wires used in the
Konigsberg series of gages to the BCUs . To obtain a proper
solder joint an acid flux was requi red. Unless the soldered
joint was specially treated to prevent it , the residual acid

5- 
- 4? flux would gradually corrode the joint producing potentially

large changes in the signal level of the gage (see Section 9

4- of Volume I). While complex procedures and careful cleaning
operations will allow stainless steel leadwi res to be properly
soldered without subsequent corrosion , ASPC determined that
alternative joining techniques , such as crimping the stainless
steel leadwi res onto lugs provided the lowest resistance and

4 most reliable joints . Again it is necessary to specify carefully
the types of lugs to be used and the crimping tools and pressures
for reliable results .

4 - 
-
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The recommended solution to the l ead wire probl em is to employ a
material other than stainless steel. Copper is the easiest wire to use
but is much weaker structurally than stainless steel and therefore more —

easily broken. Copper is also more suscepti bl e to attack by corrosive
elements in propellants . However, the gages employed in LPC’s BDU
program (8) used copper lead wires and only one of the six gages has
become defective (in one half-bridge circuit) after six years of use.

J It must be determined that the motor design covers the details of
such seemingly trivial i tems as those just discussed , otherwise , the
reliability of the data obtained from the new test motor will be far
l ower than desired .

/
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SECTION 10

PHASE IV - COMPONENT (‘-HECKOUT

10.1 COMPONENT CHECK-OUT SHEETS

j  To expedite the checkout of the gage and DAS components in accordance

J with the required specifications the instrumentation engineer has prepared
a brief test plan to be followed during the components qualification. To
avoid the possibility of misunderstandings or omissions in the checkout of
the components it is strongly recommended that the qualifi cat ion tests be

- 
-
~ prepared in the form of a check-out sheet. This sheet will accompany each

and every i tem which will form a part of the new test motor , or the new DAS ,
and all of the qualification tests listed on the sheet must have been completed
before the component is used in the motor or DAS.

While this may well seem an unnecessary complicatio n of the whole
acceptance-inspection procedure , the aim is to make absolutely certain that
no component is used in the motor or DAS unless all the required tests and
checks have been performed. Generally this is not a major problem with the
larger components of the system but frequently an important test or check

5) on some of the smaller , less si gnificant aspects of the total system may be
overlooked .

\ 10.2 ACCEPTANCE AND REJECTION CRITERIA

In any component check -out sheet used to determine whether or not a
specif ic component is acceptable , criteria must be given so that some dis-
cretion may be used in the acceptance or rejection of the system components .
In many instances acceptance limits wil l  have been prepared in the form of
maximum or minimum values wi th an error band : as an examp le the gage output
under ful l scale load may be defined as 100 my + lO’~. Clearly, if a gage
is delivered with a ful l scale output of 115 my , i.e., outside the al lowable
upper limi t, in most applications the gage would be perfectly acceptable and
should not be rejected. On the other hand , if the gage had a sensitivit y
slightly l ower than that specified , it is possible that the reduced output
under certain critical test conditions might be a cause for rejecting the
gage. There can be no universal criteria applicable to all test motors and
all situations . Each gage and each component of the whole instrumented motor
system must be examined separately to determine realist ic acceptance criteria.

In this context , care must be taken to ensure that the original specifi-
cation sheet for the gage or system component is not too conservative , i.e.,
the specification is not much tighter than is really required. If this
happens then the gage or component may cost considerabl y more than is really

- 

- necessary in attempting to meet the unnecessar ily tight requirements .

-85-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~: ~~~~~~~~~~~~~~~~~~~~ 

5-
- ,



- 

~~~~~~~~LL ~~~~~~~~~~~~~~ 
-

C

10.3 STORAGE OF GAGE AND COMPONENT RECORDS

Because of the complexity of an instrumented motor system there will
be a considerable volume of paperwork associated with the project. This
material is important and must be stored in an orderly fashi on so that the
original data sheets and copies thereof are available for exami nation at

— any time . In view of the lengthy timespan of most instrumented motor tests ,
from one to six years for existing projects, the gage and system component
records must be kept in a secure l ocation for the duration of the motor test.

To avoid the loss of important documents during the course of the
motor testing it is strongly recommended that micro fiche copies of all

-

- 
valuabl e data be made during the early stages of the program. In this way ,
the film copies will be retained even if the originals are lost.

Whatever approach is adopted , the problem of storage of the large
- 

volumes of data generated in an instrumented motor program must be investigated.

j

I
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- ‘4 PHASE V - APPLICAT IONS

With a good engineering design and qualified instrumentation , thetes t engineer is now ready to calibrate the transducers (Section 11),insta fl them in the motor and conduct the planned test measurements(Section 12).j
/
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SECTION 11
C

PHASE V - CAL IBRATION TE CHNIQUES

11.1 GAGE CALIBRATIONS

11.1.1 Case Strain Gages_J Included in these devices are the conventional foil or
wire strain gages used to measure the strains in the motor case and the
clip-type strain gages used for monitoring the strains at the surface

- 
- 

- 
of a soft propellant.

Resistance strain gages are now made so accurately that
it is seldom necessary to calibr ate the gage itself. However , in some
rare applications , variations in the thickness of the adhes i ve used to
bond the gages in place can produce changes in response , necessitating
an independent calibration of the system .

A common method of calibrating the specific gage-
adhesive-substrate system is to bond two gages to a length of the
substrate material and test the system in a bending test. The precise
strain applied to the gages can readily be determined and , from the gage
output , the effective “gage factor” for the system can be measured. The

\ assumption is then made that this effective ‘gage factor ’ will be repeated
on the actual gages in the operationa l test mode.

In most practical applications , however , the gages are
simply mounted on the surface to be strained , e.g. , the exterior of a
motor case , and the gage factor supplied by the manufacturer is employed
to determine the case strain.

11.1.2 Clip-Type Surface Strain Gages

a. The’- iiial calibration. If the cli p gage is to be used
for the measurement of surface strains across a range of temperatures , then
the thermal zero strain output si gna l from the clip gage must be determined
as a function of temperature . Probably the best technique is to use a small
block of Invar to which are bonded two small pins with enlarged bases . Holes
drilled in the tabs of the cl ip gage locate on the two pins and hold the gage
firmly in place. The essentially zero coefficient of linear expansion of the

~ block of Inva r maintains the feet of the clip gage at a constant distance
apart across the whole range of temperature required. The gage mounted on
the block is placed in a temperature —con ditioning box and the temperature
is set at a desired value. Sufficient time is allowed for the gage and
block to attain thermal equilibrium be fore a reading of the gage output
signal is taken. The chamber temperature is then changed to another value
and , after therma l equilibrium is attained , another gage reading is taken.
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S In this manner the gage output readings for a fixed
and known di splacement between the feet of the cl ip gage are determined
for a wide range of temperatures.

This technique, which is employed by workers in the
strain gage field , is probably the most accurate method of thermal cal l-
bration available. For many applications it is unnecessary to go to this
length. The clip gage may be mounted on a piece of steel instead of Invar,
and the thermal zero strain gage readings taken as before. In this case,

• however, the steel block wil l be changing dimensions slightly with tempera-
ture so that the actual gage readings must be corrected for the thermal
expansion or contraction of the steel block in order to determine the
precise zero strain readings . Depending on the use to which the gage is
to be put, this small correction factor may be ignored, especially if the
change in readings is small and the gage sensitivity to strain is very
high; a coninon situation with the clip-type surface strain gages.

b. Strain calibration. To calibrate the clip gages
for strain, a small tool is used, equipped with a pair of jaws that can
be moved relative to each other either by a micrometer screw or a vernier

~~~~~~~ , slide . The two pins are bonded to the jaws of the device, as shown in
Figure 18, and the clip gage is fixed in place using a small amount of
adhesive, if necessary.

Readings of the clip gage output signals for various
displacements of the jaws of the device can then be made at a series of fixed
temperatures. A coninon practice is to use the displacement device for
determining the thermal zero readings as well as the strain cal ibration
readings. In this way, the two pins have to be bonded only once to the
jaws of the calibration device, and the thermal zero readings are made
wi th the jaws set to a known relative displacement.

Once the thermal and the strain calibration data are
L obtained , they should be plotted as two separate graphs : (1) Gage signal

versus strain, or relative displacement of the clip gage feet, for a constant
value of temperature, and (2) gage signal versus temperature for a constant

• 9 separation of the feet of the clip gage (see Figure 19). With these sets of
data the gage readings can be quickly interpreted as strain whether the4 problem be isothermal pressurization or slow thermal cooling of a motor.

After calibration is completed, the cli p gage is

in the motor.

It is very important that the technique used to
,j
~ 

removed from the calibration fixture and is then ready for installation

mount the clip gage in the motor is identical to that used in the calibration
fixture, otherwise the calibration data will be invalid.
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11.1.3 Embedded Gage Calibration Philosophy

There are several distinct phases in the cal ibration
procedure for embedded normal stress sensors which may be listed as follows :

J 

(1) Pressure calibration of bare (not embedded) gages
wired up in accordance with manufacturer’s specifi-
ca tions .

(2) Pressure calibration of bare gage bonded at specified
locations in test motor. Again , wiring circuit is
as specified by manufacturer.

(3) Pressure calibration of gage, installed in test motor
- 

- ‘ and embedded in hemisphere of l ive propellant , inert
• / propellant , or insulation. Depending on the type of

gage, the manufacturer’s circuit may require modifi—
cation to keep the ‘zero stress’ reading reasonably
close to zero my output. The ‘zero stress’ output
now consists of the output of the bare gage plus
superposed effects of the interaction stresses with
the grain.

(4) In-situ pressure calibration of embedded gage in
L propellan t grain. The response of the gage at this

¶ time will depend upon the amount of pressure trans-
mi tted by the grain to the case. Typically the gage
response should be about 90 to 98% of the embedded
gage response wi thout the grain.

The results of experimental tests on embedded normal stress
gages at LPC confirmed the analytical predictions of Pister (5) that the
diaphra gm gage is less sensi tive to tension or compression than to hydrostatic
pressure. Typically, a stiff gage (such as the 150 psi KI P14 sensor) exhibits
a sensitivity to tension which is approximately 90% of the response under
hydrostatic pressure. Thus, the step calibration sensi tivity values (Step (4))

7- obtained in motor tests should be reduced by approximately 10%, then compared
to those from Step (3).

In addition to these pressure step calibrations , which will
be performed on all gages employed in the test motor, it is necessary to
investigate the response of the gage embedded in propellant to tension,
compression and shear stress fields . Thi s is best accompl ished i n the
uniaxial test fixture shown in Fi gure 20. This fixture is designed to
produce a simple, uniform stress field in the absence of the transducer
and is amenable to analysis. Additionall y, the test fixture should be
large in comparison wi th the transducer.
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11.1.4 Elastic and Viscoelastic Calibration Procedures

As indicated earlier , the bare normal stress gage itself
appears to show time, rate and frequency dependence when these viscoelastic
effects (which are not necessarily linear or, even, thermo-rheologically
simple) are combined with the viscoelastic effects of the gage-grain
interactions the result may be exceedingly complex to unravel analytically.
It has been reconinended to AFRPL (by ASPC) that they support both analytical and
experimental approaches in providing accurate gage calibrations for these
complex loadings .

In the meantime, some loading conditions lend themselves
to nearly elas tic cal ibrations, while others clearly require time-dependent
relations. Thermal loadings with stiff gages under grain storage tempera-
tures above 60°F are good examples of the near elastic conditions , while
thermal loadings of these gages to temperatures in the range of -75°F
require a viscoelastic calibration .

The following subsections give examples of both elastic
- - and linea r viscoelastic calibration techniques. It is reconinended that

- 
~
-‘ the Appendix A , Gage-Grain Interaction and Appendix B, Transducer Cal l-

2 bration of Reference 30 be reviewed for a more detailed explanation of
this complex subject.

In the elastic calibration work the fundamental relation
between the voltage output, v, and the imposed stress , a, is given by

v = a +ba  (1)

where a is the zero stress voltage output •)f the gage , my

b is the sensitivity of the gage, mv/psi

The v iscoel astic vers ion of this rela tion becomes

v(t ,T) a(t ,T) + 4 (t ,T) a(t ,T) (2)
-- 

~~~~
- - where all of the terms are functions of the testing time and temperature

and g(t ,T) is the sensitivity parameter, mv/psi.

a. Transducer Calibration Procedures in Elastic Media

If the material in which the transducer is embedded
V - is linear and elastic , then calibration procedures follow wel l -established

L - practice. The appl ication of a step stress or strain (tension, compression ,
or pressure ) to the test fixture will resul t in a step change in sensor output.
The transducer i s cal ibrated by applying incremental load steps to the specimen
and noting the corresponding gage readings. Increasing and decreasing
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load steps should be performed to investigate hysteresis effects The
transducer output data are then plotted against stress and the best straight
line is filled through the data points. This procedure is illustrated in

-
~~ : Figure 21 in which pressure calibration data from a 25-psi diaphragm sensor

embedded in propellant are given. The slope of the line is the sensitivity

J 

of the gage, b, at that particular temperature, and is usually expressed in
mv/psi.

• In addition to the sensitivity data it is also
• necessary to measure the embedded transducer output at zero appl ied stress,

a, over the temperature range of interest, in many cases the zero stress
data for the embedded sensor will be considerably different from those for
the unpotted transducer. Curve A in Figure 22 shows a typical zero stress
transducer output versus temperature signal for a well compensated sensor.
When the transducer is embedded wi thin propellant, the difference between

j the coefficients of thermal expansion of the sensor and of the propellant
produces a stress on the gage with no external stress applied. Curve B
of Figure 22 shows the thermal zero stress transducers output signal for
the same sensor when embedded in propellant under zero external load . The

J 
marked difference between the sensor data wi thout the propellant and the

j data obtained with the gage embedded in the propellant will be evident.
tJ The important fact is that Curve B will repeat itself duri ng thermal excur-

sions (assuming that the propellant aging effects are small) and , therefore,
this curve must be used as the zero stress reference for thermal stress

~i. measurements .

In sun.nary, proper cal ibration of a transducer embedded
in an elastic material must include two steps:

(1) A determination of the zero stress sensor response 
-

across the temperature range of interest , and

(2) The definition of gage sensitivity , (i.e., output
signal divided by applied stress) through ther • - use of isothermal step load tests .

The sensitivity calibration test of a transducer
- embedded in an elastic material must be performed at several temperatures

over the range of interest. Both the zero stress sensor output data and the
sensit iv ity data as a function of temperature will be required to interpret
the subsequent transducer readings.
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b. Transducer Calibration Procedures in Viscoelastic Media

When a sensor is embedded wi thin an elastic material ,
the sensor output may be related directly either to the stress or to the

- strain in the material. Because the stress is uniquely related to the
strain by- Hooke ’s Law , there is no ambiguity in the data. When the same

- 
sensor is embedded wi thin a viscoe lastic material , the stress is no longer
a unique function of the applied strain , so that the sensor output has to
be related by analysis or by experimental testing either to the stress or
to the strain.

• - The methods of calibrating a transducer embedded
within a viscoelast ic material closely follow the techniques used for
determining the v iscoe last ic material properties . Thus , constant load
or stress (creep) tests are used to determine the response of an embedded
gage to stress and constant strain (relaxation) tests are used to define the
gage ’s response to strain.

-: If v(t) is the gage output signal under constant load
conditi ons , a transfer function for gage sensitivity may be defi ned as follows :

!~ç~-)- = ~p(t) = gage sensitivity to stress (mv/psi) (3)

where a
~ 

= applied stress

- • p Similarly if the gage output is measured under constant
strain (relaxation) conditions then the strain sensitivity of the gage may be
defined as:

v(t) 
= 
~(t) = gage sensitivity to strain (4)

where = applied strain

By performi ng creep and/or stress relaxation tes ts on
— 

the un-laxial test fixtures and monitoring transducer output as a functi on of
time , in addition to stress or strain , the transducer—pro pellant transfer

~~~ 

functions may be obtained. The isothermal creep compliance or relaxation
modulus data are first shifted along the log time ax is to obtai n a master
relaxation modulus or creep compliance-versus-reduced time curve. The iso-

• thermal transfer function data ~(t), and ~(t), then may be shifted to produce
-. master transfer function plots against reduced time .

I’-
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As pointed out by Pister (31), it is impossible
to separate the viscoe lastic transducer calibration from the charac-
terization of the viscoelastic material itself. It is necessary to
make use of the time-temperature shift factors of the propellant material
in order to properly reduce the gage sensitivity data. Consequently, ft
is often extremely useful to measure the material properties at the same
time that the gage calibration is performed. The only additional require-

- 
- ment is that the deformation of the specimen be monitored during a constant-

load creep calibration test , or that the stress in the specimen be monitored
during a stress relaxation or constant strain calibration test.

Viscoelastic transducer calibration data from con-
stant-~~ad (creep) tests performed on a uniaxial test fixture containing
live pr~ipel1ant and a 25—psi diaphragm sensor are presented in Figure 23.
The sensitivity data we re fi rst translated along the log time axis by the
log a1 shift factors determined for the propellant (Figure 24) . Since this
did not result in a smooth curve , an additional vertical shift factor log
bT was applied to the sensitivity values to obtain the curve of Figure 23.
These log bT vertical shift factors are plotted against temperature in
Figure 25.

The log b1 vertical shift factors may be regarded
as the temperature dependent sensitivity factors of the embedded sensor ,

~ independent of any viscoe lastic effects due to the surrounding propellant.
This viscoelast ic calibration approach assumes that the viscoelasticity
effects are entirely due to the propellant and that there is no interaction
between the sensor and the propellant viscoelastic properties. Experi-
mental data obtained so far have supported this approach.

Transducers embedded wi thin viscoelastic media also
exhibit changes in the zero stress output signal as the temperature is
changed. For this reason it is also necessary to perform a thermal
calibration under zero stress conditions across the temperature range
of interest. In performing these tests it is important to specify the

• time spent at each temperature because recent data obtained at HL&A during
7 calibration of 150-psi transducers embedded wi thin LPC-667 inert propellant

4 -
have shown evidence that the “zero stress ” transducer output may not be a
constant with temperature but may, in fact , be viscoe lastic. Figure 26
shows the variation in a 150-psi stress transducer’s response whi le hel d
at -65 °F under zero applied stress. The change in embedded transducer
output wi th time is quite evident while the bare gage outputs are essentially
constant.

This finding is not surprising in view of the fact
that the propellant-sensor thermal interaction is caused by stresses induced . -

by differences in the coefficients of expansion and modul i between the
propellant and the sensor. Clearly if the propellant exhibits viscoelast ic

• behavior, any thermal stresses induced w ill relax with time, and this will ,
in turn , caus a change in the “zero stress ” transducer reading.
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• 

A better method of interpreting the zero stress
transducer output data would be in terms of reduced time instead of
temperature , as has been used in earlier work. This modified approach
to zero stress transducer readings may cause considerable changes in
the long-term aging transducer data because of the real changes in
transducer-propellant output previously negl ected. The complete visco-
elastic transducer calibration data would then consist of the master
sensitivity data [~(t) x b1~ plotted against log reduced time , the zero
stress transducer output also plotted against log reduced time , and the
two shift factors , log aT and log b1 versus temperature.

11 .1.5 Embedded Shear Gage Calibration

A shear gage may be calibrated ei ther as a shear strain
gage or a shear stress gage , the only difference being the type of cal i-
bration which is performed . For use as a strain gage , the shear gage
would be subjected to constant strain tests (stress relaxation tests if
the material is viscoel astic) and the gage output would be related to the
applied shear strain. When the shear gage is to be used to monitor shear
stress , constant stress (or creep) tests would be performed on the sensor
and the output would be interpreted in terms of the applied stress. In
the fol lowi ng section the technique for calibrating the shear sensor in

j  terms of strain will be descri bed and only the differences in approach
for stress gage calibration will be mentioned.

A shear gage is diffi cult to calibrate properly wi thout
the risk of damaging it because the gages are calibrated in a shear test
fixture such as that sketched in Figure 27. The shear gage is manufactured 

-from a piece of cured propellant or el astomer of the type to be used in the
motor , or from a piece of inert simulated propellant if the safety hazard
is judged too severe .

The shear gage is bonded to the central member of double
overl ap shear specimen which uses wooden supports . The two outer members
of the specimen are fixed in the correct location relative to the center

J 
member and propellant is cast into the specimen mold and cured. Al ternatively,

• V a piece of cured propellant is used to make the shear test fixture and the
shear gage is bonded into a suitably machined triangular shaped hole.

After cure is complete , the shear test specimen is wired
to an electrical board to form the gage bridge circuit(s) and the specimen

- • is placed in a temperature conditioning box for calibration.

The specime n is mounted wi th the outer pieces attached
firmly to the crosshead and wi th the center arm of the specimen rigidly
attached to the load cell and the top of the testing machine .
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• Two calibrations are required, a thermal cal ibration
and a strain calibration. In the therma l calibration the specimen is
held fixed under zero applied strain conditions while the temperature
is changed to a series of values corresponding to the desi red operating
range.

The strain calibration must be carried out at the
- 

- various temperatures by applying strain increments and monitoring the
• - gage output signal. This procedure is valid if the propellant or

elastomer does nOt exhibit signi ficant viscoel asticity , since the
implicit assumption is made that there is no change in gage reading
wi th time. -

When a shear gage calibration in terms of stress is
requi red, the elastic type calibration is precisely the same except

• that gage outputs are monitored for increasing and decreasing applied
stresses. A complete calibration of a shear sensor requi res calibration
data under both pos iti ve and negative shear stresses or stra ins and

— this is generally accomplished by performing one set of shear tests
wi th the speci men and then inverting the specimen in the test machine
and performing additional shear tests. Typical (quasi) elastic shear
gage calibration data for rubber (V45) shear sensors tested in a V45
rubber test specimen are shown in Figure 28. The hysteresis loop

[ I , fo rmed between the loading and unloading curves is evident in these
data.

When the gage reading is observed to change with time,
showing that the propellant is viscoelastic, then the calibration
procedure must be changed to that suitable for a time-dependent process.
The calibration technique used is the stress relaxati on or constant
strain type of test. A known strain increment is applied to the specimen
by means of a rapid crosshead movement . The gage reading is then recorded
for a period of 10 to 20 minutes as the stress in the specimen decays.
Logarithmic time intervals should be used for the gage readings in a
manner similar to the procedure adopted for a propellant stress relaxation
test.

4

~ 

The constant strain tests should be repeated at the
var ious temperatures of interest. The resul ting data obtained will
probably resemble that shown in Figure 29. These data curves are

- 
. translated along the log time axis usinq the shi ft factors obtained

from the propellant relaxation test data. In some instances this will
result in a smooth gage calibration function curve but, in others , the
individua l temperature curves will be displaced as shown in Figure 30.
To produce a smooth master gage calibration curve , it is necessary to

~~~ shift the various temperature curves in a vertical directi on thereby
producing the curve shown in Figure 31. The smal l shift factors (b.r)

• required to make all the temperature curves al ign are plotted against
temperature in Figure 32, and the conventional horizontal shift factors
( log a1) are given in Figure 33.
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The vertical shift amounts to a correction for the
- change in sensitivity wi th temperature and is independent of time.

• In addition to the shear calibration of the gages ,
it is usually necessary to determine the shear gage response to a
norma l stress or stra in so as to permit an assessment of the i n herent

- errors in the shear gage output data . This calibration test is
performed simply by rotating the specimen and gr ippi ng the wooden
or metal edges in a pair of strip biaxial-ty pe jaws. The specimen
is then strained in a normal direction and gage read ings are taken

• as in the shear tests. If a viscoe lastic calibration is required
• for the shear tests, it will probably be necessary for the normal

strain tests.
- 

11.1.6 Summary of Embedded Transducer Cal ibration Requirements

The steps in the overall calibration of an embedded stress
transducer for use in a rocket motor may be summarized as follows :

— (1) Conduct pressure—step (loading and unloading) fluid
calibration of bare transducers at ambient temperature

- and at the temperature extremes.

(2) Embed transducer in propellant hemisphere to simulate
infinite half_space.*

) (3) Install “potted” transducers in motor case.*

(4) Perform viscoelastic pressure-step cal i bration
tests on embedded sensors, i.e., application of
step pressures, both loading and unloading, at
known times , across temperature range .

(5) If temperature range is limited, e.g., 30 to 130°F ,
and if the propellant (embedding material) is soft,
then the response of the embdded transducer may be

I sufficiently linear and independent of time for the
- - viscoelastic effects to be ignored . This remains to

be determined by combined experimental and analytical-4 programs.

(6) These in-situ pressure calibration tests will suffice
on ly after a comprehens ive trans ducer evalua ti on has
been performed usin g a un iax ial test fixture .

- • * Al ternatively, bond bare gage to i nterior of motor case and then cast
propellant hemisphere aroun d ins ta l led gage.

* —i l l —
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11.1.7 Determi nation of Long Term Stability of Embedded Ga ge

Experience with embedded stress sensors at ASPC (14)
indicated that the stability of the embedded sensor was poor during extended
duration aging tests. Clearly , in any aging test , before we can measure
the effects of aging on the propellant of the grain , we mus t know the mos t . -

~

J 

probable trends of aging on the embedded sensor. Because of this fact
HL&A recently conducted a series of long-term stability tests on embedded
normal stress gages (31). The objective of these tests was to investigate
the behavior of embedded sensors over extended time periods under low tensile
stresses , such as would be experienced in a rocket motor appl ication.

The first series of tests was conducted at a temperature
of 150°F using uniaxial test specimens of approximately two i nches diameter
and three inches length , with three normal sensors embedded therein , as

• shown in Figure 34. After completing conventional pressure calibration
tests and step tension calibration tests at ambient and 150°F, the long-
term stability test was initiated using stress levels of 6 and 9 psi. After
approximately 26 days under constant load at 150°F the load was removed and
the gage allowed to revert to its zero load reading. New tensile calibration
tests were then performed wi th the results shown in Fi gure 35. These data

• show that all the embedded gages exhibited a considerable change in zero
stress reading during the long term stability test and furthermore, the
sensitivity of the gages changed considerably during the test. Subsequent
examination of the LPC 667 inert propellant from which the test specimen
was made disclosed that this inert propellant had hardened considerably
during the test and this was believed to be the cause of the shifts in
zero reading and the reduction in sensitivity .

Consequently, the gages were removed from the initial test
specimen and re-bonded into another uniaxial test fixture and the long term
stability test was repeated, this time at a temperature of 80°F. The data
generated for one of the gages during this second long-term stability test
are presented in Figure 36. Th is gage gave almost no chan ge in its zero
reading during and exhibited essentially the same sensitivity to tensile

J stress at the end of the test as at the beginning . Not all gages exhibited
7 such exemplary performances. In some instances, as shown in Figure 37, the

~~~ gage reading changed consistently during the test both wi th and without the
tensile load applied.

The data presented above suggest that gage calibration
parameters can occur for two separa te reasons :

(1) Changes in the material properties of the surrounding
-

• material .

(2) Drift wi thin the gage itself.

-112-

r ~~~
- 

- -5 —
~
:-

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ lJt~~~~I l ~~ ~



- - ‘ ~~~~~ - ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -s* .~~~ * -
~ 

~~~~~~~~~ S___ • ~~~~~~~~~~~~~~~ - •_

I. ’

1, 1.9 l f l .  =

1 Gage #9

‘~
. 3.0 in.

- 
Gage #8)

-

- 
• FIGURE 34. SCHEMATIC OF UNIAXIAL TEST FIXTURE

- 

FOR LONG TERM TENS JON TESTS

- 
-113- - 

-
~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ t;T~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



.

_ S~~ -p ----——------ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - —~~--- -—--.- -~--—---

p.

. I

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

_ _

~. ~~
•

4-)

L f — s -

I
I. • 

f —( _~ I—• I
I

a- S • .~~~. •I— . — — — — —
I -

~~~ 0

O~~~~ C.) Li
• I ~~~~~~~~~~

• j ’ cx: ~ LI
p _________________________________________ —

• Li

>5- .
- 1 -- c ~

1
1 .2 .f

I -- -- 
• I—

7 r LiE
I I— -

1.

I
I-

•

AW ~nd~nO ut abueq~

-114-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ____  ~~ ~~~~~~~ _
4~~~~~~~~~~~•



- -S” 

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

-—- ---——5- — —•-

~

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

— - -.—•----
~
•--- .--- -5--

I
‘

5

-5 

:“

- 
MU 5

~ fld1n() u L  obuPL~) ~6PO

-115 -

- 
a 

- - - 

~~~~~
• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• - 

~~~ ~~
- • -



!1~ 1 — -
~
—--.

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

cD

- I

> _ ~~
—

• E -’--
I W a )p1j - 

7 
j

f~~~~~~~~~~~~~~~~~~~~

-

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

_ _ _  

___ 

I

A l l  •-
~nd~nO u~ ~6ueq j

- 116- 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~t. •~~~~~~~~~~ .-



- - 
_ _ _ _ _ _ _

This instability of the bare gage was studied briefly
by Konigsberg (Appendix 0 of Volume III). He drew the conclusion that
the stability of the bare sensor must be specified in detail so that
the manufacturers can design , build and test it properly prior to
del ivery. His review of typical epoxy bonded miniature gage stability
data indicates that 1-2 micro i nches/inch apparent slippage per month
is experienced by the best 25% of the gages made while the best 50%
will experience from 2-4 micro inches/inch slippage per month . This• translates into a 150 psi gage drift or creep of 0.3 to 0.6 psi/month
at best (top 25%) to 0.6 to 1-2 psi/month for the top 50% of the gages.
If better stability than this is required then new types of gage employ ing
an internally mounted Kovar beam to monitor the diaphragm displacement
with anodic bondi ng of the semiconductor elements to the beam may be
necessary.* An order of magnitude improvement in stability should be
obtained wi th this approach when fully developed .

5
; 

11.2 DATA ACQUISITION SYSTEM CALIBRATION

11.2.1 Interna l Calibration Approaches

The simplest method of providing internal calibration
checks on the performance of the DAS components, excl uding the embedded

f gages themselves , is to provide a number of dummy gage circuits made
from stabl e hi gh precision resistors with shunt resistors which may be
switched across one of their arms to provide a known change -in output
si gnal . During the testing of a motor , the validity of any data channel
can be examined by disconnecting the particular gage and connecting the
duumy gage in its place. The reading from the dummy gage should match
the known output of that dummy gage and when the shunt resistor is
switched into the circuit , the change in output signa l should match
the known value. Any differences between the measured output vol tages
with -the dummy gage and the known voltages will indicate a probl em wi th
that channel of the DAS.

Another approach for internal calibrat ion of the DAS isr I to incorporate a stable reference voltage within the DAS and to use this
to check out a suspect data channel .

4 

- 

Removing the gage from the input to the DAS and short
circuiting the ampl i fier input while measuring the output from that data
channel will indicate if there has been any shift in the channel output

eliminated by adjusting the zero offset control . Periodic checks of these
output readings of the data channels under short circuited input conditions

• and wi th either dummy gage circuits attached or with known reference voltages

•~~ under zero input conditions . If drift is observed , it may readily be

I. 
- applied to the channel input must be made to ensure that the performance

of the DAS remains within the specified limits .

* A current AFRPL sponsored improved normal stress transducer development
program (Contract F046ll-75-C-O042) is attempting to devel op very stable
transducers using epoxy bonded strain gages. Results are not expected
until late in 1977.
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11.2.2 Periodic Calibration Procedure for DAS

As with any piece of complex apparatus , the DAS will need
routine servicing, inspection and recalibration from time to time by
qualified Standards Laboratory technicians. The s tandar ds la bora tory s hould
have the necessary apparatus to perfo rm a complete inspecti on and evaluation
of the performance of all aspects of the system. They must replace items

- 
which are either defective or are indicating that they may become defective

- in the near future. Then they should bring the performance of the DAS up
- - to the required standards by a recalibration.

• The following describes the calibration procedure adapted
- by ASPC in the qualifi cation phase of a new DAS manufactured for the Flexibl e

Case—Grain Interaction program.

— 
- 

This procedure may be divided into three parts. Fi rst, the
• recording system was subjected to known voltages and its measured value

• compared against a laboratory standard voltmeter, whose calibration is
traceable to the National Bureau of Standards. Secondly, a trans ducer
simulator was calibrated to verify its stability and balance. Thirdly,

- - as a data acquisition system check , the trans ducer s imula tor was ins tal le d
in place of the transducer. A two step calibration signal was appl i ed from

) 
the simulator. The two values recorded were repeated a prescribed number of
times to verify repeatability .

Calibration of the recording system alone and transducer
simulator was to be conducted every three months. This interval could be
extended to a maximum of 4-1/2 months. Calibration of the data acquisition
system with the gage simulator was to be conducted every week. If, after
four calibrations , the data were still acceptable , the calibration interval

- 
could be increased to one month .

The steps employed in the calibration of the DAS without
the bridge completion units may be summarized as follows :

(1) Using the shop standard precision voltage source
- 5 apply voltages of 0.0, + 1.00, + 2.00, + 3.00, + 4.00,

• ~~~~
- 

• + 5.00, + 6.00, + 7.00, + 8.00, + 9.00, + 10.00, -

- 
-
~~ 20.00, + 30.00, + 40.00, + 50.00, + 60.00, + 70.00,
T~ 80.00, 90.00, ~ 100.00 ~iillivo lts + 0.02 millivolts ,

L to a randomly se lected channel . Al l  other channels
I ~ shall be subjected to 0.00, + 5.00, + 10.00, + 50.00,

and 100.00 millivolts , + O.O2 millivolts.

- (2) Repeat Paragraph 1 above after a 24 hour period twice ,
without adjustments .

5
-

-

-
~ 
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( 3) Cr oss ta l k sha l l be chec ked on a randoml y selec ted
channel by subjecting adjacent channel s to pl us and
minus overscale input voltages and recording any
changes to the reading of the selected channel .

(4) Common Mode Rejection

a. D. C .

A common mode vol tage of 10 vol ts D.C. shall
be applied to an unbalanced input of 1 ,000 ohms
of a randomly selected channel .

b. A.C.

A common mode voltage of 5 volts RMS, 60 hz
shall be applied to an unbalanced input of
l ,OO0~ of a randomly selected channel .

- 1 (5) Acceptance Criteria

a. Zero offset must be less than 2.00 millivolts .
Th~~DAS must be capabl e of reproducing the inputvol tage to wi thin + 0.1 millivolt or + 1.5%
whi chever i s greater.

b. Cross talk shall not exceed + .1 millivolt of
the va lue read on the selected channel just
prior to the application of the overscale
vol tages.

c. Common mode rej2ction shall be -80 db or better
for both AC and DC.

To assure that the common mode vol tage does not exceed 5
volts RMS AC , the AC vol tage on all inpu t lines will be measured with respect
to ground when the DAS is first attached to the motor instrumentation . As a
further check four dummy bridges will be limi t checked to ± 0.1 my. The DAS
will be programmed to check these bridges and flag the system if any of the

• 1 
outputs exceed the limits .

The transducer simulator consisted of two balanced 500 ohm

4 

- resistors and a 550 ohm bridge unbalance resistor. The purpose of the
simulator was to serve as a stable source which coul d be installed in
place of the transducer so that a known output could be applied to a DAS
channel . -

• The transducer simulator was calibrated to veri fy that it
was stable over a period of time. An excitation voltage of 10.0000,
+ 0.0002 volts was applied and the voltage at the midpoint of the simulator

• 
- each 24 hours for three consecutive days. These readings were taken at +30,

+60, and +90°F.

- ~~~ was measured with and without the shunt resistor. Ten readings were taken

- -
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The voltage measurements taken at each temperature could
~~~~ not vary more than ± 0.2 my for any corresponding readings taken. The

same was true for the measurements taken with the shunt step applied .

The whole DAS excluding the transducer was then checked
us ing the s imula tor to replace the gage in the fol l owing manner:

- 
- (1) Install the simulator in place of the transducer.

— 

(2) Read the voltage from each output leg to the
- negative input leg.

(3) Take ten readings of the zero and shunt step.
(A reading is defined as the average of 100

- samples or greater).

- (4) Recor d all data.

(5) Repeat for each channel .

- 
j  

(6) Wa lt for 24 hours .

I 
~j  

(7) Repeat paragraphs (1) through (6) three times.

From the measured simulator data the mean and standard
deviati on of the samples readings both wi th and wi thout the shunt resistor
were determined. The standard deviation of the readings was to be smaller
than + 0.2 my or 3%, whichever was greater.

11.2.3 Sampling Rate Check

This represents one of the more troublesome areas to
investigate when the DAS is exami ned in the field. Only the most cursory
examination of the data acquisition rates can be made wi thout extensive a

j test equipment. For this reason if it is suspected that the DAS is not
- 

7 providing data at the required rate it should be returned to Standards

4-

Laboratory with a request that the rate be checked. i~ it is not possible
~~ to remove the DAS from the test motor because the test is continuing and

the data are required, then the actual rate of data sampling should be
measured as precisely as possible so that the acrual times corresponding
to the measured data will be known.

When comparatively slow data sampling rates are employed,
precise sampling rate is comparatively unimportant as long as it is known.
The more difficult problem occurs when the very high sampling rates are

- employed , when the rate itself is probably employed as a reference time
standard. Under such conditions , i.e., high rate pressurizati on tests , -

it is important to know the DAS sampling rate as accurately as possible.

-120-
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11.3 MISCELLANEOUS ADDITIONAL CALIBRATION DATA REQUIRED

11. 3.1 Barome tr ic Pressure

Since the normal stress gages are sealed units they
respond to any external pressure changes. Therefore , for accura te
stress determinations it is necessary to take into account any baro-

J 
metr ic pressure changes from that wh ich ex is ted when the gages were
calibrated. This pressure change is most important when conducting
at high altitudes or transportation tests in the mountains.

11.3.2 Temperature Standard

The problem of measur ing temperature of the motor
with real precision should be given some attention especially during• the gage cal i bration and during the subsequent data measurement period .
Generally, small changes in temperature will not introduce significant
errors into the gage readings except at the lowest test temperature
conditions (-40 to -65°F). At these low temperatures it will be found
that the sensitivity and/or zero load reading of many embedded gages
can change significantly over a relatively small range of temperature.
For thi s reason , therefore, it is imperative that we know the real
temperature as precisely as possible.

If thermocouples are employed in the test vehicle then
generally these devices used in conjunction wi th precision readout
systems will indicate the motor temperature to wi thin probably ± 3°F.
To obtain temperature readings to a better accuracy than this figure
would require special batches of thermocouple wire or secondary standard
devices such as, for example, a platinum resistance thermometer wi th a
digital readout system. It is strongly recommended that one of these
digita l thermometers be made available at the test site and that periodic
checks on the conventional temperature readings be made using this device .

11.3.3 Precision DC Power Supply

Precise measurements wi th gages powered by a DC power
supply can only be obtained when the power supply voltage is known very
precisely. Furthermore the power supply must maintain the precise voltage
levels for all normal changes in current loadings and fluctuations in the
input line voltages.

During the ASPC Flexible Case-Grain Interaction program
tests on the Third Stage Minuteman motor employed a 0.05%, 28 vol t power
supply.
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11.3.4 Humidity

The effect of humidity on gage readings is not known
and there is no strong evidence that small changes in relative humidity
will cause measurable changes in embedded gage readings. Rowever,
drastic changes in relative humidity such as occur during the passage
of a thunderstorm, coul d produce changes and for thi s reason It is
recommended that the relative humidity be measured when tests are

j  

conducted on instrumented motors 

-

* 
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SECTION 12

PHASE V - TESTING AND MEASUREMENT

~~~~~ 

12.1 TEST PROCEDURES AND SAFEGUARDS

The detailed test plan will show the various environmental tests
- which are to be performed on the instrumented test motor and the sequence

in which they will be performed. Additionally, a comprehens ive tes t plan
wi l l  inc lude such detai ls as :

(1) The data sampling rate at each phase in the test plan.

(2)  Po ints when additi onal instrumenta tion are require d, e.g.,
pressure transducers for pressure tests , etc .

(3) Details about the most significant data channels during a
specific phase of the test plan wi th anticipated output
levels.

- ~
- - (4) Provisions for periodic checks on the DAS drift and amplifier

gains at points in the testing program where the resulting loss
in data will not be detrimental to the overall test program.

(5) Provision for periodic analysis of selected gage output data
for compar ison with the pred icted stresses and stra i ns.

(6) Alternative testing routines in the event of failure of a
major component of the support apparatus or the DAS. Supple-
mentary data acquisition apparatus may be made availabl e in
the event of DAS failure.

(7) A provision to stop the motor testing if suspect data are
obtained during a test. The whole test plan shoul d be
sus pended unti l the (sus pected ) probl em with the measured

— data is resolved.
- 
- (8) At least 10 readings of a specific gage output should be taken

- 
- 

at each test conditi on so that a mean va l ue and s tandard
deviation for the data may be determined .

- ~~ - 12.2 PERIODIC REVIEW OF DATA VALID iTY

~~~ We have already mentioned the fact that the test plan must i ncorporate
provisions to stop the testing program if suspect data are generated by the

- 
gages and that periodic analysis of selected gage output data should be

-

- 

performed for comparison with predicted stresses and strains.

—123—

-

~

-

~ 

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



r - - — — ——------‘----- - -.--_—
~~~~ 

- ••5• ••’-5’5--5_•’ -- - --- -

These two operations are similar but not identical aspects of the
test plan. The major difference between them is that the guidelines
with respect to suspect data will have been presented In the form of
gage outputs in millivolts rather than in terms of grain stresses or
strains. The test engineer merely has to compare his gage readings
with the realistic limi ts defined in the test plan to determine if the
gage output is satisfactory.

-
- 

- The periodic analysis of selected gage data, however , provides the
project engineer with the basic information as to the state of the motor
and program at any stage in the test plan. He will be able to compare
the exper imenta l ly measured stresses and s tra i ns at key l ocati ons in
the test motor with the best analytically predicted val ues determined
pr ior to the tes t. Thus he wi l l have a runn i ng check on the status of

- 
~1% the program at periodic (at least weekly) intervals. By employing this

approach he will be able to query doubtful gage data shortly after it
is obtained and perhaps insist on a repetition of a selected phase of
the test program to verify the measured data. By this means he will
feel much more confident as to the real progress of the test motor
program than he would if the periodic data were not provided to him.

12.3 DATA HANDLING AND STORAGE

This periodic analysis of the gage data is greatly simplified if
the test data are stored on magnetic or punched paper tape, or on punched
cards so that the automated ana lys is procedure can be per formed without

-
~~~~

- 
I errors due to manual transcription of the gage data. Furthermore, once

the automatic gage data analysis program has been de-bugged and is
operating properly, there will be no errors in the data analysis procedure.

The simplicity of data analysis from permanently stored gage data
has to be experienced to be appreciated. In addition to simple analysis
procedures , e.g., the calculation of the stress or strain corresponding
to a certain gage reading, the test data can be interpreted as automatic
p lots of stress versus time, temperature or pressure with a considerable
reduction in analysis time.

- - Another advantage of employing automatic computer gage data analysis

‘ 
is the fact that the calibration data for all the gages can be stored in
the computer ’s memory and does not have to be entered by the operator
dur ing the gage data anal ys is. This not onl y resul ts in a great sav ing
in time but also eliminates the possibility of error in entering the

~~ number of calibration coefficients required by the gages.

4
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. PHASE VI - RESULTS AND ASSESSMENTS

Once the tests have been made it becomes necessary to reduce
the data (Section 13) and assess the test results (Section 14).
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SECTION 13

PHASE VI - DATA REDUCTION

13.1 ELASTIC VERSUS VISCOELASTIC DATA REDUCTION

J 
In the majority of instrumented motors presently in use, elastic

gage calibration data are employed in the much simpler elastic data
reduction equations. The reason for this fact is that generally the
types of testing imposed on most of the test motors have not been
particularly severe and significant viscoelastic gage behavior is
not usually evident with normal stress gages except under very low
temperature conditions . In keeping wi th the view that experimentally
measured stress values to within + 10% accuracy would be acceptable ,
the added refinement of viscoelastic calibration would scarcely improve
the real data by a significant amount.

Even in the case of shear gages for which viscoelastic calibration
data were available , the elastic data analysis technique was used for
reduction of the BOU flight test data (8). Comparison between visco-
elastic gage data analysis and the elastic approximation disclosed no
significant differences in the calculated shear stress values . Therefore
in the majority of instrumented motor test programs the assumption of
elastic behavior on the part of an embedded gage may be made wi th littl e - 

- -

error in the resulting stress/strain values.

The accuracy of the required gage measurements and the type of
test being performed between them will determine if the simple elastic
data analysis technique is adequate or if a viscoelastic approach is
required. Rapid thermal cycling between temperature extremes is the
type of test for which viscoelastic data analysis is usually required
to provide an accurate va l ue for the thermal stress. However, even
under rapid thermal cooldown conditions the standard types of normal
stress sensor generally provide reasonably accurate data when a simple - 

-

elastic analysis is used. However, the shear gages, with their much
7 more pronounced loss in sensitivity at low temperatures , w i l l  requ i re

a viscoelastic data reduction to achieve accurate stress or strain
measurements under thermal cycling conditions .

Where viscoelastic analyses of the data are required the numerical
anal ys is procedures gi ven in Reference 12 are recommended .
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13.2 DAT A ANALY SIS SHEETS

Al though manual analysis of the gage data is not recommended
because of the possibility of errors in the resulting calculations ,
the test engineer should be provided with data tabulation sheets and
detailed instructions for conducting the data reduction procedures
employed with the various gages. The basic gage calibration data,

J in the form of two curves of zero stress output , a, versus temperature
and gage sensitivity , b, versus tempera ture , should be kept wi th the
data analysis sheet to facilitate a rapid check of any computer analysis
data which might be suspect. In any event the ability to perform a
ra pid manua l chec k of the measure d stress or stra in from a par ticular
gage output reading is a valuabl e asset at any time.

Slight differences in stress or strain values may be obtained
between the manual data reduction approach and the numeri cal computer
anal yses. These wi l l resul t from the fact that the zero gage read ing
vs temperature plots will be approximated by a second or third order
equation in the computer analysis whereas a curve wi th a better fit
may be used in the manual analysis. In most cases, however , the
differences between the two calculations will not be significant.

13.3 SAMPLE PROBLEMS FOR AUTOMATIC ANALYSIS ROUTINES

As wi th any complex system an automatic computer analysis code
can go wrong for a variety of reasons. In the event that such a probl em
develo ps it is advantageous to have a sample analys is problem pre pared
(with the correct answer available) for the purpose of checking the
computer code. In the case of the elas tic anal ys is code , the computa tions
are very simple and the most common type of problem is concerned with the
analysis being performed with the zero load and sensitivity data for the
wrong gage, due to an incorrect “call out” in the program. This can
readily be evaluated by performing the sample calculation and comparing
the computer output with the correct answer. If the two agree then any
problem is in the information input to the computer and this part of the
code should be examined.

4

~~~~~~ 

13.4 EVALUATION OF MEASUREMENT ERRORS

In or der to be able to es timate the errors in the measure d stress
Y and strain values it is recommended that a number of separate gage readings

be taken during a short period of time. These repetitive readings will
enable the mean stress/strain values to be ascertained along wi th the
standard deviation of the values . In this way an estimate of the probable
measurement error in the gage data can be made.
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When automatic gage readout equipment is employed it is suggested
that the mean of 10 sets of readings be used to determine a specifi c gage
reading at a given time . This approach was used by ASPC in their later
work in connection wi th the Flexible Case Grain Interaction program.

13.5 GRAPHICAL EVALUATION OF DATA

One of the best techniques for evaluati ng the validity of embedded
gage data is to prepare graphs showing the measured stress va~ues from a

J number of gages as a function of distance along the grain. When redundant
gages are employed the similarity in their readings at any time provides
additional confidence in the validity of the data . The graphs should be
prepared initially using the predicted stresses and strains (with the
limi ts also shown) and the measured data can be superposed on the analyt-
ically predicted curves. In many instances the differences between the
measured and analytical data will be simply one o-f magnitude and the con-

• - sistency of the experimental data from gage-to-gage suggests that the
measured values are valid. In fact, the self—consistency of the experi-
mental gage data is the best measure of its value . In certain instances
it will be found that the majority of the experimental data agree reasonably
well but one gage or group of gages shows unexpected results . In such a
case the area of the motor containing these suspect gages should be
examined by X-ray photographs to investigate the possibility of a local

/ failure in the bond line or propellant. Typical of this type of data is
the reading from a normal or shear stress sensor located close to the end
of a grain. If the grain begins to unbond from the case wall then the
gages close to the unbond will exhibi t erratic and greatly changing values
while the other gages remote from the unbond may not change output signifi-
cantly.

When a gage that has been operating properly for a long peri od of
time becomes erratic in its behavior , the first thing to suspect is a
poor junction in the gage circuit. However, if it is found that the gage
circuit is not defective then the most probabl e cause of this type of
behavior is a grain or bond failure close to the gage.

• 13.6 SAMPLE CALCULATIONS

\ 

13.6.1 Elastic Data Reduction Procedure

Consider the data presented in Figure 38 which shows the
zero stress curve for an embedded gage across the temperature range 30 to
130°F. Wi th the grain cast in place the gage readings were 0.83 my at
110°F, -3.96 my at 70°F, and -13.11 my at 30°F. The sensitivity of the
gage remained essentially constant at -0.78 mv/psi across this temperature
range.

- - 
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To calculate the stresses at each temperature we proceed
as follows :

(1) Determine the change in reading (my ) between the
gage reading with the grain and without the grain.

AV = V
g 

— v~
(2) From the equation

= 
___
~ __i vz (6)

Sensitivity b

Note that from the sign convention for pressure
gages the sensitivity to tensile stress will be negative .

z 0.83-0.06 088 si110 Sens. -0,88

= 
-3 .9 6  - (-0.15) = 4 31 si“70 -0.88

= — 13 . 1 1  - 1-0.60) = 14 22“30 -0.88 ~Si

Note that at 110°F the stress is slightl y compressive
(negative) but becomes increasingly tensile as the temperature is reduced.

13.6.2 ‘Jiscoelastic Data Reduction Procedure

Consider now a shear gage whose sensitivity 
~
p(t/aT) changes

with reduced time as shown in Fi gure 39, wi th a shift factor - temperature
curve as shown in Figure 40.

Then knowing the gage reading v(t,T) as a function time and
temperature and the zero load gage reading as a function of temperature v~

(T) ,
the stress causing the gage reading is determi ned from:

o(t) = f o ( ~
_
~

1) ~L d~ (7)

- ~
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v(t,T) - v2(T)  (8)

Q = l/q (9)

I (10)

- - 

-

-

~~ and f (11)

- 

- / Solution of this convolution integral requires the fitting of the curve
for 9 versus (t/aT ) by a mathematical equation , e.g, a Prony series ,
and then a computer solution using an appropriate code. The actual
solution for a specific gage output is shown as curve c in Figure 41.

Al ternatively we can simplify the precise integration
approach and perform a pseudo viscoelastic analysis. Using this approach
the stress may be written as:

v(t,T) - v2(T)  
( 12)

(t/aT) ~
(t/aT)

Knowi ng the output si gnal v(t,T) at a given time and temperature and the
zero stress output at a specific temperature vz(T), we approximate the
value of the sensitivity by the term ~p(t/aT) from the curve in Figure 39and determine the stress o(t/a1) .  Curve b of Figure 41 shows the same
data analyzed by this pseudo viscoelastic approach and it will be noted
that the stresses computed by the approach are higher than those determined
by the integral calculation.

For completeness , curve a of F ig ure 41 shows the same
data analyzed as though it were elastic and using a constant sensitivity
value (that occurring at the initiation of the thermal cooldown process),
i.e., approximately 17 mv/psi from Figure 39. It is i nteresting to observe

- 
- - - that in this case the errors introduced by using an elastic approximation

are not very large.
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SECT I ON 14

PHASE VI - TEST ASSESSMENT

14.1 REVIEW OF E XPERI MENTAL DATA

Upon completion of the experimental testing of the instrumented motor,
the data measured by the various gages during the course of the tests should~‘ 
be close ly exam ined .

The plots of analytically predicted data versus the measured data will
indicate the real val ue of the gages during the various types of test. Agree-
ment of the majority of gage data with the analytical predictions would be
the most satisfactory type of result, but it is rarely obtained. When
significant differences between analysis and experiment are found the causes
of the discrepancy should be sought. If the experimental gage data show good
self consistency, i.e., redundant gages indicate similar values and the axial
and ci rcumferen tial stress and stra in plo ts are rational , then the di fferences
between the gage data and the analytical predictions will almost certainly be
due to the material properties assumed in the analyses. Usually the gage
data will indicate higher stress values at the case-grain interface than are
predicted. Strain values at the bore, however , are usually in fairly good
agreement with the analysis. When data of this type are obtained the problem
resolves itself into determining what is the ‘correc t’ value of Young ’s Modu l us
and the bulk modulus required in the analysis to obtain agreement wi th the
measurements . Having calculated these ‘correct’ mater ial proper ties the next
problem is to ascertain why they were not measured in the laboratory tests.

The above discuss ion rel ates to a success ful ins trumente d motor tes t
in which consistent measured gage data wi th small inherent errors was obtained.
In other cases, particularly long term tests where only small changes in stress
and strain are predicted as the propellant ages, the defects in the embedded
gages may become more apparent. Typically gages will operate rational ly for

~~~ a period of time and then become erratic or completely stop providing mean-
- 

- ingful data. Al ternatively the gages may exhibit apparently reasonable trends
but are subject to erratic jumps in reading for no apparent reason. In all
these cases , it must be assumed that the measured data are invalid and that
the gage is defective for one reason or another. Many gages in instrumente d
motor programs have exhibited erratic or poor behavior of this type and their
data has been di sr egarded. However , once having eliminated the data from
clearly defective gages, the remaining data must be re-examined for consistent
trends and magni tudes.

t.
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Not all ins trumented motor programs are successful and not all
measured gage data are valid. However, there are now a suff ic ient number
of reasonably successful instrumented motor programs to suggest that the
technique of using embedded gages is worthwhile for certain types of
loading conditions . This range of conditions will expand as better
gages are produced and as better techniques for their use are developed .

14.2 TOTAL SYSTEM REVIEW

The success of the program depends on many things other than
simply the performance of the embedded sensors. In fact, unless the
support apparatus and the DAS perform in a reliable fashion then the
chances of a successful program are remote. Therefore , in the final
evaluation of the instrumented motor program the behavior of all com-
ponents of the system should be reviewed. Weak links in the system,

- 
- i.e., components which have consistently proved troublesome during the

course of the tests should be identi fied so that they may be eliminated
from future tests .

Considering the total cost of producing, instrumenting and testing I’

the special motor and the type of data obtained, the project engineer!
program manager must then evaluate the effectiveness of the approach and
answer the question as to whether or not the program was a technical and
econom ic success.

14.3 SIGNIFICANCE OF TEST DATA

Any statement of the validity of the test results must be made in
terms of the magnitudes of the stress levels being measured and the esti-
mated error in making these measurements . Clearly, the larger stres s
levels are more significant with respect to any given measurement error,
so test conditions which give large grain stresses are preferred.

The simplest approach to questions of measurement significance
is to use the Student t-test. The recommended form of this test evaluates
the significance of the difference between average meas ured stresses and
the analytically predicted values . To keep from being restrictive, the

4
~ 

standard deviation for the distribution (assumed normal) of the “popula tion”
comprising a hypothetical large number of test measurements is assumed to be H
unknown; the statistics use the “sample” standard deviation as an estimate H

- 
- of the population standard deviation.

The calcul ation of to from the test data and analytical predictions
requires the following relation

to 
= 

~J
f_ (13)
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where: “A is the analytically predicted stress

~ i s the average of the measured stress
S is the standard deviation of the sample of test

- 

- measurements

J 

- n is the number of replicate test measurements (sampl e size)

The measu red mean stress , ~~, is significantly different from “Awhen to is greater than the table value of t at the selected confidence
level . We will use this fact together with the following definition

A b A -cu (14)

Substituting Equation (14) in (13) gives

A (15)
S/~ ,[n

or, upon rearranging

~~
- >t/ .j n (16)

Equation (16) provides a simple ratio of the significant stress
difference to the testing error in terms of the number of replicate test
measurements. A plot of A/S versus n is given in Figure 42 for a con-
fidence level of 95%. The curve decreases rapidly as the number of
replicates increase from 2 to 4 and A/S falls to a value of 1.05 at
si x repl icates. Thus , wi th six replicate measurements ~ is significantif it exceeds 1.05 ~~~. This appears to be a good target criterion for
both the number of replicates and for the stress difference, ~~~.

The replicate measurements coul d come from repeat tes ts on the
motor or from a number of gages located in the same axial plane in the

f motor. Considering the difficulties in reproducing large motor tests
it is recomended that the testing be conducted wi th as many gages as

- 
- 

- 

financially acceptable.
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