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INTRODUCTION 

The Seventh Transducer Workshop was held at Albuquerque, New Mexico, on 4-6 April, 
1972. Mr. W. G. James, Air Force Flight Dynamics Laboratory, was GenerarChairman of this 
workshop. Mr. James is an Associate Member of the Transducer Committee-TG-1 RIG-which 
has as its chairman Mr. Patrick Walter, Sandia Corporation. Arrangements in the Albuquerque 
area were managed by Mr. Joe Quintana, Air Force Weapons Laboratory and Mr. Walter, 
Sandia. 

The Workshop Objectives were: 

a. Identification and discussion of current and expected problems, deficiencies, and 
trends in transducer application, calibration and evaluation. 

b. Identification and discussion of promising new techniques in transducer 
applications. 

c. Discussions of transducer misuse, malpractice and application traps for the unwary. 

d. Increased mutual understanding between users, manufacturers, and consultants of 
each others' frustrations, freedoms, constraints, and motivations. 

e. Identification of agents, mechanisms, procedures for improvements of 
communication, standards, etc., among users, manufacturers and consultants. 

The Workshop was an audience participation type of meeting with a minimum of time 
spent listening to formal papers and a maximum time spent discussing trends, problems and 
techniques. Panels of key personnel were selected to lead and moderate (but not dominate) 
discussion. The 7th Workshop encouraged attendance and productive dialog between 
transducer users, manufacturers, and consultants (attendance at previous workshops was closed 
to manufacturers). The Workshop was keyed for action. The final session was for initiating 
plans to follow through with efforts to standardize, modify, influence, or research as necessary 
to correct or reduce problems which were exposed during the earlier sessions. 

The Transducer Committee decided to experiment with the inclusion of Boo Boos in this 
Workshop described as a brief description of a measurement attempt which resulted in large 
errors in spite of the use of precision equipment. These are submitted anonymously and form a 
collection of non-recommended non-practices or application traps for the unwary. This 
collection of Boo Boos is included as Appendix 1. 

Changes ih the agenda are as follows: 

a. Session II: The following papers were not presented: "Preassembled Strain 
Transducers for Speed and Accuracy" by R. D. Swiler and "Miniature Strain Gage Force 
Measurement Devices- Design and Applications" by R. F. Wells. 
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b. Session Ill : 

( 1) The paper "Automation of Velocity Gage Calibration" by T . S. Rathke, Sand ia 
Labs, was co-authored by M. H. Woodward, also of Sandia Labs. 

(2)_ "ISA, NBS and I RIG Standards and Procedures" by D. Rockwel l, was deleted 
and in its place, " A Report on the Activity of Committees Involved in Standardization of 
Transducers and Related Measurements" by D. Rockwell, Navy Metrology Engineering Center 
and Steve Rogero, Jet Propulsion Laboratory , was presented. 

c. Session IV: 

( 1) The "Quickies - New Techniques" portion of Session Ill was moved to 
Session IV-a. The papers originally sc-heduled for presentation were deleted and the following 
substitutions were made: 

(a) "Piezoresistive Transducers for Measurement of Transient Dynamic Stress" 
by D. E. Grady, M. J. Ginsberg , and D. R. Curran, Stanford Research Institute. 

(b) "On Operation of High Work ing Pressure Differential Pressure Tr13n~duce r" 

by L. D. Worster, Douglas United Nuclear, Inc. 

(c) "The Diffractographic Strain Gage" by T . R. Pryor and W. P. T. North , 
Universiw of Windsor, Canada , 

d. Session V: 

( 1) The Chairman of Session V was Mr. Jack Shrager of the Federal Aviat ion 
Agen~y . 

(2) "On Line Calibration" by H. Harmon was deleted . 
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PRELIMINARY PROGRAM 

8:00 PM 

0730 

0830 

0900 

Monday, 3 April 1972 

Social Hour - Courtesy Cham· 
ber of Commerce & Transducer' 
Committee- All attendees wel
come. 

Tuetday, 4 April 1972 

Registration 

Welcome, Introductions 

Session· 1: Measurement Sys
tems Problems 

Chairman: Mr. Otmar Stuetzer, 
Department Manager, Explora
tory Test lnsttumentation, San
dia 

Panel Members and Papers' 
Btiefs 10 Minutes Each): 

J. J. Shrager, FAA "Choos
ing the Sensor (Too Much 
Transduction)" 

G. N. Rollins, NASA "lnstru· 
mentation Systems,for lang
ley Research Centers' Rocket 
Test Facility" 

J, T. Carroll, Pratt & Whitney, 
"A Measurement System for 
Aiding Compressot Design·• 

C. W. Olsen, lawrence Radi
ation lab, "Diagnostic Prob
lems Related to Measure
ments Near Underground 
Nuclear Detonations" 

M. M. Swisdak, Jr., U. S. 
Naval Ordnahce lab, "Some 
Problems Associated with 
Airblast Pressure Transduc
ers" 

1 000 Session I Open Discussion 



1130 

1200 

1330 

1430 

1630 

Quickie Boo Boos and Discus
sion 

LUNCH 

Session II: Crystals, Piezore
sistance, and Strain Gages 

Chairman: Mr. Joe V. Quin
tana, Instrumentation Engine
er, AFWL 

Panel Members and Papers' 
Briefs: 

J. C. Kicks, Kulite Semicon
ductor Prods, "Special Fac
tors in Application of Semi
conductor Transducers·· 

E. D. Orth & P. Cannon, GE 
Instruments Division, lynn, 
Mass., Transducer Mounting 
Experience 

S. Wallis, P. R. Mallory Co., 
Electric Field Assisted Bond
ing 

H. Erichsen, Tyco, ''A Semi
conductor Strain Gage Mo
ment Detector Transducer" 

R. D. Swller, Boeing, "Preas
sembled Strain Transducers 
for Speed and Accuracy" 

R. F. Wells, NASA, "Minia
ture Strain Gage Force 
Measurement Devices • De
sign and Applications" 

D. Davis, Sandia, "Error 
Sources in Transducer Crys
tals" 

Session II Open Discussion 

Quickie Boo Boo's and Discus· 
sion 

Wednesday, 5 April 1972 

Session Ill: Dynamic and Static 
Testing and Calibration 
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0900 

1030 

Chairman: Mr. Paul Lederer, 
Project leaser, National Bur
eau of Standards 

Panel Members and .Papers' 
Briefs: 

T. S. Rathke, Sandia labs, 
''Automation of Velocity 
Gage Calibration" 

S. G. Gordon, B o e i n g , 
, "Transducer Calibration Fa
, cility for Dynamic Testing" 

E. G. Keshock, Old Dominion 
University, "Transient Tech
nique for Calibrating Fine 
Wire Thermocouples at High 
Temperatures" 

D. Rockwell, Gen .Dynamics 
"ISA, NBS and IRIG Stand
ards & Procedures" 

Session Ill Open Discussion 

Quickies - New Techniques 

l. 0. Worster, Douglas • 
United Nuc::lear Inc., "On the 

·Operation of High Working 
Pressure Differential Pressure 
Transducers" 

J. J. Morrison, University of 
California, "An Integrated 
Vibration Amplitude Record
ing System" 
T. R. Pryor, University of 
Windsor - Canada "A New 
Transducing Technique" 

LUNCH 

1200 - 1830 Free Bus Tour of Nearby New 
Mexico and Opportunity for 
Dinner 

1930 Session IV: Manufacturers' 
Panel 

Chairman: Mr. Peter K. Stein, 
Consultant, Arizona State Uni· 
versity 

0830 

0900 

1030 

1200 

Panel Members: 

Bell and Howell 
Endevco 
Kistler Instrument Co. 
Kulite Semiconductor Pro

ducts, Inc. 
Rosemount Engineering Co. 

Thursday, 6 April.1972 

Session V: Performance Speci
fications, Standards and lnfor• 
rnation Sources 

Chairman: Mr. Harry N. Nor· 
ton, Jet Propulsion lab 

Panel Members and Papers' 
Briefs: 

P. K. Stein, Consultant, "Sta
tic/Dynamic Accuracy Con· 
eepts" 

H. N. Norton, JPl, "Error 
Band Concept" 

H. Harmon, NASA, "On
line Calibration 

Session V Open Discussion 

Session VI: Definition of IRIG 
Transducer Committee Efforts 
to Implement Workshop Goals 
and Conclusions 

Chairman: Pat Walter, Chair
man, Transducer Committee, 
TG, RCC 

Panel Members: Transducer 
Committee 

END OF WORKSHOP 
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GENERAL INFORMATION 

Registration 

Advance registration, using the enclosed 
form, must be received before March 17, 1972. 
The registration fee ($6.00) includes a copy of 
the proceedings, and coffee, cokes, ond 
doughnuts. The fee must accompany all reg
istrations. Checks (no purchase orders please) 
should be made payable to the SEVENTH 
TRANSDUCER WORKSHOP. late registration 
wUI be possible at the registration desk, Holi
day Motel (Midtown) on April 4. 

Motel Accommodation• 

The Holiday Inn of Albuquerque (Midtown) 
is the official Motel for the workshop. Special 
rates are set for Workshop attendees, if re
quested at the time of registration. Requests 
for room reservations should be sent by March 
17th directly to Holiday Inn of Albuquerque-
Midtown, 2000 Menaul Blvd., & University 
Ave., Albuquerque, New Mexico 89107. 

Meals 

The registration fee includes no meals, and 
no Workshop banquets or luncheons are plan
ned. Meals are available at the motel and in 
the many fine restaurants in the Albuquerque 
area. 

Additional lnhrmation 
' 

Additional information may be obtained 
from the General Chairman or from: 

Mr. Paul Lederer Phone: 301-921-2486 
Div. 425.03 
NBS 
WoS:hingtGn, D. C. 20234 

Viii 

or 

Mr. Pat Walter Phone: 505-265-5785 
Div. 7511, Box 5800 
Sandia laboratories 
Albuquerque, New Mexico 87115 

Meeting Room 

AJI; sessions will be held in the Auditorium 
of the Holiday Inn. 

Proceedings 

Each registrant will receive one copy of the 
proceedings as soon as available following 
the Workshop. 

Background Information 

This workshop is an AUDIENCE PARTICIPA
TION type of meeting with o minimum of time 
to be spent listening to formal papers and a 
maximum time to be spent discussing trends, 
problems and techniques. Panels of key per
sonnel have 'been seleded to lead and mod
erate (but not dominate) discussion. 

Concern has been expressed that prior 
meetings emphasized how dever we all ore 
while ignoring how igl'lOfO:nt. .It is .proposed 
that the workshop will be unproductive if aU 
attendees agree on oH points; it will equally 
be unproductive if , attenclees only disagree 
and argue.' The 7th Wort•hop will encourage 
attendance and produetive c:li.alog between 
transducer users, momlacturers, and contul
tants, even though attendance at previous 
workshops was dosed to mon.ufocturers. Now 
is the time to expose ·yt/Nf .conskuctiv. sug· 
;gestiom for corre.ctinig. some of your pet 
peeves ond dlfficutties _. trot:t.sdu.cers. 

1
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This workshop is keyed for action. The final 
session is for initiating plans to follow throu9h 
with efforts to standardize, modify, influence, 
or research as necessary to correct or 'reduce 
your problems which develop during the ear· 
lier sessions. 
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OPENING REMARKS 

Pat Walter, Chairman, RCC Transducer Committee 

This Workshop is conducted by the Transducer Committee of the Telemetry Group, 
Range Commanders Council (RCC) . The following charts illustrate the membership in the 
RCC, the organizational structure, Te lemetry Group Committees and Transducer Committee 
Objectives. 

This 7th Transducer Workshop is unique in the participation of both transducer users and 
manufacturers. The fin al session is devoted to determination of the nature and degree of 
transducer problems and for identification of means by which the T ran sducer Committee can 
and must aid the transducer community in solution of these problems. 
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TELEMETRY GROUP COMMITTEES 

1. Antenna Systems 

2. Data Multiplex 

3. Glossary 

4. Membership 

5. Recorders and Rep roducers 

6. Requirements 

7. Transducers 

8. Transmitter/Receiver 
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TRANSDUCER COMMITTEE OBJECTIVES 

OBJECTIVES: 

This committee will inform the Telemet ry Group of signif icant progress in the field of 
telemetry transducers; maintain any necessary liaison between the Telemetry Group and NBS 
and their transducers program or any other related telemetry t ransducer efforts; coordinate 
Telemetry Group activities with other professional technical groups; collect and pass on 
techniques of measurement, evaluation, reliability , cal ibration, report ing, and manufacturing; 
and recommend uniform practices for calibration, testing, and evaluation of telemetry 
transducers. 
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SESSION 1 

MEASUREMENT SYSTEMS PROBLEMS 

Mr. Otmar Stuetzer, Chairman, Sandia 

5 





CHOOSING THE SENSOR 
(Too Much Transduction) 

by 

Dr. Jack J. Shrager 

Federal Aviation Administration 
National Aviation Facilities Experimental Center 

Atlantic City , New Jersey 08405 

The content of this paper expresses the personal opinion 
of the author, and does not necessarily reflect the thinking 
or policy of the Federal Aviation Administration. 
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Choosing the Proper Sensor 
(Too Much Transduction) 

Jack J. Shrager 

ABSTRACT 

The need for careful experimental design prior to selecting the 
parameters to be measured are reviewed. Simplicity in transduction 
as it relates to the need, based on the applicable statistical techniques, 
are developed to guide the user. The means of not only reducing 
initial costs, but the reduction in overall costs based on the first two 
points shown as the feed'9~ck in the experimental design. Effective 
use of existing publications, such as the ISA Transducer Compendium, 
in developing cost effectiveness are delineated. The objective of this 
paper is to enhance .the user's requirement by providing the guide
lines to good sensor selection to meet parametric requirements. 
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IntroduCtion 

CHOOSING THE SENSOR 
(Too Much Transduction) 

by 

Dr. Jack J. Shrager 

The past three decades has seen a monumental growth in the scientific 
tools available to the research s dentist and the engineering experimentalist. 

Brilliant and painstaking investigations by individual physicists and 
engineers in various universities and laboratories resulted in the develop
ment of a large variety of sensors using different and unique transduction 
techniques. The scientific instrumentation industry kept close pace with 
this technology and as a result, we find an almost infinite variety of 
transducers, recorders, data processors, and computers at our beck 
and call. 

The experimental physicists and research engineer now had the tools to 
resolve a great many scientific problems. The variety was and is such 
that experimental work was approaching "push-buttonism." Scientific 
instrumentation technology was providing equipment whose accuracies 
exceeded the etxperimental requirement. The most difficult problem 
seemed to be going through the several cataloges and selecting the 
instrumentation equipment -

AN EXPERIMENTALIST'S UTOPIA? 

Let's backtrack. The scientific investigator was initially schooled to 
approach a technical problem or question in an orderly, inquisitive, 
unbiased manner. He would (1) restate the literal question in scientific 
notation, (2) expand this statement to determine the significant physical 
terms requiri~g evaluation, (3) establish the experimental procedures 
to accomplish the evaluation, (4) assemble and setup the apparatus, 
including the sensors and related instrumentation, necessary to conduct 
the experiment, (S) analyze the experimental results, and (6) report the 
results to the community of interest. 

The requirements for scientific exploration have not changed, but 
through scientific ignorance, experimental laxity, or misuse of 
instrumentation technology, in all too many cases, a shamble of logical 
experimentation has resulted. Experimental costs have risen to 
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unacceptable heights, manpower requirements knew no limits, 
experiments were more and more dictated by the measurement system's 
capability intricacies, sophistication, and availability rather than 
experimental need -

A SCIENTIFIC UTOPIA? 

We find the experimenter often abrogating his training as he arrives at 
step "4" above, specially when it comes to the scientific instrumentation 
equipment. When he establishes his transducer requirements, the basis 
frequently is (1) the best or most expensive transducer which can be 
procured, (2) the one recommended by the last or only sales representative 

ACCIUCY 
!: 1% s•.• 

REQUIRED ACCURACY ~ 5% 

ACCIUCY 
!:1.11% 

$2511.11 

' 
who visited him, (3) one which had been employed by a colleague or 
associate in a different and often unrelated experiment, or (4) one 
which was located in the storeroom. 

II 
REQUIREMENT :!: 1% 

BEST ACCESSABLE ± 10% 
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The selection may be subject to revision as the experimenter projects 
the burden of step "5. " The investigator evaluates the several techniques 
based on (1) that which places the least burden on his personnel time, 

REQUIREMENT ± 1.0% 

(2) that which is compatible to automatic recording and processing 
equipment, or 

REQUIREMENT ± 1.0% 

G)v0 
t:=::J 

0 0 0 ~m-
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~ 0 -"----.-J 
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(3) that which is available in the storeroom. If necessary, he will often 
modify his sensor selection to accommodate this projection. 

REQUIREMENT 
2 PARAMETERS.............._ • ,.......-:::;... _____ __,~-

~ ~ llll!l!l) ll!l!lll!ll 
0 0 0 

000 000 000 t..,....--' 

36 CHANNEl RECORDER 

Finally, the investigator prepared a proposed program to the sponsor 
or management. Recognizing the requirement of justifying his proposal, 
the scientist modified the objective of the experiment or statement of the l~ 

experiment in step "1" to support the experimental design. Thus, the 
final experiment often reflected the obje ctives as modified by the sensor 
system selected. Thus, in the end run, the selection of the transducer 
has altered the experiment. 

What the preceding suggests is that erroneous sensor selection would 
have been reflected in: 

1. Inadequate or overly complex experimental designs. 

2. Higher experimental costs due to premium sensor selection. 

3. Higher experimental costs due to peripheral instrumentation 
equipment necessary to utilize the premium sensor. 

4. An increase in automatic analysis equipment to supplement the 
optimum performance measurement system. 

5. Longer time requirements for experiment preparation. 
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6. Additional manpower and skills to support a given experiment. 

7. An increase in time from experimental inception to completion. 

8. A rising inventory of transducer and measurement equipment 
with a sharp decrease in equipment utilization. 

Conversely, using a transducer which is inadequate for the experiment 
just because it is available should probably produce the following results: 

1. Compromise in project objects, thus necessitating subsequent 
additional experimentation. 

2. An increase in the number of tests to resolve the objectives 
through replication. This would increase the data collection and analysis 
burden. 

3. An increase in the need for peripheral equipment which would be 
compatible with automatic data processing equipment. 

4. An increase in automatic analysis equipment to cope with the 
increase in data to be analyzed. Steps 5, 6, and 7 would be similar to 
that resulting from the selection of the unnecessarily sophisticated sensor. 

We have seen the costs of experiments nsmg sharply. The complexity 
of experiments to produce meaningful results has increased. Duplication 
of experimental efforts has risen because the original questions to be 
solved were not answered. The inventories of scientific equipment and 
the decrease in their utilization is the experience of most organizations. 
The manpower and lapse time required to get the desired information 
has become prohibitive. The scientist has come under sharp criticism -

A SCIENTIFIC UTOPIA? 

NO 

A SCIENTIFIC CASTROPHE~ 
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The Evidence 

The ear ly 1950's saw the rapid growth of the major cus tomer of scientific 
measur ement devices ; nam ely, A EROSPACE. We had already developed 
(1) s upersoni c air c raft, (2 ) large multi-engine jet bombers and transports, 
and (3) missiles and the i r complex tracking and guid ance systems. 

Our tools at this period i n time were larg ely m e chanical t ransduce rs as 
bourdon tube pressure gages or manometers, a nd a limited number o f 
potentiometric or strain gage-type t ransducers . 

The largest capacity analog recorders were 18- channel with the m a jo rity 
less than 10. Data reduction was manual by use of a r uler , a nd a nalysis 
used the slide ruler or desk calculator. 

REQUIREMENT ± 1.0% 
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The early disease of s ci~ntific measurement syndrome was detectable 
even then. How often did we hear "Oh, you can reco-rd five more 
parameters, well let's measure •• ~ •· • 11 

Then came the development of the 36-channel recorders and other types 
of electrical transducers to measure those things previously measured 
by the mechanical devices. Did we eliminate the mechanical measurement? 
No~ We duplicated them and worse, because of the additional reduction 
time required due to the increase in the number of parameters recorded, 
the experimenter often used the hand-rec·orded information of the 
mechanical transducers using only the electrically transduced information 
in support. 

@ 
PIICESSOI ""==-"' 

We also heard the introduction of a new phrase "Oh, you can record or 
display more, well can we have two load cells, flowmeters, etc. to 
check on the ••••• 11 This was a means of improving accuracy through 
duplication or so it was thought. 

Then we really made progress. Along came the digital computer, the 
analog-to-digital converters, digital and analog tape recorders and now 
the numbers and types of transducers were as varied as the structure 
aDd shape of snow flakes. The new cry was "measure everything, 
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p ro cess automatically and printout tables, graphs, histograms, bar 
charts, • • ••• " 

REQUIREMENT ± 1.0% 

... lED- (Dv0 
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Su pposedly if one generates enough paper, the a nswer will be pressed 
out . -- "Gentlemen, please let's not squeeze the Charmin. " --

The Expe riment 

Let u s examine several methods of satisfying a requirement to evaluate 
t he vortex systems generated by an aircraft. 
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Shown in Figure 1 is a system which uses smoke as the transducer to 
make the system visible to the eye, a clock to provide a time reference, 
and a standard motion picture camera as the recording medium. 

fJ_ 
The reduction of this type of data can be accomplish using a ruler and 
magnifying glass, a manually-operated film reader or an automatic 
film reader. Note that in this case, the type of transducer dictated the 
recording medium, but not necessarily the data reduction techniques. 
The data reduction technique selected could be dependent on the trans
ducer selection if the replication requirements are large due to either 
the transducer 1 s limitations or the recording medium's limitations. 

Figure 2 shows the same initial transduction concept supplemented by 
cup-type anemometers to measure the direction and magnitude of air 
mass prior to, during, and after the passage of the vortex. 



The later system produced an analog signal whose readout was visually 
read indicators. In this example, there are two additional parameters 
measured. Again, the transducers dictate the recording technique. 
The other new factor introduced in this system is transducer performance 
characteristics. Therefore, if the accuracy, sensitivity, repeatability, 
frequency response, etc. of the transducers are to be realized, the 
sensors also dictate these characteristics of the recording medium. 

Figure 3 shows a system which is similar to that of 11 2, 11 but reflects 
an increase in the number of wind velocity sensors being employed. 

Due to the number of similar parameters being measured, the number 
of transducers being' used dictates the recording medium. The addition 
of the multi- channel recorder now could influence the experiment if its 
numerical capacity exceeds the initial parametric requirements of the 
experiment. 
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Shown in Figure 4 is still another method for meas u ring the vortex 
system. 

This system reflects an increase in the transducer performance 
characteristics, and an increase in the number of measuring stations. 

Thus, these electronic velocity measuring transducers have now 
replaced the electro-mechanical- type shown in Figures 2 and 3, but 
not the visual transducers. The transducers not only dictate the 
recording medium 1 s capacity and accuracy, but, due to it's response 
characteristics and their number, the transducer choice now influences 
the data reduction techniques and analysis. In addition, we see 
duplication in transduction techniques where the higher performance 
of the electronic transducer has not eliminated the visual systems. 
In fact, it is possible that the electronic system may not hlwe totally 
eliminated the electro-mechanical system. 
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Finally, we ha ve t he system shown in Figure 5. 

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

/.J lgi1.J·l~~ ¥ ~~~~ 

In this case, the choice of sensor has dictated all the follow-on portions 
of the scientific measurement system. Due to the increased capability 
of the overall system, t h e transducer now can also influence the 
obje ctives of the initial expe r iment. 

Whi ch o f the abov e is the proper c hoice? 

REQUIREMENT ± 5% 
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~ 
TRANSDUCER 

REQUIREMENT ± 0.1% 

~~ 
w~ 

RECORDER PROCESSOR ......,.,.,,..,..,....._, 

IT DEPENDS UPON THE INITIAL EXPERIMENTAL REQUIREMENT. 
If one is evaluating the fine structure of the dynamic air mass, that 
shown in Figure 5 may, in part, be the best since the other system 
may not meet the experimental requirements. Equally, if one wished 
to know the general outline of the vortex with respect to time, 
Figure 1 could be the proper choice. 

The Answer 

In choosing the sensors, the experimentalist must: 

I. Determine the parameters which must be measured to probably 
satisfy the experiment. 

2. Determine through an error analysis, the accuracy requirements 
of the several parameters. 

3. Determine through appropriate statistical techniques, the size 
of the experimental program. 

4. Establish the most practicable means of reducing and analyzing 
the acquired data. 

22 



5. Determine the transduce r pe rfo r manc e requi rements which are 
compatible with your experimental needs as they have now been defined. 

6. Review existing stock of sens ors fo r compliance with the 
requirements determined in "5" above. 

7. If p rocurement is indica ted, consult a good transducer reference, 
such as ISA ' s T ransducer Compendium and identify those which meet 
your re quire ment s. 

8. P rocure t hat transducer whi ch comes the closest to measuring the 
actua l phy sical qua nt ity t o be e valuated. 

By ca refully and sys tema tica lly do i ng our pretesting homework, we can 
conduct resea rch which is both exper imental- benefit and cost-benefit 
cons cio us. 
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NASA - Langley 

INSTRUMENTATION SYSTEMS FOR LANGLEY RESEARCH CENTER'S 

ROCKET TEST FACILITY 

By Garland N. Rollins 

SUMMARY 

This paper describes the instrumentation systems for testing rocket motors 
and pyrotechnic devices at the Langley Research Center 3 bay test cell. 
These systems were designed for optimum flexibility to accommodate the 
transducer applications associated with "one of a kind" type testing. 
Each cell has a total of 134 data channels which readily accept sensors 
including strain gage type, solid state, piezoelectric, piezoresistive, 
thermocouples, thermistors, magnetic pickups, variable reluctance, 
potentiometers, turbine flowmeters, and variable transformers . A control 
room patch board (4896 hubs), provides selectable routings for the cell 
inputs, signal conditioner inputs and outputs, local data recording and 
monitoring equipment, and the remote data center. This patching system 
permits connecting any transducer channel through any channel of signal 
conditioning, with or without amplification, into any oscillograph 
channel (108 channels), f .M. analog tape (14 channels), or digital 
recording system (45 channels). In all combinations of patching the 
electrostatic shields can be carried uninterrupted to the desired point 
for grounding. This practically eliminates temporary wiring since even 
complex changes can be put into effect at the patch points. Additional 
instrumentation features include: (1) a ground grid network throughout 
the area consisting of a copper bus connected to 18 foot ground rods 
every 20 feet to insure a unipotential ground, (2) control room operated 
calibration standards for permitting one operator to conveniently 
calibrate pressure transducers from 0-5 psia to 0-10,000 psi and load 
cells from 0-50 pounds to 0-100,000 pounds, (3) a patchable 46 channel 
plug board with 100 stackable plugs for series or shunt installation 
in each channel to enable the test operator to insert damping or 
sensitivity resistors, voltage dividers, and/or dummy loads on the 
input and output of any control room or test cell component with no 
plug removal or alteration in permanent wiring, (4) a channel selector 
network to permit the input and output voltages of each strain gage 
channel to be simultaneously monitored, a channel selector network to 
monitor amplifier inputs and outputs as well as a patchable channel 
selector for any other signals, and (5) 72 channels of patchable slip 
rings to accomnodate "spin testing." Normal opera tions in this facility 
have presented a wide range of test requirements. The instrument systems' 
flexibility has proven very useful in transducer applications to cover 
these tests. 
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INTRODUCTION 

The rocket motor and related test programs of tomorrow are often 
unpredictable and are usually one of a kind. This forms a basis of 
design for test facilities wherein flexibility is an essential criterion. 
The discussion in this paper relates directly to the versatile and unique 
approaches of the instrumentation systems to accommodate these require
ments at the Langley Research Center's chemical magazine and test area. 
A brief description of the physical layout is offered for clarification. 

DESCRIPTION AND DISCUSSION 

1. Physical Outlay 

Two buildings comprise this test facility and include: (1) a control 
building that houses instrumentation and test controls, support shop, and 
office space, and (2) a remotely located 3 bay test cell, (figs. 1 and 2). 

Fig. 1 - Control Bldg. Fig. 2 - 3 Bay Test Cell 
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2. General Instrumentation Systems 

The block diagram shown in fig. 3 outlines the instrumentation 
systems for tests conducted in either of the 3 t~st bays. 

On site controls provide automatic or manual operations to satisfy 
time correlated event functions prior to, during, and after firing. These 
controls form an integral part of the safety interlock system. Control 
lines from the digital system provide automatic start for the on site 
control progranner and/or on-Une computerized controls. The local and 
remote recording systems are usable on a record only or record/playback 
basis. The remote digital system has on tine computer capability, 45 
channels, and a data rate of 20,000 samples per second. This is a 
central data acquisition system for several facilities. 

TEST MEASUREMENTS 

ONSITE TEST 
CONTROLS-MAN. 
a AUTOMATIC 

ON SITE CALIBRATION 
SYSTEMS 

REMOTE DIGITAL SYSTEM 

Fig. 3 - Instrumentation Systems Outline 
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The test measurements input junction in each cell can accept sensors 
of strain gage type, solid state. piezoelectric, thermocouples, thermistors, 
magnetic pickups, variable reluctance, potentiometers, turbine flowmeters, 
and variable transformers. Wiring types available for these sensors 
include: (1) two conductor shielded; (2) low noise coaxial; and 
(3) six wire double 100 percent shielded. Noteworthy uses of the cables 
include the typical thermocouple and strain channels. Thermocouples are 
usually connected directly to the two wire channels with ambient temperature 
measured for reference. Reference junctions can be installed between the 
thermocouple leads am the two wire input tenninals. Strain gage channels 
use the six wire system with two wires for input, two wires for output, 
and two wires for voltage sensing. The output leads are 100 percent 
shielded from the voltage leads and in turn all six wires are 100 percent 
shielded from adjacent cables. Tilis wiring connects to the individual 
channel signal conditioning with an isolated power supply for each 
channel. 

3. Test Bays Instrumentation 

Instrumentation hardware, terminations, and design features include: 
(1) push/latch type binding post thermocouple connectors to permit direct 
installation of any thermocouples with no soldering or complicated 
mechanical connecting process, (2) all connector shells, including 
coaxial type are insulated from each other to prevent unwanted shielded 
tie points, (fig. 4), (3) the availability of every shield on a push/latch 
connector and adjacent push/latch connectors tied to "Mecca Ground" permits 
the grounding of any shield at this point when desired, and (4) dual, 
bottom slotted doors covering the junctions with bottom entry for lead 
in cables. 

Fig. 4 - Test Bay Instrumentation Junctions 

28 



The insulated panel s on which t he connectors are mounted in these 
j unction boxes have a layout to maximize the separation of certain 
different cabl e bundles. These separ ated bundles are then routed 
t hrough individual underground steel conduits i nto the control room. 
For examp l e , maximum separation i s provided between the channels using 
frequency generating sensors and t he thermocouple channel s. 

4 . Control Room Patching Capability 

All measurement cables form a veina l input networ~ connect£d to a 
4896 hub control room patchboard . Th is forms an e ffec t ive heart to the 
fl exibility of the measurement systems , ( fi g. 5). 

Fig. 5 - Patchboard Cable Connections 

This patch system provides selectable routings for: the inputs from 
the cells; signal conditioner inputs and output s; local data recording; 
displ ay and monitoring equipment; and the remote digital data system. 
Any t ransducer channel is patchabl e through any channel of signal 
cond i tioni ng, with or without amplification or attenuation, to any of 
the r ecording channels , ( fi gs . 6 and 7). 
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DEADWEIGHT 
CAL. SYSTEMS 

Fig. 6 - Schematic of Patching Capability 

Fig. 1 - Control Room Layout 
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Redundancy in record i ng i s accomplished at the patchboard . Isola tion 
i s available by patching par al l el s i gna l input s t o de di f ferential amplifiers 
and patching the amplifier output s to r ecorder inputs. Patchable recorder 
channels inc l ude 108 oscil l ograph, 14 FM t ape , 45 di gital, 9 strip char t s, 
and 120 spare channels for additional specific requirements. 

The pa t ch i ng of a complete t es t board is usually a rapid and simple 
operation. When diss~ilar t ests are t o be conducted, boards are patched 
t o accommodate each t est and the alternation f r om one test to another is 
made with a board change i n a few seconds . Figure 8 shows a typical test 
board patched and insta l led . 

Fig. 8 - Patched Board Installed 

With this system temporary wiring, adaptors, and appendages are 
nearly elimi nated. This serves to expedite test set up time and to minimize 
errors. 

The special features in this patch system include: (1) all electro
static shields are carried through uninterrupted to the desired point for 
grounding which can be at the transducer, cell junction, patchboard, signa l 
conditioner, or recorder, (2) an input/output plug board feeds al l cables 
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to the patchboard and permits bypassing the patchboard when a patchcord 
cannot be tolerated, such as, when uninterrupted coaxial cable must be 
used, (fig. 9), (3) an interlocking circuit on the patchboard engage/ 
disengage mechanism for preventing signal spikes from the downstream 
components such as galvanometers, also applies a short circuit to the 
i nput of the amplifiers. 

Fig. 9 - Typical Patchboard Bypass 
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5 . Ground Network 

In a facili ty of this type where the tests are often one of a kind, a 
variety of changes is dictated . One of the moat common problems in such 
se t ups is improper shi elding and grounding . For example, a given tes t 
may i nclude t hermocouples which ar e attached to a grounded motor case. 
The next t es t may be a motor case of an insul ati ng material which cannot 
be grounded at t he same point. Another example is the single ended vs . 
fl oating recording systems. Since t he same transducer channels must be 
used for all t ests , a rel i able and very flexible grounding and shielding 
s ystem is of t he essence . To obtain a reliable unipotential ground there 
is a ground gr i d network consisting of a copper bus connected to 18 foot 
ground rods every 20 feet . This network is uninterrupted in and between 
the two buildings. 

The ground network bus appears in the test bays as a 1/4 inch x 1·1/2 
inch copper bar distributed for convenient attachment. This bus also runs 
inside the junction boxes where the back side of the grounded push/latch 
bi nding posts described earlier are connected . In the control room the 
bus runs under the raised floor in a pattern adj acent to the instrument 
racks. An extension of this bus is distributed to appropriate patchboard 
hubs, (fig. 10). Two parallel linea of #6 welding cable connect the remote 
digital data system to the ground bus. This network provides convenient 
tie points throughout t he area with less than 0 .001 ohm maximum variance 
in resistance. All grounds including power 3rd wire and chass i s of 
instruments with chassis grounds are connected di rectly to the network to 
e l iminate unreliable connections frequently made between racks and chassis 
with mounting screws and similar hardware. 

Fig. 10 - Patchboard Showing Ground Hubs 
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6. On Site calibr a tions 

Systems and techniques us ed for the on s i te cal ibration of pressure , 
thrust, temperature, and flow measurement instrumenta tion in this faci lity 
satisfy the following requi rements : 

(1) Provides a reliabl e calibration against a good working standard. 

(2) Cslibrates the measurement instrumentation as a s ys tem thr ough 
a 11 components. 

(3) Calibrates individua l components if requir ed. 

(4) Minimizes the manpower r equirement s and t he errors frequent l y 
encountered when two or more persons are calibrating a system over 
communication lines . 

These requirement s have not been met in the area of vibra tion and 
shock calibration measurements . These components are labora tory calibrated. 

Thermocouple channels ar e cal ibra ted with the insertion of selectable 
l evels of voltage. Convenient features of the thermocouple calibration are 
the ability to automatically or manual ly calibrate any por t ion of the t otal 
42 channels, attenuate the output levels, provide polari ty reversa ls , and 
test for continuity, (fig . 11) . 

Fig . 11 - Thermocouple Calibrator 
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The nature of tests conducted in rocket test facilities dictates that 
in-situ recalibration of pressure transducers be made after each series of 
tests and that load cells be deadweight recalibrated on a frequent basis. 
A unique system for calibrating these transducers is employed wherein 
pressure and force sensors are calibrated in the control room using an 
oil deadweight pressure tester and a Morehouse load mochine. 

The Morehouse Load Machine is complimented with a three load cell 
calibration system with local and remote digital readout. 

There is a strain gage channel from each of the deadweight calibration 
standards to the patchboard that duplicates the strain gage channels from 
each test bay. The physical layout permitted all cables from th~ test bays 
to be cut to duplicate lengths. Control room strain gage calibration 
channels duplicate the test channels in length, electrical connections and 
environment. When the transducer to be calibrated is attached to the dead
weight standard and connected through the patchboard, it is a one-man 
operation to route the transducer output into any desired readout, make 
adjustments, apply deadweight stimulus, and operate the recording system. 
Open circuit transducer calibrations and complete systems calibrations 
are made in this manner. (figs. 12 and 13). 

Fig. 12 - Pressure Calibration Fig. 13 - Load Cell Calibration 
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Hatched, single shunt, bipolar resistance cards are installed in each signal 
conditioner channel providing five levels of electrical calibration. 
Transfer of the transducer to the test installation and reactuation of 
the resistance-cal circuits constitutes electrical recalibration of the 
system. The five levels of resistance-cal provide approximately 0, 30, 
60, 100, and 150 percent of full scale output for 350 ohm, 2 mV/V 
transducers. The sensitivity of the system and the nonlineari ty of all 
combined components are determined with the exception of the transducer 
response to physical stimulus. 

To complete the calibration of the measurement systems the electronic 
components are calibrated in-situ by inserting patchboard connected voltage, 
current, frequency, or resistance standards to the desired components inputs. 

7. Data Acquisition 

Oscillograph data forms a large portion of the recording media at 
this facility. There are 108 total channels comprised of two each 36-
channel graphs and two each 18-channel graphs, (fig. 14). 

I 
Fig. 14 - Control Room Showing Oscillograph Recorders 

As tests change, the signal sources, levels, and frequencies change 
and it becomes necessary to change the shunt, series, and source loading 
resistors. Usually this involves insertion of adapter plugs, with internal 
resistor networks at the recorder. At best this is inconvenient. I t often 
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disturbs the permanent cable trees to a point of f a tigue damage_. This 
facility uses a patchable resistance network which eliminates a lterations 
and adjustments to the permanent wiring. Conventionally these are labeled 
"shunt" channels. Each shunt channel has chassis mount ed input and output 
receptacles spaced to accommodate insertion of resistor modules . The 
spacing of the receptacles permits module stacking in two planes . Thi s 
enables the user to assemble an equivalent resistance of t he desired 
value. Quick determination of the resistance value is made with decade 
boxes mounted with the receptacle chassis, (fig. 15) . 

r-
Fig. 15 - Patchable Shunt Board 

8. Monitoring Capabil i t i es 

Setting up and trouble shooting the instrumentation systems is 
f acilitated by having all monitors patchboard connected. These monitors 
include digital voltmeters, multimeters, counters and oscilloscopes which 
can be pa t ched into the system at any desired point. 

-
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There is a switch selectable input to the patchable monitors for all 
strain gage channels to provide simultaneous readout of transducer 
excitation and output voltages, (fig. 16). 

Fig. 16 - Switch Selectors and Monitors 

This switch selector is interlocked to prevent undesirable parallel 
connections on strain gage channels. This arrangement is used to set up, 
calibrate, and trouble shoot strain gage channels. It is of outstanding 
value for the operator to dial the selector switch through as many as 40 
strain gage channels to quickly verify desired pret est conditions. 

There are stmilar switch selectors for setting up and calibrating 
the 40 amplifiers and a separate switch selector that has patchable inputs 
and outputs to monitor any miscellaneous channels. The strain gage and 
amplifier switch selectors having a high use rate were wired directly 
and not patchboard connected. The patchable miscellaneous channel 
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selector provides convenient switch selectable monitoring of any channel. 
All signal generators used to simulate test signals are patchable. These 
generators can be patched out to the test bay on unused channels, jumpered 
in the bay and brought back on the channel being tes ted . This technique 
is used to dynamically test measurement channels. Us~d in conjunction 
with the channel selectors, a system for dynamically calibrating the 
entire facilities permanently installed measurement channels is easily 
set up and used. 

9. Concluding Remarks 

The instrumentation for this facility was designed for one of a kind 
type set ups. As a result the design of the grounding, shielding, 
calibration, patching, monitoring and shunting methods provide a high 
degree of versatility. Manpower efforts have been reduced for calibration 
of sensors and for the operation of the instrument systems. Human errors 
were thereby reduced. 

The diversity of tests conducted here with a wide variety of 
measurement types and numbers are accommodated with a minimum of set up 
problems. 

The operation of this facility has proven its merits to the extent 
that several subsequent Langley Research Center facilities have incorporated 
these design features. Some of these facilities accommodate continuous or 
long r ange and repetitive type testing. 

The facility described in this paper has been in operation since 1969 
conducting tests with a diversity of requirements. These tests included 
simple motors using minimum instrumentation, assortment of liquid and 
sol id fuel tests with customized measurement requirements, and crash 
programs such as the Apollo 13 anomaly review requiring extensive 
measurements on several tests with a minimum changeover time between 
tests. 
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A MEASUREMENT SYSTEM FOR AIDING COMPRESSOR DESIGN 

By 

John T. Carroll 
Assistant Project Engineer 
Pratt & Whitney Aircraft 

East Hartford, Connecticut 06108 

Abstract· 

To examine the influence of support struts and pylons in the gas path 
of an axial flow compressor, miniature pressure transducers were 
attached to the fan blades. A method of mounting the transducers was 
developed which reduced strain induced signals to acceptable levels. 
During the testing of a 52 inch diameter fan, the transducers were 
subjected to 33,000 g's of loading without failure. A ring of potted 
electronics was mounted on the hub of the fan to power the transducers 
and to condition the output signals which were then led out through 
slip rings. An analysis of the data clearly shows the influence on 
the fan of upstream and downstream obstructions such as stators, rods, 
struts, and pylons. The effect of g-loading on transducer response is 
discussed. 
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I. Background 

In the testing of any new compressor design there are various measurements 

made to evaluate the compressor's reaction to varying levels of turbulence and 

flow distortion in the inlet. Answers to questions concerning rotating stall, 

surge margin, and the generation of noise - both broadband and discrete - are 

always of prime importance. The most widely used method of measuring these tur

bulence levels and distorted flow conditions is to place pressure probes or rakes 

of pressure probes in the inlet. Unfortunately, these probes and rakes have sev

eral drawbacks. They tend to generate turbulence themselves and can often invali

date a measurement. For example, in a measurement of the turbulence level nec

essary to induce a rotating stall, they can generate enough turbulence to mask the 

true level of turbulence needed. Another example might be an attempt at a real 

time correlation of inlet turbulence and flow distortion with far field noise. 

The wakes of the probes and rakes themselves can produce enough noise to hide the 

changes one is looking for. It is usually not very practical to run two separate 

tests - one with probes and one without probes - as it is often difficult to match 

exactly the engine and atmospheric conditions. This is especially true on outdoor 

engine test stands where wind conditions can change in the time it takes to shut 

down an engine and remove the instrumentation rakes. 

There is the additional problem of determining how objects downstream of a 

compressor rotor affect the pressure field at the rotor itself. Stators, pylons, 

support struts, instrumentation probes and the like which are located downstream 

of a rotor can all affect the pressure distribution and velocity field as it exists 

at the surface of the rotor. The basic problem to which this measurement system is 

directed then is twofold; first, how can one make dynamic pressure measurements in 
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an engine inlet (at the face of a compressor) without appreciably disturbing the 

flow; secondly, how can one make reasurements of the variation in the pressure 

field at a rotor caused by obstructions in the flow downstream of the rotor. 

II. Rotating Transducers 

One solution to these problems is to make these measurements on the surface 

of the rotor itself. Rotating measurements using strain gages and thermocouples 

as the transducers have been made this way for many years and are well documented. 

However, making measurements of rapidly fluctuating pressures using rotating trans

ducers is a relatively new technique. Placing a transducer on the surface of a 

rotor has many advantages. In addition to avoiding the drawbacks listed in Section 

I, it has the additional advantage that a small number of transducers on one blade 

can give complete circumferential coverage at several radial positions. Increasing 

the number of similarly instrumented blades increases the ability to correlate the 

flow fluctuations across the compressor face. The pressure sensitive portion of 

the transducer must also be at the point of measurement if the difficulties asso

ciated with remote mounting are to be avoided. Problems of frequency response 

limitation, waveform distortion, and phase shifting are inherent in any system 

using tubing between the point of measurement and the face of the transducer. The 

three principal (and rather obvious) requirements of any transducer mounted on the 

surface of a rotor are then: ~ that it be small enough so that the pressure dis

tribution over the blade is not appreciably affected; B. that it be able to sustain 

the g loads it is expected to encounter; C. that its sensitivity and frequency re

sponse as a function of g loading be known. 

In the early part of 1970, thirty different manufacturers of pressure trans-
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ducers were contacted, and of these, four manufactured transducers that were be-

lieved suitable for preliminary testing. All four utilized same fo~ of semicon-

ductor strain gage device as the pressure sensitive element. A total of nine 

different models (20 units) were evaluated for size, weight, and general construe-

tion methods. Natural resonance frequencies and acceleration sensitivities were 

measured as were pressure sensitivity, input and output impedances, linearity, and 

hysteresis, zero output, full scale output, and repeatability. This was done for 

a range of pressures and temperatures. on the basis of this investigation it was 

found that the semiconductor strain gage transducers that were available at the 

time had essentially the same electrical and mechanical specifications within com-

parable temperature and pressure ranges, although manufacturing processes differed 

among companies. The Kulite pressure transducer, when modified somewhat to fit 

better our particular needs, was believed to have the least number of objectionable 
I 

features. The modified version (Model LQS-070-25) which was used for the rotating 

tests is shown in Figures la and lb. 

III. Mounting Methods and Initial Testing 

During the evaluation of the pressure transducers it was found that they were 

quite strain sensitive. This meant that in addition to the problem of keeping them 

on a rotating blade, they had to be isolated from the strain field of the blade. 

The first attempt at strain isolation was with a non-rotating exit guide vane in 

which 0.020" deep slots were machined on both the pressure and suction surfaces and 

a hole drilled from the slots through the end as a passage for the leadwork (Figs. 

2, 3, and 4). To determine the effectiveness of each strain isolation technique 

tried, the ends of the vane were held rigidly on a shaker table and the transducer 
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output monitored while the vane was subjected to various levels of dynamic loading. 

Af'ter several partially effective methods were tried, a method was devised which 

reduced strain induced signals by two orders of magnitude over a transducer that 

was hard mounted to the blade. It consisted of epoxying the transducer to a 1 mil 

thick brass base which was then placed upon a 3 mil thick coating of silicone 

rubber at the bottom of the slot. The remaining open portions of the slot were 

then filled with silicone rubber and a very thin layer was spread across the sur

face of the diaphragm. The vane was successfully used in a 28" diam:!ter compressor 

rig to test the feasibility of this type of installation for the verification of 

certain aerodynamic theory - in this instance the unsteady lift response of stator 

vanes. 

The first large scale rotor test was on a compressor rig at an outdoor test 

stand that could produce just over 32,000 g's at the tips of its 52 inch diameter 

fan at maximum RPM (6750). The problem of mounting a pressure transducer near the 

tip of a rotor blade is more difficult because most blades are too thin to tolerate 

a 0.020 inch slot. The best method found for mounting the transducers on rotor 

blades is shown in Figure 5. The transducer base is epoxied to brass shim stock, 

one end of which is then epoxied to the rotor. The transducer is essentially canti

levered over a base of silicone rubber. This was found to produce very low levels 

of strain induced signal. This . method of mounting, and the transducer itself,' ·were 

successfully tested to 33,000 g's in a spin pit without losing the physical or elec

trical integrity of the transducer. Six transducers were mounted on the fan in a 

manner as illustrated in Figure 6. The instrumented fan itself is shown in Figure 

7. Because same of the phenomena to be investigated were expected to produce pres

sures of only lo-3 to lo-2 psi, a rotating amplifier·.·ring (Figure 8) was built which 
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contained eight channels of amplification/voltage regulation. Each channel pro

vides a regulated input of 7.8 volts to the transducer and a 300X gain of the 

transducer's output. The amplifiers have a low frequency cutoff of 8 Hz and an 

upper frequency limit of about 25 KHz (3 dB point). A sketch of the complete 

system is shown in Figure 9. 

Same Test Results: 

Of the many interesting (and sanetimes unexplainable) results obtained from 

this and other instrumented rotors, two examples illustrating the type of data 

which can be obtained are given. In the first example, the experimental rig can

figuration consisted of 46 rotor blades, loB double stator vanes, and 8 large 

support struts equally spaced around the circumference of the fan duct as shown 

in Figures lOa and lOb. It is instructive to note that the distance between the 

trailing edge of the rotor and the leading edge of the struts was about 9. 5 inches. 

The traces shown in Figures lla and llb are graphs of the pressure as a function 

of circumferential position as seen by a transducer mounted 1.0 inch from the tip, 

0. 6 inch from the leading edge, and on the suction surface of the blade. In both 

cases only the periodic and phase coherent portions of the transducer signal are 

shown. The graphs are a summation of 1024 samples keyed to a lE signal (E being 

fan rotating speed in revolutions per second) using a Fabri-Tek Model lo62 as an 

ensemble averager. The axial Mach number during this time was approximately 0. 3 

at the leading edge of the fan. In Figure lla the averaging process was performed 

over a time period that corresponded to a blade rotation of just over 360 degrees. 

The potential fields of the struts are quite evident. Figure llb corresponds to 

a shorter time period (with an attendant increase in resolution) during which the 

transducer has moved through 45 degrees thus passing through the potential field of 

two struts and thirteen vanes. The unexpected fact is that objects in the flow 
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path 9.5 inches downstream can be sensed by these transducers. 

In the second example, which had a somewhat different strut configuration, 

the effects of three 1/4 inch rods projecting 8 inches into the inlet and lo-

cated 4 inches upstream of the fan blades are examined. A schematic of the posi

tion of the retractable rod in relation to the rotor J.S given in Figure 12. A 

plot of amplitude vs. frequency for an unobstructed inlet configuration (rods re

tracted) is shown in Figure 12a. , In Figure 12b, inserting the three rods at the 

o, 90, and 180 degree positions is seen to produce a strong 4E signal and associ

ated harmonics. Figure 13 shows a 10 KHz analysis of pressure levels vs. fre

quency utilizing a 50 Hz filter bandwidth. This analysis is for the unobstructed 

inlet configuration. The loBE spike caused by the 108 stators can be clearly seen. 

Problem Areas: 

The reason that there are no absolute pressure levels on the ordinates of graphs 

lla, llb, 12b, 12c, and 13 is because the transducers have not as yet been calibrated 

with any high degree of certainty at these g loadings. Since the amplifiers used for 

nearly all the rotating tests to date have not been D. C. amplifiers, not much infor

mation has been gathered on the effects of g loadings on Ep0 - the voltage output of 

the transducer at rest and without any differential pressure across the diaphragm. 

The results of a test that was run on a smaller rig, where Ep
0 

could be Jl'Easured is 

shown in Tables I and II. It appears from the data that the bonding material gives 

a little each time the diaphragm is centrifugally loaded in a direction parallel to 

the plane of the diaphragm. For the first few cycles of any load cycle series the 

diaphragm does not quite return to its rest position. After eight or nine cycles, 
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however, the diaphragm appears to reach the limit of its "give" and the initial and 

final stress conditions are about equal. This would seem to indicate that when 

making absolute pressure measurements at various rotor RPM it is necessary to first 

g load cycle the transducer until the diaphragms are in their "set" position. Since 

Table I represents the first g-load cycle on each of three days, it can be seen that 

the random day to day variation in Ep0 can be as great as any g load hysteresis 

effect. The data from Table I are graphed in Figure 14. 

At the moment there are several different approaches being taken to evaluate 

the frequency response and sensitivity of these transducers as a function of g 

loading. Rotating transducers either within shock tubes or in the presence of 

strong acoustic fields are two of the methods presently under investigation. 

From what was learned on the first series of tests, a transducer was designed 

at P&WA which will incorporate a silicon base rather than the Invar in the present 

model, be 6 mils thick instead of the present 12, and have certain other minor change~ 

in wiring. The base will be bonded directly to a 1 inch by 1 inch brass plate -

eliminating the original 3 mil fiberglass base. A sketch of the design is shown in 

Figure 15. 

Conclusions: 

It can be safely said that the feasibility of making measurements of the 

rapidly fluctuating pressure field on the surface of a rotor has been demonstrated. 

However, the character of the information being received from these transducers can 

be understood at present in qualitative ter.ms only. Additional work is needed be

fore a quantitative understanding of the data is complete. 
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Fig. 7 Instrumented Fan. Arrows Indicate Transducers 

53 



Fig. 8 Ring Containing 8 Channels of Amplification/Voltage Regulation 
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Fig. 10b 
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Fig. 12 
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TABLE I 

8-27-71 9-15-71 9-16-71 
Zero Zero Zero 

RPM Output ofoF.S. OUtput ofoF.S. Output ofoF.S. 
(XlOOO) (mv) Output (mv) Output (mv) Output 

0 5.34 6.74 7.14 9.01 6.63 8.37 
1 5.38 6.79 7.35 9.27 6.77 8.54 
2 5.49 6.93 7.44 9-39 6.91 8.72 
3 5.69 7.18 7.64 9.64 7.13 9.00 
4 5.97 7.53 7.88 9.94 7.35 9. 27:.-

5 6.34 8.00 8.20 10.35 7.67 9.68 
6 6.86 8.66 8. 59 10.84 8.13 10.26 
7 7.43 9.38 9.11 11.50 8.64 10.90 
8 8.11 10.23 9.70 12.24 9.22 11.63 
9 8.85 11.17 10.25 12.93 9.86 12.44 

10 9.65 12.18 10.88 13.73 10.45 13.19 
9 9.09 11.47 10.50 13.25 10.02 12.64 
8 8.44 10.65 10.04 12.67 9. 56 12.o6 
7 7.80 9.84 9. 52 12.01 9.04 11.41 
6 7.30 9.21 9.02 11.38 8.55 10.79 

5 6.79 8. 57 8.60 10.85 8.11 10.23 
4 6.40 8.08 8.24 10.40 7.75 9.78 
3 6.09 7.68 7.96 10.04 7.44 9.39 
2 5.87 7.41 7.69 9.70 7.24 9.14 
1 5.74 7.24 7.57 9-55 7.11 8.98 
0 5.68 7.17 7-53 9. 50 7.07 8.92 

Variation of Ep0 with g-load for the first cycle of each series. 

Transducer Excitation: 5 Volt D.C. 

Load Cycle 0- 10,000 RPM: 0- 7842.9 g's 

Full Scale Output: 79. 23 mv at 25 psi. 
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TABLE II 

8-27-71 9-15-71 9-16-71 
Zero Zero Zero 

g Load RPM Output 'f., F. s. Output 'fo F. S. Output 'fo F. S. 
Cycle (XlOOO) (mv) Output (mv) Output (mv) Output 

0 5.34 6.74 7.14 9.01 6.63 8.36 
1 10 9.65 12.18 10.88 13.73 10.45 13.18 

0 5.68 7.17 7.53 9. 50 7.07 8.93 
2 10 9.69 12.23 10.95 13.82 10.60 13.38 

0 5.78 7.29 7.83 9.88 7.39 9.32 
3 10 9.70 12.24 10.95 13.82 10.70 13.50 

0 5.86 7.39 7.85 9.91 7.42 9.36 
4 10 9.78 12.34 11.04 13.93 10.62 13.40 

0 5.90 7.44 7.87 9-93 7.43 9.38 
5 10 9.82 12.39 11.06 13.96 10.69 13.49 

0 5.95 7.51 7.91 9.98 7.49 9.45 
6 10 9.80 12.37 11.08 13.98 10.66 13.45 

0 5-97 7.53 7.94 10.02 7.48 9.44 
7 10 9.89 12.48 11.08 13.98 10.67 13.46 

0 6.02 7.60 7-93 9-99 7.47 9.43 
8 10 9.88 12.47 11.05 13.94 10.64 13.43 

0 6.01 7. 58 7-93 10.01 7.41 9.43 
9 10 9-93 12.53 11.12 14.03 10.68 13.48 

0 6.00 7.57 7-97 10.06 7.50 9.46 
10 10 9.88 12.47 11.14 14.06 10.75 13.56 

0 6.01 7. 58 7.98 10.07 7. 54 9. 51 

Transducer Excitation: 5 Volts D.C. 

Full Scale Output: 79.23 nr.r at 25 psi 

Load Cycle 0- 10,000 RPM: 0- 7842.9 g's 
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DIAGNOSTIC PROBLEMS RELATED TO MEASUREMENTS 

* NEAR UNDERGROUND NUCLEAR DETONATIONS 

Clifford W. Olsen 

Lawrence Livermore Laboratory, University of California 

Livermore, California, 94550 

ABSTRACT 

Problems associated with measuring data related to containment of 

underground nuclear detonations are very difficult to overcome, particularly 

with a line-of-sight pipe from the detonation. Measurements of pressure, 

temperature, radiation, acceleration, particle velocity, and s·.1ock position 

are routinely fielded; we have also attempted measurements of other 

variables, such as gas density and optical transparency or brightness. One 

must have a system that can survive high radiation levels, high shock loading, 

large electromagnetic noise pulses, and blast conditions; a system with 

fre~uency response in the 50-100 kHz region, while having 1500-4000 ft of 

cable between the transducer and the electronic recording equipment, is also 

required. The reliability and dynamic range of the system must be large, 

since channel limitations do not often permit much redundancy. Contributing 

to the problem is the poor predictive capability for many of the variables, 

particularly along a line-of-sight. Dynamic calibration of pressure and 

temperature sensors is necessary for understanding the data, and a particular 

problem is the inability to measure stagnation properties and flow velocities 

* Work performed under the auspices of the U.S.Atomic Energy Commission. 
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behind the first arrival. The current practices at LLL with regard to 

transducers and cables are discussed, along with the shortcomings of the 

present capability. 

INTRODUCTION 

A nuclear explosion creates a severe environment in which transducers 

must function. Pressure, temperature, radioactivity, and electromagnetic 

interference levels are very high, and their time-derivatives (frequency 

contents) are also large. In this paper I discuss some problems encountered 

in diagnosing the effects of underground detonations and in diagnosing 

the response of related hardware. Determining the performance of the 

explosive itself is a different topic, which will not be considered. 

Most of the mater~al reported herein is from experience with line-of

sight (LOS) experiments, in which a pipe leads from the source to various 

exposure stations. After irradiation, the pipe must be closed to prevent 

blast damage or other damage to the experiments and to prevent release of 

radioactive debris to the environment. Detailed diagnostics are required 

to document the performance of the system, to provide design criteria for 

future systems, and to compare performance with calculated behavior. 

The various parameters will be discussed individually. Some problems 

associated with the measurements will be pointed out, and some desirable 

measurements that are not now feasible will be mentioned. 
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GAS-PRESSURE MEASUREMENTS 

Gas-pressure measurements cove~ a wide range of conditions from blast 

4 pressure in the 10 ·psi region to quasistatic measurements in the few-psi 

region. All transducers are required to be very insensitive to shock, 

radioactivity, and temperature, if good data are to be obtained. 

Figure 1 shows the measured acceleration, temperature, and radiation 

at a location where a pressure measurement was required. (The problems 

associated with obtaining the data in Fig. 1 will be ignored temporarily.) 

0 Acceleration of 500·700 g, gas temperatures to ~1100 C, and radiation 

levels of 105-108 R/hr make up a severe environment for a pressure 

transducer. Figure 2 shows the output of three pressure transducers 

subjected to the environment; Fig. 3 shows the output from two transducers 

that experienced the radiation and acceleration, but not the heating. The 

end of the data is presumably the result of cable damage rather than 

transducer damage, but the cause cannot be firmly established. The data 

were all recorded with a 0·20 kHz bandwidth, except for a 0·4 kHz bandwidth 

for the radiation data in Fig. 1. 

As can be seen, the pressure records tend to correlate more with the 

accelerometer than with each other. 0 The temperature, about 1100 C, is far 

above the normal range for the great majority of pressure transducers. 

Obviously there is no good pressure record from the location under discussion. 

In Fig. 3, one transducer appears to have a usable output, but the other is 

clearly suspect: it shows negative pressures. Comparison of the two records 

shows that, except for polarity, they are similar, and the seemingly good 
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record becomes questionable. These two records were from 1000-psia units 

with a specified shock sensitivity of 0.001% of full scale per g-unit. The 

early noise from about 10-45 msec is nearly 10% of full scale, implying 

4 accelerations approaching 10 g. Apparently the transducer shock 

sensitivity is at least an order of magnitude above specification; other 

problems, however, such as cable noise due to shock, may contribute or 

even dominate, since the signal in question is only about 20 mV. 

Because of economic constraints that manifest themselves as 

limitations in recording capability, one tr2.nsducer may be required to 

serve as a blast-pressure transducer and also as a quasistatic pressure 

transducer, often for superheated steam. 

Figure 4 shows two relatively long-term pressure records obtained at 

the same location. The divergence of the records at late times could be 

the result of inadequate temperature compensation, radiation effects, or 

a combination of these and other factors. 

Electromagnetic energy coupled into the diagnostic system can result 

in anything from a spike of a few tens of microseconds duration to 

destruction of the transducer or signal-conditioning hardware. Figure 5 

is a photomicrograph of a foil gauge element on a transducer, damaged at 

zero time. Similar damage resulted when a 1-~f capacitor charged to 

500 V was discharged through a gauge element, although, in practice, the 

breakdown appears to be between the element and the case. Grounding at the 

transducer and floating of the recording system have minimized such 

occurrences. 
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TEMPERATURE MEASUREMENTS 

Temperature data are required for several applications and range from 

de measurements with ±0.5°C accuracy near room temperature to fast 

measurements of over 1000°C where accuracy to within 10% would be quite 

acceptable. Thermistors, while sensitive to shock and radiation, generally 

work well for the de measurements. The blast measurements can be made with 

either thermocouples or resistance thermometers. Resistance thermometers 

have been unsatisfactory because the film is prone to damage when mounted 

for a blast measurement. The thermocouple is most used; the presently 

used design is a coaxial couple with the tip slightly recessed. The problems 

with thermocouples are the relatively low signal levels and the difficulty in 

getting a reference junction that can withstand the shock, radiation, etc. 

RADIATION MEASUREMENTS 

Radiation data are obtained with an ionization chamber that has an 

electrometer tube mounted inside the chamber. Data are considered to be 

good to about ±50%, but the detector has a usable range of about 108 with 

a loga;.ithmic output. The two main problems with the system are shock 

sensitivity and drift. Because of the wide dynamic range, a small drift 

may be a factor of 2 or more in apparent radiatio~ level. Significant 

accelerations will make the output go negative (relative to increasing 

radiation); and, because of the extremely high impedance of the chamber

electrometer system, recovery may take as long as a minute. Fortunately, 
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radiation speeds recovery; and, in a high radiation field (>10
3 

R/hr), 

recovery can be as fast as a few milliseconds. In such cases the record 

merely appears noisy, as in Fig. 1. The most significant complication 

occurs in determining the arrival time of a modest radiation level, since 

separating natural recovery from radiation-induced recovery is not always 

simple, as can be seen in Fig. 6. The large dynamic range makes the 

system attractive, even with its shortcomings. 

ACCELERATION AND VELOCITY MEASUREMENTS 

Accelerometers and velocity gauges are generally of the carrier-system, 

variable-reluctance type. These systems are relatively immune to 

electromagnetic-pulse interference and to radiation damage, and they have 

proved to be very reliable below a few hundred g and below a few hundred 

feet per second. Their major shortcoming is their upper frequency limit 

of about 500 Hz. 

Piezoresistive accelerometers are also used, particularly where frequency 

response is important. These accelerometers have functioned well, although 

they are susceptible to electromagnetic-pulse noise or damage. Complete loss 

of a data channel at zero time is occasionally observed, as is a zero shift. 

A sensitivity shift has been suspected on a few occasions; but, in general, 

agreement between the variable reluctance and piezoresistive units is 

satisfactory. Cross-axis sensitivity is occasionally a problem with both 

types of transducers. 
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SHOCK POSITION INDICATORS 

Two basic techniques are used to define arrival time. Very close 

measurements are usually done with shorting pins. These systems are 

straightforward, and the only real problem is to avoid shorting by 

ionization from high radiation levels. The other technique measures 

the position of the 0.5-1.0 kbar level by finding where a coaxial cable 

is crushed. The crush position as a function of time gives a shock

propagation curve; SLIFER (Shorted Location Indicator by Frequency of 

Electrical Resonance) and CLIFFER (Cable Length Indication Found From 

Electrical Reflection) are two means of locating the crush position. 

The SLIFER equipment measures the cable in the tank circuit of an 

oscillator, and the frequency-vs-time can be converted to shock position. 

The CLIFFER equipment determines the cable length by measuring the round

trip time for a pulse sent down the cable. By this method a cable length 

is found in the manner of a time-domain reflectometer about every 9 ~sec. 

The CLIFFER has a digital output and is still under development. Usable 

cable lengths are up to 175 ft for the SLIFER and up to 300 ft for the 

CLIFFER. Because in both cases the cable to be measured usually goes quite 

near the working point, both systems are subject to loss of data from 

electromagnetic noise, particularly in the first millisecond. This 

problem has been minimized for the SLIFER by using band-pass filters. The 

SLIFER oscillator and the CLIFFER pulser are subject to shock-induced noise, 

since significant accelerations can reach the units before the cable is 

crushed. 
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MEASUREMENT NEEDED BUT BEYOND OUR CURRENT CAPABILITY 

Gas density, flow velocity, stagnation parameters, and very sharply 

rising blast pressures are presently beyond our measurement capability. 

The blast-pressure problem is one of finding a radiation and electromagnetic-

noise-resistant transducer with a frequency response of >200 kHz. 

Figure 7 shows the output of one candidate that failed. The transducer 

saw a static level of -150 psia, a dynamic peak of ~700 psia, and a radiation 

-3 level roughly 10 of that in which the unit would be required to operate. 

Measurement of stagnation parameters is currently impractical because 

of damage incurred by looking down the line of sight. Damage can be caused 

by x rays, neutrons, or debris. A few methods have been investigated; but 

they require too much area in the line of sight, and such space is at a 

premium. 

The gas density and flow velocity are needed for calculating the flow. 

A gas-density transducer has been tested, but it has a relatively low 

frequency response and a limited temperature range. The transducer had a 

driven vibrating beam and measured vibration amplitude with strain gauges. 

Flow velocity can now be measured only as a time-of-arrival difference 

of a distinct feature at two locations. Flow velocity as a function of 

time at a given point would be a very valuable measurement; a mass flowmeter 

would also be of great value. The transducer system must be able to 

operate in relatively high radiation fields, must not require space across 

the line of sight, must have a wide dynamic range, and must be operable on 

a pipe ranging from 6 to SO in. in diameter. 
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CABLES AND SIGNAL CONDITIONING 

Most of the signal-conditioning equipment is commercially available; 

the only major exceptions are the radiation detectors and the SLIFER and 

CLIFFER. Where possible, dual constant-current excitation is used with 

half-bridge transducers. Lead-resistance effects are compensated for, and 

three-wire rather than four-wire cabling is used. The weight and expense 

saved by the three-wire system are appreciable when cable lengths of 

1500-4000 ft for 20-50 channels are considered. The frequency response of 

long cables affects the system; different cables are used, depending upon 

the required data. More often than not, the termination of data-acquisition 

seems to be the result of cable damage rather than transducer damage. 

SUMMARY 

The various requirements that have been mentioned seem to add up to a 

''We'd all like that, but be reasonable'' list. Shock sensitivity of the 

transducers and of the adjacent cable should be <0.01% full scale per g. 

Temperature compensation should be over a wider range than is usually available, 

and high temperature transients should have minimal effects. In summary, 

transducers that will respond rapidly to a single stimulus are needed. 

Because of computerized data analysis, transducers need not have a linear 

response. An interesting alternative is a group of transducers, no one of 

which measures a single variable, but whose outputs can be automatically 

processed (in real-time or later) to yield measurements of individual parameters. 
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Fig. 1a. Radioactivity, temperature, acceleration, and velocity measured 
on a line-of-sight pipe 260 ft from a detonation. (1a) Radiation 
level. (1b) Gas temperature. (1c) Pipe acceleration. (1d) Integration 
of 1c. (The noise spike at zero time on Fig. 1c was not integrated.) 

Olsen - Fig. 1a. 
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Fig. 2a. Gas pressure measured at the same location as in Fig. 1 by three 
piezoresistive transducers from different manufacturers. (2a) 
0·5000 psia unit. (2b) Another 0·5000 psia unit. (2c) 0·2500 psia 
unit. 

Olsen - Fig. 2a 
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Fig. 3. Records from two gas-pressure transducers at the same location, 
showing shock sensitivity. No real·gas pressure was observed. 
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Fig. 4a. Records from two gas-pressure transducers at the same location, 
showing late-time disagreement. (4a) 0-1000 psia unit. (4b) 
0-500 psia unit recorded with 0-333 psia range. 

Olsen - Fig. 4a. 
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Fig. 5. Condition of a foil gauge element damaged by electromagnetic
pulse energy. 
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Fig. 6. Output of ionization-chamber radiation detector, showing negative 
output due to shock sensitivity and abnormally long recovery time. 
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Fig. 7. Output of 0-10,000 psia blast-pressure transducer, showing full• 
seale transient due to radiation sensitivity. 
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ABS!RACT 

Same Problems Associated with 
Airblast Pressure Transducers 

by Michael M. Swisdak, Jr. 
Naval Ordnance Laboratory 
Silver Spring, Maryland 

This paper presents several examples illustrating some 

of the problems associated with the interpretation of airblast 

pressure transducer signals. Or, "Is your gage measuring 

what you think it•s measuring?". The problems discussed 

include: 1) the undesirable tendency of a pressure transducer 

to respond as a thermal gage when placed in a thermal/blast 

environment, 2) the design inadequacies of many transducers 

to measure negative pressures or to operate at reduced ambient 

pressures, 3) the inability of many airblast pressure trans

ducers to adequately respond to long duration phenomena and 

still accurately reproduce the characteristics of the shock 

front. 

All of these problems have been encountered and solutions 

found in work performed at the Naval Ordnance Laboratory. 

INTRODUCTION 

A subtitle for this paper might well be, "Is your pressure 

transducer measuring what you think it•s measuring?". Quite 

often, unfortuaately, the answer is no. Specifically, I would 

like to talk about three problem areas: 1) the effect of a 
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tranaient theraal pulse on transducer response, 2) the 

design inadequacies or many tranaducera to measure negative 

pressure or to operate at reduced ambient pressures, and 3) 

the inability of manJ pressure traaaducers to adequately respond 

to long duration phenomena and still accurately reproduce the 

characteristics or the shock front. 

'1'BERMAL RESPONSE 

We encountered the thermal response of pressure tranaducers 

early in nuclear explosion blast measure•ents and later on 

bigh explosive measurements when even a passing cloud could 

change the temperature or a gage giving a baseline shift. 

Lately, too, we•ve encountered this problem when trying to 

•ake pressure measure.ents close to a detonating high explosive 

charge. 

The problem was •oat recently encountered during tests 

conducted in the explosively-driven conical shock tube at 

the Naval Ordnaace Laborator.y. For those of you unfamiliar 

with this facility, it is one in which a small quantity or 

high explosive, tired under confinement, produces a sector 

ot a spherical blast wave having many of the characteristics 

or a spherical blast wa1e in tree air from a much larger quantity 

or explosive. Because or the nature or the conical shock tube, 

the hot explosion products and debris travel to distances which 

are much greater than those of a comparable free air explosion. 
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We have measured the temperatures or these explosion products 

at varying distances traa the explosion source and have round 

temperatures to be as high as 8oo0p, with the teaperatures 

remaining above ambient tor aeveral hundred •illiseconds. 

Pigure 1 is a typical temperature-time profile recorded 119 rt 

from the explosion source in our CST. It ahowa a thermal 

pulse rising to a aaximum in about 80 msec. What would be the 

ettect or this pulse on typical pressure transducers? Figure 2 

shows two presaure-time traces. The lower trace is tram a 

gage with a small theraal response, while the upper trace is 

~or a gage with a massive theraal :response. The peak on the 

lower trace corresponds to 34 psi, and on the upper to 35.5 psi. 

The sweep rate is the saae tor both traces--50 •sec/aark. The 

thermally-respoasive gage is a piezoelectric gage whoae cryatal 

is •ade or lead-zirconate-titanate. The noRtheraally responsive 

gage is a variable reluctance gage with a •etal diaphraga. 

The thermal pulse has caused two readil7 noticeable effects, 

which aust be taken into account when the record is interpreted: 

1) the positive duration is shortened aDd 2) the negative phase 

is so greatl7 distorted as to aake analysis •aningless. What 

can we do about this proble•? Ideally, the solution would be 

to choose a gage with no thermal response. However, this cannot 

always be done; when it cannot, then at least the thermal 

characteristics ot the gage should be determined. JCnowing 

these characteristics, then choose gages with the saallest 

thermal respoDSe and take steps to reduce it further. 
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How do we characterize the thermal response of a gage? 

A simple, standardized test is needed. To meet this 

requirement, we have used a thermal simulator. The device 

is very similar to that used at the gage laboratory at the 

Defence Research Establishllent, Suffield. The gages were 

exposed to the thermal radiation of a General Electric M-3 

flashbulb with the gage race at a distance or about 1" 

from the center or the flashbulb. Although this technique 

does not full7 simulate exposure to the contact surface or 

a blast wave, it does 7ield thermal response information 

whereby same figure of merit for comparison purposes can be 

generated. 

In order to deter~~~ine if the gqes were reapondit¥; to 

some other nonthermal radiative phen011ena, the thenaal 

simulator was also operated with the rear or the gage facing 

the flashbulb. If the gage is responding to a nonthermal pulse 

from the s~ulator, then it should still react in this eon

figuration. In every ease, there was no response to the 

nonthermal pulse. 

Through the use of this device, we h~e characterized 

the thermal response of gages from many manufacturers. We 

have round that, even among gages from the same manufacturer, 

the response varied tremendously--from little or no response 

to that pictured in the upper trace of Figure 2. Some gages 

respond to the thermal pulse as if it were a wegative pressure, 

while others respond as if it were a positive pressure. 
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What then, are sODle or the "fixes" which can be applied 

externally to the gages to reduce their thermal response? Among 

the things we have tried are: 1) teflon tape, 2) silver paint, 

3) black electrical tape, 4) ftTV silicone potting ca.pound, and 

5) pyrolytic graphite. We have tested most or these in our 

thermal simulator. Pigure 3 shows the result or this type of 

test. The solid curve is the response of a lead zirconate

titanate piezoelectric gage--the same type of gace illustrated 

in Picure 2. The dashed curve in Pigure 3 is the response 

ot the same gage with a piece of 3~il teflon tape placed 

across the diaphraga. This particular gage responds to the 

thermal pulse as if it were a negative pressure. The thermally 

produced peak pressures in the unprotected gase corresponds 

to -97 psi; with the teflon tape, the peak is reduced to -73 psi. 

The most effective fix which we have found is pyrolytic 

graphite. To use this, the gage is recessed slightly, and a 

disc of graphite about 1/16" thick is ee•ented to the diaphragm. 

Not as effective, but much easier to apply, are the silver 

paint and the black electrical tape; moreo.ar, both the paint 

and the tape can be applied to gages other than flush diaphragm 

sensors. 

The major disadvantage or all of these "fixes" is the 

fact that they all add mass to the gage and thus reduce the 

high frequency response of the gage. In the final decision, 

you will have to make trade off--how much high frequency 

response you are willing to sacrifice as opposed to how much 

thermal protection is wanted. 
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E.li'!PECT OP NEGATIVE PJitESS'UftE OJit OPEJitA'l'IOlf AT JltEDUCED AJIIBIER'!' 
PMESSUiti 

There are several problems involved in the measurement 

ot negative pressures or the operation of transducers at 

reduced ambient pressures. Consider again, the blast wave 

produced by the conical shock tube. The negative phase of the 

wave is often made deeper (i.e., more negative) than the tree 

field situation by the rarefaction wave which propagates tram 

the open end of the tube. Figure 4 shows such a wave; the 

peak positive pressure is 19.5 psi, while the peak negative 

is -8.0 psi. Is this number, -8.0 psi reasonable? If this 

were a tree-air situation the answer would be "Ho". We would 

only expect about -2 psi. The ditterence is due to three 

things: 1) the rarefaction wave propagating down the tube 

tr011 the open end or the CST, 2) the effect or the thermal 

pulse discussed earlier, and 3) the effect or the construction 

of the gage. Calculations (Ref. '2 ) show that the expected 

negative pressure in the CST should be between•4 and-7 psi. 

The thermal pulse will tend· to bias the gage response, 

so that the negative pressures will look deeper than they 

actuallY' are. Figure 5 is the general layout or the type or 

gage used to record Figure 4. During construction, the load 

plate is cemented to the hollow, cylindrical piezoelectric 

material by means of epoxy cement in such a way that the 

tubular crystal is sealed with 1 atmosphere of pressure inside. 

The seal is designed for axial compression but not tension. 

Therefore, when sufficient negative pressures are applied 
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the load plate separates frca the crystal rendering the gage 

useless. 

This same design problem is encountered when this type 

of gage is used at reduced ambient pressures. UDder this 

condition, the gage response is quite erratic and often after 

exposure to the reduced pressure the gage is seriously damaged. 

!his design problem often exhibits itself during gage 

calibration. If the gage calibration curve is extrapolated 

to aubambient conditions, the calculated senaitivit7 or the 

gage differs greatl7 from that actuall7 measured at these 

conditions. 

Two or the possible alternative solutiOfts to this problem, 

present themselves: 1) use a hermeticall7 sealed gage or 

2) use a vented gage. We find that our best results are 

obtained with a vented gage. In the vented gage, both sides 

of the sensing eleaent are allowed to be at the same ambient 

conditions before the ahocltwave arriTes (thus allowing no air 

to be trapped inside the gage). When this type or gage has 

been used in the CS~ to duplicate the measurements shown in 

Figure 4, a negative pressure of -5.9 psi is consistently 

obtained. 

In any event, it a gage is going to be used to measure 

negative pressures, it should be calibrated at negative 

pressures--the positive pressure calibration should not be 

relied upon. Moreover it a gage is to be used at reduced 

ambient pressures, its operation should at least be tested 

at these reduced pressures to be certain its operation is 

reproducible. 
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'l'RE WEED POR HIGH FREQ'UEWCY AlfD LOW l'REQtJ.ElfCY RESPOJfSE 

For a given situation, one generally considers only the 

need tor good high frequency response or good low frequency 

response gages--usually with one being sacrificed for the other. 

Can this cause misinterpretation or the phenaaena being recorded? 

The answer is yes•-s011.etimes. J: would now like to touch on 

one such situation. 

When measuring very low pressure (below 0.1 psi), long 

duration (several hundred millisecond) pulses from explosions, 

the most coumon recording instrument is a microbarograph. '!'his 

instrument has a aoainal f'requency response f'rom DC to 50 Hz. 

Pigure 6 is the typical output from a microbarograph f'or this 

type or wave. Is the phenomenon recorded here a "shockwave"? 

on first examination, most or us would say "yes", because we 

see what appears to be an almost discontinuous (within the 

capability or the recording system) change in pressure. However, 

let us look a little more closely. The timing marks are 200 msec 

apart, so that in actuality we can see nothing or the real rise

time or the phenomenon. Seoause ot the poor high frequency 

response or this instrument, no details or the shock front can 

be expected to be seen. In actuality, until recently, there 

were not many who even questioned if there was a tine structure 

to the shook front. Figure 1 was recorded using a transducer 

with a frequency response traD DC to 10 Khz. The upper trace 

is at the same gain and sweep speed as •igure 6, and we can 

see that the traces are quite similar. The lower trace on 
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Figure 7 is an expanded sweep or the tirst 130 msec or the 

trace. It is evident that what we were calling a shock in 

the upper trace is not. What we have is a true shook, 

followed by a slowly rising compression wave. !he peak 

"disturbance" is the same magnitude on both traces, but the 

peak "shock" overpressure is much less. 

Thua, in this case, to tru17 define the phenoaena, 

both good high frequency response and low frequency reapoDSe 

gases are needed. 

SUMMARY 

These are but three problema which &an face the 

airblaat transducer user. There are undoubtedly m&DT other 

problema which other users have encountered and resolved. 

In summary, the best advice ia, "Xnow 7our transducers". 

Learn how the7 are constructed and how they respond to sti11Uli 

other than pressure. Above all, calibrate 7our gages under 

the same conditions that they will actually be used. 
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Figure 4 
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Figure 5 
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Figur-e 7 
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DISCUSSION SUMMARY 

SESSION I 

Measurement Systems 

Papers: Shrager, Rollins, Carrol, Olson, and Swisdak 

Highlights of Discussion Period: 

Many problems interfere with the efficient layout of a measurement system. One of them 
is economics, which prevents desired redundancy, limits the number of background 
measurements and calibrations, and forces cheap transducers into the system. Often the 
problem is time -- measurements have to be made on short notice, and the only transducers 
available are the ones in the stockroom. Confidence in the output of a non-ideal measurement 
system can be vastly increased if reasonable correlation between different parameters can be 
shown, e.g., skin temperature and deceleration of a reentry vehicle. 

There are also nontechnical problems: Communications between the manufacturer of 
transducers and the user is often sadly lacking. The user of our measurements, the systems 
engineer, does not really understand how difficult good measurement systems are and is often 
quite cavalier and unreasonable in his demands. We, in turn, often do not have the guts to talk 
back to him, let him justify his demands, and call his bluffs. 

We are often the problems ourselves, overlooking simple approaches in favor of the 
complicated routine measuement systems. (Comments in this vein were of course promoted by 
Shrager's talk.) 

In any nonconventional environment cables create severe problems in the system. (See 
Olson's talk.) It is evident that there is no meaningful laboratory test for cables which matches 
field conditions. One participant, measuring shock loading of cables, found that the results 
were the same with and without transducers. 

The dynamic pressure transducers are in a similar boat: There is no generally accepted 
test procedure, five or six different methods are used. Presently, ferroelectric transducers are 
very much in fashion due to their high sensitivity and high output. We should remember that 
they are very temperature sensitive and that ceramics are not stable with time. 

Speaking about calibration: Laboratory calibration can be quite meaningless if the 
transducers then stay on remote locations for months until they are used. 

Last but not least, and mostly in connection with cable measurements, the compensation 
problem was discussed: Measure the background "separately and subtract it from the total 
measurement." It had to be agreed, that the difference was not necessarily the signal. 
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SPECIAL FACTORS IN THE APPLICATION OF 

SEMICONDUCTOR TRANSDUCERS 

by 

J. c. Kicks, Manager, 
Sales & Product Engineering 

Kulite Semiconductor Products, Inc. 
Ridgefield, New Jersey 

This paper deals with some typical considerations which confront 

the instrumentation engineer when he is given a particular measure-

ment task. 

The first task is to decide whether to use on-hand equipment or 

purchase new. 

Assuming the decision is to purchase, what factors would precipitate 

selection of a diffused diaphragm or semiconductor gaged unit? 

In the case of the diffused diaphragm unit, the following parameters 

are superior to the unbonded or bonded foil or semiconductor gaged 

transducer: 

1. Output - substantially higher 

2. Size and Weight - significantly reduced 

3. Natural Frequency - much higher 

4. Output due to Vibration - insignificant 

5. Frequency Response - flat, without spurious resonances 

6. Survivability - very high due to miniaturization 

In the case of the semiconductor gaged transducer, two points 

emerge as superior to the foil or unbonded type: 

1. Output - higher 

2. Size and Weight - reduced 
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Now, the instrument has to be bough~, usually through an engineering

material chain-of-command. The buyer usually requires that a · 

specification be written. The spec usually emerges considerably· 

different from that 0riginally composed by the engineer due to 

supervisory "interpretation" and material department "boilerplating." 

The supplier receives this document and quotes accordingly. 

If the spec is short, sharp and to the point with a minimum of 

embellishment, the result will be lower price and shorter delivery. 

Obviously, if a catalog item is ordered, this results in quicker 

delivery again. This can be summed up as the most cost effective 

procurement. 

Handling 

This section can be broken down into three areas: 

1. Receiving 

2. Calibration 

3. Installation and Use 

Receiving 

The transducer is packaged using special methods devised to eliminate 

damage both in transit and during receiving. Normal packaging 

procedures were found lacking. The special packing was designed to 

allow a resistance check of the transducer to be made before 

unpacking. 

Calibration - Steady State and Thermal 

During calibration, fixtures should be employed which are identical, 

both from the standpoint of physical configuration and material to 

those in which the transducer will be installed during use. 

Situations can easily arise where transducers are tested against a 
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procurement specification which is inconsistent with the end use. 

This situation can be alleviated by specifications which are 

written to reflect use requirements. 

Calibration - Dynamic 

Dynamic calibration is usually performed by either shock tube 

methods or sinusoidal pressure generators either of the sweep 

or point-by-point type. 

Step Pressure Calibration - Shock Tube Methods 

A substantial amount of work has been done on shock tube theory 

and practice. However, some uses of shock tubes can give rise to 

erroneous calibration data. An item of major importance is to 

ensure that the transducer is mounted in such a manner as to 

isolate it from case compressive loads caused by shock tube firing. 

A recently published report, Reference 1, cautions against the 

indiscriminate use of tubing with a transducer installed some distance 

from the sensing orifice. 

Frequency Response Calibration 

One of the main reasons for the development of the miniature 

semiconductor transducer was the need to measure turbulent airflow 

in small models. The range of interest of the frequency content 

of the data was up to 100 kHz but predominantly de-20kHz 

Consequently, several approaches to the problem of frequency re

sponse calibration were taken. 

1. The Whistle 

The development of a "whistle" type calibrator is fully 

covered in Reference 2. This calibrator has been 

successfully used for frequency response calibration but 

is a point-by-point system. 
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2. Sinusoidal Calib~ator - Infinite Tube ~ 

This approach is based on the measurement system employed 

by G. E. Aircraft Engine Division. The theory of operation 

is described in References 3 and 4. This method offers 

advantages of controlled sweep rate and phase angle 

measurement. Due to its flexibility the system is ideally 

suited for experimental work. Amplitudes of up to 1 psi 

Rrns (171 dba) ar~ attainable. Frequencies of 20 Hz to 

20 kHz have been .achieved. 

3. Sinusoidal Calib:rtator - Siren ~ 

The development of a siren type (rotating orifice disc) 

calibrator has been the subject of considerable research 

by Battelle Memo~ial Institute. Refinements were 

continued until budgeting restrictions precluded further 

work. It was decided during the SST Development Program 

that a calibration system which also included the capability 

0 0 of a temperature range of -65 F to +600 F was needed. 

The siren type was selected for this task and funded from 

Boeing internal funds. Performance characteristics have 

been evaluated and presented by Boeing Company personnel, 

Reference 5. This device has the advantage of high 

peak-to-peak pressures in addition to its temperature 

capability. 

4. Sinusoidal Calibrator - Fluidic Oscillation ~ 

This device employs fluidic oscillators to generate 

desired frequencies. This approach allows the attainment 

of the highest frequencies and has been made commercially 

available. The technical considerations are documented 

in Reference 6. 112 



Mounting 

The question of mounting is always soft vs. hard mount. Soft 

mounting is generally used to isolate the transducer from 

vibration and is usually done by using a material such as RTV 

in copious quantities. 

The obvious plus factor for the use of RTV is in some instances 

that the transducer can be removed and used in other test 

articles. This is not always the case as RTV is difficult to 

dissolve in some installations. 

Hard mounting is generally performed using either epoxy or a 

mechanical clamping method. 

Due to the insensitivity of the diffused diaphragm transducer 

to vibration and shock, the majority of applications utilize the 

hard mount, either by epoxy or mechanical clamping. 

Some mounting methods, particularly where small cross-section is 

required, have used an .080" diameter transducer probe with a 

rubber 0-ring to act as a seal. This type of installation is 

used in some water cooled probes. Where there is a close 

tolerance between the probe and its housing, the components must 

be extremely clean and if a lubricant is used, it must be of a 

type which does not decompose into a solid and affect clearances. 

For these types of fit, close tolerance tubing should be used 

rather than commercial grade. 

Tubing Systems 

The occasion arises when a tube is used to sense the pressure and 

the transducer is mounted some distance from the pressure port. 

Particular attention must be paid to the end of the tube at the 
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sensing point to ensure that the lip and general geometry comply 

with the aerodynamic requirements. Blunt lips are usually 

unsatisfactory but specific criteria are well defined in aero

dynamic textbooks. 

If the tube requires bending, great care must be exercised to 

ensure that the internal surfaces are smooth and do not have any 

"kinks" on the inside of the bend. These surface irregularities 

cause reflected waves which result in unsatisfactory frequency 

response and invalid data if not discovered. Other types of 

discontinuities such as voids and cavities can also cause irregular 

calibration results. 

Protection 

One of the major problems encountered during the last few years 

has been the protection of transducers from debris and heat while 

still maintaining high frequency response. 

Protection Against Damage from Debris 

Consider one of the main applications of the semiconductor transduceri 

namely, intake/engine testing in wind tunnels and test stands. All 

wind tunnels have airstreams which are debris laden to some degree. 

It was found, the hard way, that free stream mounted transducers, 

either with silicon or metal diaphragms, were damaged and/or eroded 

away. Large particles shattered silicon diaphragms and destroyed 

internal elements of steel diaphragm transducers. Small particles 

eroded away metal diaphragms and silicon diaphragms, in that order. 

Various protective devices were developed, Reference 

One method known as the "B" type screen (patent pending) is to use 

a baffle with either a series of peripheral holes or slots which 
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direct the particles onto the machine or supported area of the 

diaphragm, where their energy is absorbed. 

The other alternative is to use a perforated screen. This is 

particularly effective in areas of low particle density, where 

small particles only are present. 

In both cases a light (.001 11 
- .003 11

) coating of RTV has proven 

advantageous in some wind tunnel applications. 

Protection from Thermal Shocks 

The 11 B11 type screen has also been used successfully as a heat 

shield. The location of the holes eliminates direct impingement 

of heat onto the active portion of the diaphragm, resulting in 

either insensitivity to thermal shock, or at least delay in 

the effect if the heat is severe. 

The time honored method of using ablative coatings for heat 

resistance is also successful with this class of transducers. 

Conclusion 

Experiences with silicon semiconductor and semiconductor gaged 

transducers over the last six years have proved several points. 

In summary these are: 

1. The small size attainable by microcircuit techniques 

allows the sensor to be mounted where the data is. 

2. The silicon diaphragm is not more fragile than its metal 

diaphragm counterpart if handled correctly. 

3. The semiconductor approach yields significantly higher 

output. 

4. The natural frequency of the silicon diaphragm transducer 

compared to the metal diaphragm transducer for the same 

size is higher by at least a factor of 5. 
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5. For the measurement of high frequency phenomena, the 

smaller the active diaphragm diameter, the better. 

Reference 

T:1e overall conclusion is that the semiconductor transducer has been 

developed to a level where in many respects it is superior to 

other types of transducers and in many applications it is the only 

device which \vould do t:i1e job. 
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INTEGRAL SILICON TRANSDUCER MOUNTING EXPERIENCE 

E.D. ORTH ' P. CANNON 

GENERAL ELECTRIC COMPANY 

PROCESS AUTOMATION BUSINESS DIVISION 

Introduction 

Demands for performance, lightweight, temperature insensitivity 
and reliability are required by transducer applications. 
Innovation of device mounting processes, such as the Pomerantz
Wallis anodic bonding techniques developed by P.R. Mallory Co.l 
suggests that new approaches to device design, mounting and 
packaging may be timely. Innovation is needed in low hyste-
resis, pressure sensitive, instrument type, transducers for use in 
severe environments, including -40° to +100°C. Our philosophy 
is one of parts/1000 or less for such instrument perameters as 
hysteresis linearity and temperature stability. Our general thrust 
has been the innovation and development of an integral silicon 
transducer. We report progress in the development of pressure 
sensors within this thrust, especially with respect to anodic 
bonding. 

Experimental Procedures 

We have worked with four general types of primary mount: sandwich, 
sandwich with release agent, tube support and tube support with 
cavity (Fig. 1). The bonding systems studied include epoxy cement 
and the anodic process in glass-silicon systems. Most 
of our results, which were somewhat similar for all 4 structures, 
have involved the anodic bonding process. The devices used have 
been "Integral Silicon Transducers" similar to what is shown in 
Fig. 2.2 

Experimental tests have been on the transducer as a fluid 
pressure sensor. A manifold holding twelve transducers was 
pressure loaded by a pneumatic Mansfield-Green/Arnetek dead weight 
secondary standard (model HK-500). The test manifold was immersed 
in a temperature programmable environment (Blue M Electric Co. 
model #1004-3C) and was electronically scanned through a Vidar 
5402 digital data acquisition system ("D-DAS") to a recording 
DVM with six figure resolution (part of the VIDAR DAS). The 
DAS punched paper tape output was run through shared time com
puter data reduction programs. The sensitivity of measurement 
(+.1 uV) was such that the thermal excursion of pressure following 
(adiabatic) step loading of the dead weight tester was normally 
seen. For pressures over 1000 psi an oil-filled dead weight 
tester (Mansfield Green/Ametek Model R-100) was used. 
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Epoxy mount samples were prepared in structure type 1, using Invar 
as a support. Results using Yerman (Fig. 2) high output IST's were 
typically: 

Zero Shift "Span"Output Compensated 
"Span" 

Output,MV/V 

Compensated 
Zero Pressure 
Output MV/V 

with Shift with 
Temperature Temperature 

%/100°F 

1.6 

%/100°F 

.24 12.7 13.5 

Note that "span" output is basically the same quantity as full 
scale output, physically, but is reported as a quantity normalized 
to an applied zero, rather than to the natural zero of the trans
ducer. 

These output and temperature shift values promise very high per
formance, provided a primary mount system could be found which was 
mechanically stable and could reduce temperature effects. Our 
interest in superior stability led us to use the anodic system of 
mounting. We proceeded, using a horizontal tube furnace 
(fig. 3) and a gravity loaded contact electrode as indicated. 
Consistent results were obtained when glass and silicon surface 
finishes were clean and polished. 

A typical sample preparation was as follows: 

Step 1 - TUbe with flat on one end, and 
optically flat silicon device 

2 - Clean parts 
3 - Probe diaphragm 
4 - Wire bond 
5 - Install parts in holding fixtures 
6 - Alignment 
7 - Anodic Bond 
8 - External connection system. 

A salient challenge is to limit the bond so that the active 
area of the transducer is precisely defined. This can most 
easily be done by mounting over a tube or cavity and a premium is 
thus placed on the use of gage patterns which minimize the effects 
of nonregistration on performance. 
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Data for typical anodically bonded transducers are compared with 
results for epoxy bonding below. 

General Comparison - Anodic & Epoxy Bonding 

Anodic 
Bond 

Epoxy 

zero Shift 
with 

Temperature 

%/100°F 

-.098(+212°F} 
-.14 (-40°F} 

W/C 

+.52 (+212°F) 
-. 73 (-40°F) 

N/C 

+.78 

"Span" Output 
Shift with 

Temperature 

%/100°F 

-.18 (900 psi) 
-.20 

W/C 

+.09 (40 psi) 
+.08 

W/C 

+.12 (300 psi) 

Compensated 
"Span" 
Output 

MV/V 

12.9 

12.7 

Compensated Zero 
Pressure 

Output 

MV/V 

.42 

13.5 

N/C = no compensator W/C = with compensator 

Hysteresis of Epoxy and Anodically Bonded Transducers 

(% Full Scale Output) 

Epoxy mount 
on invar 

IST's anodically bonded 
to glass tubes 

"window frame" 
IST on a 7740 
pyrex cantilever 
anodically bonded. 

.1 
(300 psi) 

X'= 0.022 
CT = 0. 030 

.64 one of one 
200 gm load 

The data showed some sensitivity to gage pattern, and in an 
extreme test, an integral "window frame" gage pattern (after 
Fenner)3 allowed direct measurement of the creep of the glass 
support. The test configuration was a little different (Fig. 4) 
but the results show clearly the mounting system is not so 
critical a limit on observed hysteresis as is poor choice of 
transducer pattern and mount design. In general, hysteresis 
can be expected to scale with the range of pressure applied, 
and our data do show such a correlation. 
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Another important indicator for early screening of a pattern 
and motinting system is behavior under extended static and 
cyclic load. Experience with 4 samples subjected to long term 
statiC load (1000 psi for 1000 hrs.) and 6 samples subjected 
to cyclical loading (lOS cycles in 500 hrs.) has been no bond 
failures. During the course of our program we have bonded 
approximately 200 diaphragms to 7740 pyrex glass tubes. The 
yield of successful bonds has been in excess of 95%. 
We have found that simple tools and easily made alignment and 
holding fixtures can be used. The low temperatures involved 
by the process compared with those used in usual glass sealing 
procedures does much to simplify transducer assembly. 

Summarizing the data show that a tube-mounted IST, mounted 
using the anodic bond, can give a simple measurement 
device having unusually good characteristics, especially as 
concerns hysteresis, sensitivity and temperature compensation 
characteristics. Secondary mount design further allows an 
unusually wide range of measurement application. It has become 
apparent to us that this bonding system removes the uncertainties 
which we have been used to in strain gage epoxy bonding, leaving 
the classical question of gage and external shroud design more 
clearly accessible than ever before. 
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STRAIN GAGE CONFIGURATION 
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ELECTRIC FIELD ASSISTED BONDING 

George Wallis 

P • R • Mallory & Co . Inc . 
Laboratory For Physical Science 

Northwest Industrial Park 
Burlington, Massachusetts 01803 

Some four years ago, we announced a new glass sealing technique(!) 

which was felt to be unique in several important respects. (1) The surfaces 

remained solid during the sealing process; (2) no foreign materials such as 

adhesives or fluxes or solvents were utilized; (3) the seals were made at 

relatively low temperatures. Some resulting advantageous features of the 

seal become immediately obvious: since the glass remains solid during sealing, 

no macro-distortion will take place; if the glass acts as a structural member 

extremely close dimensional tolerances can be realized; if the glass has an 

optical function, an ability to make distortionless seals is of particular 

importance; in vacuum and in device applications it is a desirable feature 

that seals can be made without the use of fluxes or solvents which might give 

trouble as contaminants; the low sealing temperature broadens the area of 

application to devices whose characteristics deteriorate at higher temperatures. 

Thus, the new glass sealing technique appears to have broad applications in 

optics and electron optics, in vacuum technology and in the encapsulation: and 

mounting of electronic components in general, and of electronic strain gauges 

in particular. 

The genera 1 features of the sea ling method will be described using as 

an example a seal of an iron-nickel-cobalt alloy such as Kovar to a matching. 

glass such as Corning #7052 or #7056(Z). The faces that are to be sealed are 
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first lapped and polished so that they are both 1 flat and smooth. After a 

thorough clean-up they are placed on top of each other and heated to a 

temperature that is typically in the range 400°C to 550°C. A DC voltage 

of about 1 OOOV is then applied between the alloy and the glass such that the 

glass is at a negative potential with respect to the alloy. If this voltage 

is maintained for more than a few seconds one finds that the glass and the 

alloy form a strong hermetic bond. 

One of. the important process parameters is temperature. In general 

the annealing temperature of the glass is a good choice. In some special 

cases much lower bonding temperatures are practical. For instance the 

annealing temperature of Corning #7052 glass is 480°C, yet good Kovar-#7052 

seals have been made at 350°C. Similarly I though the annealing point of 

pyrex #7740 is 565°C I seals of pyrex to silicon are feasible at a temperature 

0 
as low as 300 C. 

The voltage is generally in the range 50 to 1000 volts with the optimum 

value depending on the temperature and the geometry. If the voltage is applied 

after the parts have reached a steady temperature 1 a plot of current versus 

time resembles the charging curve of a capacitor 1 i.e. a relatively large initial 

current decays more or less exponentially with time. In some applications it 

is preferable to apply the voltage at a low temperature and maintain it while 

the parts heat up and dwell at the bonding temperature. 

A sealing time of one to five minutes is typical. In general I a longer 
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time is required if the sealing temperature and voltage are relatively low. 

The surface conditions of the parts are most important. Unless 

the parts mate very closely and are quite smooth, they will not form strong 

hermetic bonds. Most of our sealing has been done with surfaces having 

a finish of about 1 f in. RMS. Under these conditions no preoxidation of the 

metal surfaces is required I but usually a very thin oxide layer forms during 

the sealing operation. In the case of preoxidized Kovar good seals have been 

found feasible to surfaces that had a roughness of up to 6 pin. 

A convenient criterion for the preferred surface mating and surface 

smoothness is that I when the glass is placed on the metal 1 the parts should 

be sufficiently close so as to give rise to interference fringes. Furthermore I 

with the glass lightly pushed against the metal I no more than 4 or 5 interference 

fringes should be visible over a linear distance of 1 in. 

As in conventional glass-metal sealing I it is generally advantageous 

to select glass and metal parts with closely matching coefficients of thermal 

expansion. However I when the parts are in the form of thin foils or films I 

seals to non-matching materials are feasible. 

For obvious reasons I most of our work has been done in room air. No 

attempt has been made to control the humidity. However I some systems have 

also been sealed in oxygen 1 steam 1 nitrogen 1 hydrogen 1 argon and in vacuum. 

The process works for a large number of glass-metal systems. A 

partial list of materials is shown in Table i. 
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A discussion of the mechanisms that promote low temperature sealing 

is beyond the scope of this talk(J). Essentially 1 the application of a 

voltage produces a very high electric field at the glass-metal interface 

which (a) provides an electrostatic force which pulls the surfaces that are 

to be sealed into intimate physical contact I and (b) facilitates the transfer 

of ions from the metal into the glass and vice versa. For this reason the 

technique has been named "Field-Assisted Glass Sealing". 

So far the discussion has been limited to glass-metal sealing which 

has been studied most extei)sively. More recently it has been found that 

field-assisted glass sealing also has applications in the sealing of glass to 

glass and in the bonding of semiconductor to semiconductor. Several glasses 

were found that were sealable at unusually low temperatures when a voltage 

was applied. Other glass to glass seals were made by first coating one of 

the glasses with a metallic film (e.g. aluminum) and sealing the uncoated to 

the coated surface. 

Bonds of silicon to silicon have been made by two methods. In our 

laboratory we provided the silicon faces with fairly thick films of thermal 

oxide and then used an electric field to bond the two oxide films to each other 1 

thus producing a sandwich of silicon-silicon dioxide-silicon (4). At the 

Research Triangle Institute I Brooks I Donovan and Hardest)S) coated one of 

the silicon surfaces with a glass layer to which they bonded the second 

silicon surface. Their method undoubtedly is applicable to other semiconductors 

and metals. 
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Shortly after the sealing technique was publicly described I its 

possible application to the mounting of strain gauges was proposed. In one 

approach it was suggested that it might be practical to use a thin glass 

layer as the "cement" that bonds a silicon strain gauge to a metallic structure. 

Like the glass frit that is utilized for mounting purposes by some groups 1 a 

layer of solid glass "cement" would be far superior to more traditional 

adhesives such as the various epoxies in that mechanical creep would be 

greatly reduced and the temperature capabilities of the bond would be 

significantly increased. A solid glass layer might be preferable to a glass 

frit in several ways. 

0 1) At a relatively low bonding temperature I say around 300 C to 

350°C, a layer of glass frit usually fails to match the silicon with regard to 

thermal expansion. By contrast 1 field-assisted sealing would permit the 

selection of glasses that match silicon extremely closely. 

2) Jigging and fixturing would be easier 1 and alignment more accurate 1 

if no liquid phase is present. 

3) Provided the surfaces are smooth and clean 1 very uniform and 

reliable bonds I free of bubbles I are obtainable by the field assisted technique. 

Preliminary experiments in our laboratory indicated that it was indeed 

feasible by means of our method to seal silicon strain gauges to metallic 

members by way of a thin solid glass layer. Good results were obtained pro-

vided the three materials-silicon I glass, and substrate-had closely matched 
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coefficients of thermal expansion. The same approach could probably be 

applied also to metallic foil gauges. 

In another approach, the glass itself is the structural member to 

which the strain gauge is bonded. This approach has been thoroughly 

explored by Cannon and Orth of GE who will describe their very ingenious 

work in the next talk (G). 

In a third approach, the silicon strain gauge is attached to a 

silicon structural member. This is a favored configuration for precision 

work since it eliminates any differences in thermal expansion between gauge 

and support. Two options would seem to be of interest. In one}he method 

described in ref. 4 could be used to bond the gauge to the silicon support 

through an intermediate layer of silicon dioxide. The resulting structure 

should have a very large range of operating temperature. 

A different approach was taken by the group from the Research Triangle 

Institute (ref. 5) who used a sputtered glass layer as the intermediary between 

the silicon gauge and the silicon support. Because glass softens at much 

lower temperature than oxide, their structure presumably has a more narrow 

range of operating temperature. Yet within this range it may have superior 

characteristics because unlike the oxide layer the glass film should have almost 

the same thermal expansion characteristics as the silicon. 
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I. Insulators 

A. Glasses: 

B. Ceramics: 

II. Conductors 

Borosilicate, aluminosilicate, sodalime, fiberoptics, 

chemcor tempered glass, fused quartz 

CerVIT, porcelain, glazed alumina 

A. Metals in Bulk: Ta, Ti, Be, Mo, Co-Ni-Fe 

B. Semiconductors: Si, Ge, GaAs 

C. Metals as Films or Foils: Al, Ni, Cr, B 

TABLE 1. Materials that have been sealed by the field assisted procedure. 
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ABSTRACT: 

A SEMI CONDUCTOR STRAIN GAGE 
MOMENT DETECTOR TRANSDUCER 

BY HERMAN ERICHSEN 
TYCO INSTRUMENT DIVISION 

WATERTOWN, MASSACHUSETTS 02172 

A new semi-conductor strain gage moment detector transducer 
has been developed. This transducer is the "Key Component" of a 
unique Electronic Moment weight scale utilized for turbine blade 
balancing. This system takes into account both the weight and 
the e.G. of the blade so dynamic balance, in end use, can be 
predicted with a rapid static test. 

The transducer is unique in that the design characteristics 
were "peaked" to the requirements of the system and the end appli
cation instead of building a system about an available general pur
pose transducer. 

INTRODUCTION: 
The moment-detector transducer described was designed for one 

specific application. That application is; the moment-weighing of 

jet engine fan, turbine, and compressor blades at their "in use" 

mounting radius. 

Moment-weight measurements of these blades have become increas

ingly important. Dynamic balancing requirements for the fan, tur

bine and compressor wheels were becoming more and more critical as 

size and r.p.m. were increased. A device for measuring the moment 

weight of the blade at its "running" radius would simplify the dy

namic balancing process and the measurement could be made statically. 

The measurement, however, is extremely difficult to make. Blad

es having a moment weight of 3600 to 4000 Oz in, at their running 

radius, have to be measured to an accuracy of ±0.1 Oz in. Anum

ber of devices had been in use. The most accurate being an analy

tical balance device to measure the mass and a second instrument 
for measuring the CG. of the blade. The devices used, however, 

were slow, had to be operated in a laboratory environment and re

quired calculations to determine moment weight at the running 

radius. A number of transducer based systems were also tried using 

standard or available load cells, reaction torgue meters, e.G meters 
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etc. None of these systems were adequate. For this reason it was 

decided to develop a transducer system for this specific application. 

THEORY OF MOMENT-WEIGHT BALANCING: 
Fig. 1 represents a fan or compressor wheel of radius (r) with 

blades, Ml and M2, mounted on it. The distances of the center of 

gravity of these blades from the rim of the wheel are represented 

by d, and d 2 • The condition for the wheel to be in dynamic balance 

(in the plane of the wheel) is: 

Where~is the angular velocity of the wheel. 

Thus if two blades weigh the same (M1 = M2 ) the wheel is in dynamic 

balance if di = d 2 . However if the moment weight of the blade about 

its "running" radius is measured, it actually' establishes a number 

for the quantity~ (dn + r). Thus two blades having the same value 

for Mn (dn + r) will be in dynamic balance on a wheel having the 

same mounting radius as that at which the blade was measured. 

SYSTEM CONCEPT: 
The system contemplated for use is shown schematically in Fig. 2. 

The electronic read out, standard weights and mounting fixtures are 

of course relatively straight forward problems. The gating compon

ent in the system is the transducer. 

Previous experience indicated that a moment or torque (reaction 

type) transducer showed the most promise. However, a device that 

would read the moment weight directly to the required accuracy. 

(± .0025%) was not feasible. The transducer would have the approx

imate the requirements of an analytical beam balance. That is the 

moment weight of the blade would be partially counter balanced 

standard weights and the transducer would read the difference be

tween the standard and the unkown (blade) moment. 

The design characterstics established for the transducer be-

yond the fact that it would be a strain gage device were. 

1. Measuring Range ± 50 Oz in 

2. Accuracy ± .1 Oz in 

3. Temp. Range 80°F ± 30°F 

4. Overload Range ± 5000 Oz in 
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5. Operate within the specifications in the load and force 

conditions shown in Fig. 2. 

6. Balancing Time: 5 seconds 

7. Rotation at full load ±50- oz in : <± 1.0° 

8. Fixturing-for different blades-blade running radius. Stand

ard weights and blade holders must be easily set up, ie the 

end system must be versatile. 

TRANSDUCER DESIGN: 
The transducer designed for this application is shown in Fig.4. 

The floating head Part 1 is the interface, {input) point between 

the transducer and the blade and fixture assembly. It is connected 

to the mounting base (2,) by an elastic support (3). In addition 

a sensor or strain sensing element is attached between the base {2) 

and the floating head. These are the "Key" components in the trans

ducer. In operation an input moment M. to this floating head, will 

cause the support beam to bend according to the laws of elasticity 

and the head will rotate an angle a with respect to the base such 

that: 

3 
I = b3 "h3 

3 12. SEE F1~. +B 

M =MOMENT APPLIED 

E =MODULUS OF ELASTICITY 

Since the input is a pure moment, the support beam will deflect 

with a constant radius of curvature. Therefore, the head rotates 

around the halfway point of the support element. This is the point 

at which the sensing element passes through the support beam. The 

sensing element also being attached between the floating head and 

the base will bend to match the slope between head and base ie: 

angle e. 
The sensing element is centered in the axis of rotation, there

fore, only a pure moment is necessary to satisfy the end conditions. 
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The fact that the sensing element is subjected to a "pure" bending 

moment implies that the least amount of strain energy is required to 

satisfy its end conditions. 

The support beam is much larger and stiffer than the sensing 

element. Therefore when an input moment M is applied to the sys

tem a large percentage of it(M3)is absorbed by the support element. 

The elastic constants of the support beam, b 3 h 3 L3 an E3 are shown 

in Fig. 4B thus: 

and the stress in the beam is: 

Similarly for the sensing element whose elastic constants are 

b 4 h 4 L4 and E4 as shown in Fig. 4C. 

Thus: 

and the stress in the sensing element: 
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The elastic constants for the two elements are selected to 

achieve the following characterstics: 

1. M3 >> M4 Note: M3 + M4 = M the input moment. 

2. The stress in the support element due to moment (M3 ) is small 

3. The cross sectional area of the support element b 3 x h 3 is 

as large as possible to mimimize the axial stress on 3 prod

uced by the vertical load Fv (See Fig. 2.) 

(This is the real "Key" to the successful operation of the 

unit) 

When these conditions are met, and optimized, the sensing element 

(4) acts as an angular extensometer its curvature being much great

er then that of the support element since L4 is much shorter then 

L3. Yet the moment it absorbs (M4 ) is much less than M3 because 

<<b4 h 4 3<<b3 h 3 . While the stress/strain produced determines the 

output of the strain gages applied to the sensing element. 

Semi-conductor strain gages were chosen for this application. 

Their small size permitted the sensing element elastic constants 

b 4 ,h4 ,L4 to be made extremely small. This allowed greater design 

latitude in selection of relative elastic parameters between the 

support member and the sensing element. 

In the completed design two extra flexures were added, between 

the head and the base as shown in Fig. 5. These were to protect 

the unit from forces and torques, perpendicular to the sensing plane, 

that could be incurred during mounting of the blade, or accidentally. 

In addition the device was provided with internal stops, as shown in 

Fig. 5 to meet the requirements of overload protection. 

As the design/development progressed it became obvious that 

the transducer would have to be damped to achieve the required 

balancing time of 5 seconds. Using dash pots externally, in the 

fixturing, would have severely limited the desired versatility 

o£ the blade balancing system. Therefore it was decided that 

the damping should be an integral part of the transducer. 

The size and construction of moment detector plus the high 

polar moments of inertia we were faced with did not allow us to 

use the normal damping techniques-(dash pots, magnetic etc.) The 
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damping system finally devised is shown in Fig. 6. A & Bare 

bellows which are fastened between the floating head and the base 

(2) so that an angular displacement of the head will cause a com

pression in one bellows and an extension in the other. They are 

located symetrically with respect to the center line of the support 

element. This allows the bellows to rotate about their half length 

minimizing the moment they absorb. The bellows are connected 

hydraulically through the oil passage D. The entire bellows sys

tem is completely filled with silicone oil. For the head to ro

tate an angle 8 Fig. 6 oil must flow from bellows A to B through 

the passage D. According to Poiseuille the difference in pressure 

~P across an oil passage of length L is: 

A p _ 32 }2.,t. 
~ - cf!. 

Wherel}= the viscosity of the oil 

d = the diameter of the tube 
• x = velocity of the oil 

For an angular velocity the velocity at which the bellows 

(A & B) will be displaced is given by re (where r is the 

distance of the bellows from the center of rotation) 

The velocity (x) of the oil thru the passage (D) is: 

2.. 

X =,.6 DA 
Do 

DA = Effective diameter of the bellows 

D0 = Diameter of the passage 

Therefore 1 from Poiseuilles equation, for the system; 
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The moment Mr required to produce ~P is 

M,.-

The moment (Mr) is then proportional to the angular velocity 

8the prerequisite for true viscous damping. Of course this only 

holds for laminar flow. The damping coefficient R. for the system 

is then: 
871" D.l. DA4-y 

R = o;+ 

The damping coefficient shown relates to the equation of motion 

of an angular system. 

ie: 

Where 

•• • 
M=JS+R9+K9 

M = input moment 

J = Polar moment of inertia 

K = Angular Spring Constant 

The damping coefficient R. is tailored to the damping require

ment of the transducer by varying the diameter of tube (Dd diameter 

of bellows A & B and the viscosity of the oil. In its final form 

these parameters were chosen so that the transducer was over damped 

when lightly loaded and underdamped when operating fully loaded. 

This set up allowed us to meet the 5 second balancing time through 

out the operating range. 

The third bellows, shown (C),is used to permit expansion of 

this oil with an increase in temperature. Since this is a closed 

system, oil expansion would result in large vertical forces act

ing between the base and the head. The third bellows relieves 

these forces. The oil passage to this bellows is extremly small 

in diameter relative to the diameter of D. It therefore appears 

as a blocked passage to the high velocity flow, of oil, associated 
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with the damping function. For this reason while it effectively 

allows for expansion of the oil due to normally slow temperature 

change it has a negligible effect on the damping function. 

CONCLUSION: 
The moment-detector developed specifically for this application 

had to meet a number of requirements standard or general purpose 

transducers could not. In effect the end system required a trans

ducer having characteristics similar to a beam balance. Yet it had 

to be rugged, versatile and easy to operate, Ruggedness versatility 

and ease of operation are usually inherent in any good transducer. 

A general purpose transducer is usually a series of trade off's on 

characteristics. Standard or available moment transducers in the 

± 50 oz in range could not support the vertical force required, nor 

did they include integral damping. However by "peaking" the moment 

detector transducer for high vertical force capability and including 

damping, at the expense of size and stiffness a transducer was 

manufactured that meets the requirements. This transducer the 

model DQA is the key to a line of blade balancers now in use by 

Pratt & Whitney Aircraft as a production tool on the JT engine 

and as a repair shop tool by most of the airlines. 
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ABSTRACT 

Certain Aystematic errors that have been encountered in piezoelectric 

transducers using poly-crystalline ferroelectric ceramic sensing elements 

are shown to be related to the inherent qualities of the crystal sensor. 

The errors of zero-shift, charge sensitivity change vs frequency, and charge 

sensitivity-voltage sensitivity deviation are partly a function of polariza

tion switching in the crystal sensing element. Tests were run which show 

that the amount of energy required to cause this switching is very low, 

less than li of the typical maximum stress level allowed by the design of 

the transducer. Therefore, mechanical stress is more than adequate to cause 

sw1 tching and, thus, errors in output. 
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ERRORS IN CRYSTAL TRANSDUCERS 

I. Introduction 

External influences on mechanical objects can often be inferred by 

measuring the external infiuence (i.e., acceleration, pressure} into an 

electrical. output (i.e., voltage, charge). These electrical outputs 

should in general behave in some predictable manner in response to the 

mechanical input. There are many types of transducers that will provide 

this transformation. When non-linear or unpredictable responses begin 

to show up in the electrical outputs, errors in the vaJ.ues taken for the 

mechanical inputs begin to show themselves. Some of the errors associ

ated with the self-generating seismic system transducers will be dealt 

with in this paper. The· sensing elements in the transducers of interest 

are classed as either ~artz or ferroelectric ceramic crystals and as 

such obtain their outputs from their piezoelectric quality. 

Various condi tiona both internal and external to transducer crystal 

elements can cause deviation from the expected behavior of the electri

cal output with mechanical input. A few of these conditions are changes 

in temperature, humidity, and stress levels. When any of these condi

tions occur, errors occur in the electrical outputs. The errors of 

interest here are (l) transducer electrical zero sbift1 (2) sensitivity 

changes with frequency, and (3) sensitivity changes with monitoring mode. 

Many of the experiments conducted used accelerometers as a transducer 

since they were readily available. 
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II. Zero Shift 

This study was prompted by the unexplained appearance of zero shifts 

in the acceleration-vs-time signatures of the ferroelectric accelerometers 

used in test items that were being tested in Sandia Laboratories 1 18-inch 

actuator. The presence of this zero shift invalidates any data that can 

be derived from the acceleration-time signatures. A sample of these 

acceleration-time signatures is shown in Figure 1. 

Many of the available piezoelectric accelerometers show a zero

shift in the electrical. output when the accelerometer is subjected to 

transient accelerations. This zero shift is more prevalent with some 

types of sensing elements. Tests conducted on the 18-inch actuator pro

vided an environment that repeatedly produced zero shifts in accelerom

eter outputs. Both quartz and ferroelectric ceramic crystal accelerom

eters were used to determine the differences in the amount of zero shift 

exhibited by the two crystal types. The quartz accelerometers showed no 

zero shift, while the ferroelectric accelerometers showed repeatable 

shifts up to 20~ of the faired response output. Typical acceleration

time signatures from piezoresistive, ferroelectric, and quartz acceler

ometers are shown in Figures 2 and 3. These tests indicated that the 

ferroelectric ceramic crystal elements were more susceptible to zero 

shift than were cut quartz crystal elements subjected to similar environ

ments. 

A. Tests 

Tests were run on the ferroelectric ceramic crystals to determine 

the cause of the zero shift. Two types of tests were conducted on 
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Endevco 2222A and 2220Ml accelerometers which had lead-zirconate

titinate ceramic ferroelectric sensing elements. 

Tests of (1) major hysteresis loops, and ( 2) minor hysteresis 

loops were conducted. The hysteresis loop tests were conducted by 

R. H. Plumlee, Org. 5153. 

B. Major Hysteresis Loop Tests 

The major hysteresis loops were run on the ceramic crystals to 

determine the "hardness" of the element. The circuit used to de

termine the loops is shown in Figure 4. The hardness of a crystal 

is a qualitative measure of the ease with which the polarization 

vector can be reversed by applying the proper electric field to the 

crystal.. When the ferroelectric element is used as an accelerom

eter, the harder the crystal the better. With a hard element, the 

polarization cannot be easily changed by externally imposed elec

tric fields or mechanical stresses. One disadvantage of the hard 

cr,ystal is that the piezoelectric constants cannot be easily 

modeled to suit a particular purpose. 

C. Minor Hysteresis Loop Tests 

Minor hysteresis loops were run on these crystal elements; 

the same circuit used for the major loops was employed to deter

mine whether a small voltage impressed across the crystal. could 

cause a polarization shift. It was found in the ferroelectric 

elements tested that the crystals were po~arized in one direction 

and the output leads were attached in a direction perpendicular 

to the polarization direction. Therefore, any voltage across the 
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output terminals of the device woul.d create an el.ectric fiel.d 

whose direction woul.d be perpendicul.a.r to the pol.arization 

direction. In a "soft" crystal., this could be detrimental. be

cause the field would tend to cause a rotation of the polariza

tion direction. In hard crystal, there is very l.ittl.e hysteresis 

because of the l.ack of pol.arization shift when the E-fiel.d is 

appl.ied. The inner l.oop for this crystal woul.d then be a 

degenerate loop or a l.ine. In the soft crystal. materials, a 

polarization direction shift would exist when the E-fiel.d is 

appl.ied; this would result in a hysteresis l.oop whose magnitude 

would be rel.ated to the impressed E-fiel.d. An el.ectric fiel.d is 

produced during operation of the device in the vol.tage monitor-

ing mode because of the accel.eration induced vol.tage output of 

the crystal. If this el.ectric fiel.d were sufficientl.y large, the 

polarization shift or rotation would manifest itself as an energy 

change which coul.d account for zero shifts. It was also noted 

that zero shifts were more preval.ent in accel.eration-time signa-

tures exhibiting a high-frequency content. 

The hysteresis loops were measured on an X-Y plotter. Vx is 

proportional. to the field across the crystal, and Vy is pro

portional to the polarization of the crystal.. The resul.ting loop 

shows the 'W8¥ the polarization vector shifts with respect to im-

pressed voltage. Represen~ti ve major and minol' loops are shown 

1n Figures 5 and 6, respectively. The major loops show that the 
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ceramic element used in the ferroelectric accelerometers is a 

fairly soft crystal., because the polarization vector is easily 

shifted. The minor loops show that appreciable amounts of 

polarization shift could be caused by very low voltages. A 

plot of hysteresis at zero field developed by the minor loop 

voltage excursions is given in Figure 7. Table I gives the data 

used in deriving the zero field hysteresis plot. The minor loops 

were run on new crystal elements that had not had a major hyster-

esis loop run on them. 

D. Hysteresis Loop Results 

The various hysteresis loop tests indicate that the soft 

ferroelectric crystal elements are easily switched by electrical 

means and, therefore, by mechanical means. The mechanism for de-

riving in the accelerometers used piezoelectric output from ceramic 

crystaJ.s is assumed< 2>to be the following four parts: 

1. Stress induced transient moment. 

2. External E-field induced transient moment. 

3. Stress induced polarization shift. 

4. External. E-field induced polarization shift. 

Parts 1 and 2 relax immediately when the stress is removed; parts 

3 and 4 relax very slowly with a wide range of time constants. 

Part 3 would add to the output of' the accelerometer whUe 4 would 

subtract from the output. The zero shifts experienced can be in 

part contributed to the lack of exact cancellation of' parts 3 and 

4. The contribution of 3 would be the more constant of the two 
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parts because the effect of 4 will be a function of line length. 

This dependence is due to the voltage divider action of the 

shunt capacitance. In the limit with 1nfin1 te line length, the 

crystal element would be operating in the charge mode and the 

effect of 4 would be eliminated. 

III. GeneraJ. Sensitivity Changes With Frequency 

Piezoelectric accelerometer outputs should be directly related to 

the mechanical input being measured. Changes in the behavior of the 

transducer crystal element while the measurement is being taken should 

not contribute significantly to the output of the transducer. Idea.J.J.y, 

the transducer output should be proportional to the forcing function 

equation. In a single degree of freedom, seismic mass transducer this 

equation(3) is 

Y= 

where y 

h 

[ 
= displacement of mass With respect 

to base of accelerometer. 

= acceleration of the base of the 
accelerometer. (Assumed sinusoidal 
acceleration.) 

= damping factor. 

The transducer electrical output is proportional to the val.ue of Y 

since this determines the amount that the crystal element is distorted 

during the measurement cycle. Since y is frequency dependent, so is 

the transducer output. Still, the output should be proportional to Y 

and no extraneous contributions should be seen in the output. 

156 



IV. Charge Sensitivity vs Frequency 

Charge output vs frequency of several transducers with different 

sensing elements were compared to determine how closely the electrical 

responses would agree with the assu!ned transducer structure equation. 

Figure 8 shows an NBS calibration(S) of an Endevco 2271A accelerometer. 

Figures 9 and 10 show Sandia Corporation calibrations< 4) of an Endevco 

222!M2 and a Kistler 8o5A 1 respectively. The calibration standard used 

in the Sandia calibration was an NBS cal.ibrated 8o8K1. The sensing 

elements in the transducers are as follows: 

mDEVOO 2271A 

mDEVOO 2225M2 

KISTLER 8o5A 
KISTLER 8o&n 

SN UC18 
SN LA78 
SN 1499 

SN 1889 

P-10 Ceramic Ferroelectric 

P-6 PZT 

Quartz 

Quartz 

As can be seen by the charge sensitivity vs frequency plots, the 

quartz and P-10 element transducers respond in a manner closely predict-

ed by the structure equation. The PZT element transducer bas an unfore-

seen drop in sensitivity with increasing frequency until the sensitivity 

rise accompanying structure resonance becomes great enough to overcome 

this anoma:ly. In the case of the quartz and P-10 element transducers, 

a basic sensitivity in the linear range is easily obtained while with 

the P-6 element transducer some kind of a compromise value will have to 

be used. 

In tests(l)( 2) that were run on various ceramic crystal elements to 

determine their electrical hardness, the P-6 was fairly soft while the 

P-10 is almost unswitchable at room temperature. The results from the 

charge sensitivity vs frequency plots seem to indicate that the 
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electrically bard crystal elements (P-10, quartz) behave much better 

than the electrically soft crystal element (P-6). 

V. Charge Sensitivity - Voltage Sensitivity Deviation 

Experiments ( 6) (7) were conducted on transducers having PZT sensing 

elements (P-8) and transducers having quartz sensing elements to deter-

mine whether monitoring the transducer response in the voltage mode 

would be any different than that measured in the charge mode. These 

tests were run on a shaker With a swi tchable voltage-charge amplifier as 

the signal conditioner. The results of the comparisons are shown in 

Figures 11 and 12 for the P-8 sensing element, and in Figures 13 and 14 

for the quartz element. 

The voltage and charge vs frequency plots for the quartz element 

show very good agreement With one another. This would -indicate that the 

mode in which the transducer output was monitored would have little 

effect on the results obtained. The same plots for the P-8 element 

transducer show a fairly large divergence. If one were to take the 

lowest frequency(30 Hz) output as reference, the deviation in output 

for this transducer would be on the order of 5~ at 5 KHz. In looking 

at the P-8 transducer output plots, one would tend to use the voltage 

mode because of the relatively flat response w1 th frequency in this mode. 

The mechanism that may be responsible for the voltage-charge devia-

tion in the PZT crystal element is the assumed way in which the piezo-

electric output is derived in the ferroelectric ceramic crystal. Again, 

the output in the ferroelectric accelerometers tested can be derived 

through four basic actions: 
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1. Stress induced transient moment. 

2. External. E-field induced transient moment. 

3. Stress induced polarization shift. 

4. External. E-field induced polarization shift. 

The action of 3 has been shown ( 5) to be frequency dependent. In other 

words 1 the amount of polarization shift is a function of the length of 

time that the stress is applied. Now 1 in the charge mode 1 both actions 

2 and 4 are essentially eliminated. 1 and 3 are additive and since the 

contribution from 3 decreases with frequency 1 the overall charge sensi

tivity will be a decreasing function of frequency until the area of 

resonant frequency is approached. With a crystal. element that is ex-

tremely hard to switch, the effect of 3 can be minimized and a transducer 

with a flatter charge sensitivity vs frequency can be real.ized. In the 

voltage mode, 1 1 2, and 3 add while the effect of 4 subtracts and some

what offsets the effect of 3 since 3 and 4 are both frequency dependent 

and opposite in sign. Therefore 1 the output in the voltage mode can be 

much more well-behaved. The action of 4, however, is a function of ex

ternal. cable length since the voltage across the crystal. element is a 

function of the external. shunt capacitance. As for the quartz element, 

you have no 3 and 4 and 1 therefore 1 there should be good agreement be-

tween charge sensitivity and voltage sensitivity. 

VI. Conclusions and Recommendations 

These experiments and comparisons indicate that transducers which 

use soft ferroelectric sensing elements may be easily depolarized by 

mechanical means. The amount of switching done seems to be a function 

of' frequency. The errors of' zero-shift 1 charge sensitivity change w1 th 
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frequency, and Charge ·sensitivity-voltage sensitivity deviation can in 

part be related to the internal behavior of the ferroelectric sensing 

element. A possible way to help eliminate these errors is to pick trans

ducer ferroelectric sensors that are electrically very hard and almost 

unswitchable at room temperature. Another possibility is to use quartz 

or piezoresistive element transducers in areas where the errors dis

cussed become important. 
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TABLE I 

Data Used For Log/Log Plot of Hysteresis at 
Zero Field Developed by Minor Loop Voltage Excursions 

A. Accelerometer Endevco Model 2220 Ml, Serial No. KB14. 

Max Loop Voltage 
Applied 

5 
'1.5 

10 
15 
15 
20 
25 
30 
35 
40 
50 
50 
50 
'15 

100 
150 
200 
250 
300 

APr 
Hysteresis at Zero Field 

(Coulombs x 10 _g) 

0.12 
0.25 
0.40 
0.80 
0.'15 
1.35 
2.47 
3.40 
4.10 
5.25 
8.25 
9.50 
9.'10 

19.9 
33.8 
'17.0 

131.0 
206.0 
320.0 

B. Accelerometer Endevco Model 2222A, Serial No. VF41. 

5V .12 
'1 .1'1 
'1.3 • 27 

10 .42 
10 .40 
15 .'12 
20 1.20 
50 '1.50 
50 6.25 
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Figure 6. Minor hysteresis loops of ferroelectric ceramic crystals 
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Figure 13. Charge Sensitivity and Voltage Sensitivity Converted 
to Charge vs Frequency for Kistler 8o5A SN 1123 
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DISCUSSION SUMMARY 

SESSION II 

Crystals, Piezoresistance, and Strain Gages 

Papers: Kicks, Orth & Cannon, Wallis, Erichsen, and Davis 

Highlights of the Discussion Period: 

The second session was opened by the session chairman and the format was presented. The 
panel/speakers were introducted and the order of paper presentations was given. It was noted 
that two of the papers scheduled in the preliminary program would not be presented. It was 
also noted that copies of all of the papers were not available at that time, but could be 
obtained by contacting the speaker. 

Five papers were presented on subjects relating to crystal, piezoresistive and strain gage 
transducers as scheduled. 

The session was then opened to discussion, and the panel was opened to questions from 
the floor. In the absence of immediate questions from the floor, the chairman initiated the 
discussion with a description of the silicon-disk type of pressure transducer currently used in 
measuring blast pressures at the Air Force Weapons Laboratory. A cursory description of the 
transducer and the fact that a bonding joint of silicon-to-metal was required in its fabrication 
prompted a discussion of the bonding technique. It was suggested that the Electric Field 
Assisted Bonding Technique, as described in the first paper, could be adapted and that 
probably lower values of hysteresis in the transducer could be realized. Other discussion 
ensued on techniques and materials of sealing and bonding and on results of performance tests 
on transducers employing the techniques. Definite improvements in long-term performance 
were experienced as a result .. 

The cost-vs.-reliability (accuracy and mean-time-before-failure) of transducers was touched 
on. The indication was that American transducer manufacturers seem to produce high 
performance units, but that the price is too high ($300 to $500 range per unit.) Ensuing 
discussion brought out the fact that European manufacturers are developing low-cost, highly 
reliable, simple transducers tailored for use in the auto and trucking industry as well as in 
certain process industries. The apparent concensus of attendant transducer manufacturers at 
this time is, 1) no money is offered to develop new transduction techniques that will enable a 
transducer of specified low cost and performance, 2) production problems associated with 
supplying huge quantities (millions) of units would be overwhelming. The task best be left to 
the likes of General Electric. 

Other discussion prompted a question by the chairman to determine how many of the 
attendees were involved in measuring transients. It was established that at least 70% (show of 
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hands) were. Ensuing discussions of transducer performance in the transient mode revealed 
that most manufacturers have not been too active in specifying product performance in the 
transient mode. Reasons indicated were, 1) they aren't made aware that the customer intended 
to use it in the transient mode, and 2) because of limited test facilities, especially in-house. 
Considerable additional discussion established that efforts should be made to look into 
defining parameters and proof-test procedures to enable specification/testing of parameters in 
the transient mode. A lively discussion focused on the need to specify the thermal 
environment and the response of transducers to applied thermal transients. It was noted that 
the normal temperature compensation techniques would not necessarily enable acceptable 
performance in a transient thermal environment. Other discussion in this area was necessarily 
curtailed due to lapse of time for the session. Consequently, the session was adjourned. 
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SESSION Ill 

DYNAMIC AND STATIC TESTING AND CALIBRATION 

Mr. Paul Lederer, Chairman, National Bureau of Standards 
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Automation of Velocity Gage Calibration 

T. s. Rathke and M. H. Woodward, Sandia Laboratories, 9344 

Abstract 

A minicomputer is used to automate the calibration of velocity transducers 

used in underground blast instrumentation. Previously, an oscillograph 

recorded the analog output of the velocity transducer and data was reduced 

by hand. This method is tedious, time consuming and inaccurate in defining 

transfer characteristics of transducers. 

The computer is programmed for both data acquisition and data analysis. 

The general approach to the data acquisition is to digitize the transducer's 

analog output per programmable time samples generated by a time base 

generator. Assembly language subroutines are used in the data acquisition 

portion of the system, which allows the programmer closer control over all 

variables in the computer interface. 

In the data analysis portion of the· system, Fortran II is used because it 

is much easier to program the complex formulas in this data analysis. The 

technique for the analysis is to fit a line through the data and compare 

the difference to an established tolerance. 

The system software then incorporates both assembly language subroutines 

and Fortran subroutines to provide an interactive operating system for 

velocity transducer calibration. 

Introduction 

The velocity gage calibration facility in our Transducer Evaluation and 

Calibration Laboratory is just the first of several facilities presently 

being interfaced with a minicomputer. We are in the process of inter

facing to a vibration table for accelerometer calibration, a centrifuge 

for linear accelerometer calibration and a dead weight pressure system 

for pressure transducer calibration. 

This work was supported by the United States Atomic Energy Commission 
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We started at the velocity gage calibration facility because it was a 

manual operation which was very time consuming. All information was 

obtained from an oscillograph record which is so:neti~es rather a:nbiguous 

to interpret. 

~f.hat I would like to discuss topay is our solution to the automation of 

the velocity gage calibration facility with respect to the computer system, 

the stored program, and a comparison between the old systc~ ~nd the new. 

I will only go into the velocity gages themselves briefly so tr~t we have 

a common language for further discussion. 

Computer System 

In Figure 1 is shown a block diagram of the computer system l;ith its 

peripheral equipment. The hardware itself is quite simple in that the 

analog-to-digital converter and the time base generator are simply cards 

which plug into the I/O bus of the computer. Also, there are two 

teletypes with the system: for the facility, there is a light duty 

ASR-33, and for th~ computer console, a heavy duty ASR-35. 

The computer itself is a Hewlett-Packard l·iodel 2116B with the following 

general specifications: 

a) 8K Memory 

b) 1.6 Microsecond Cycle Time 

c) 16 Cr~nnels of I/O 

The system operates in the following manner. The velocity gage is caused 

to react with a 1-g force. The carrier system demodulates this reaction 

to an analog output which is sampled by the analog-to-digital converter. 

The sampled data is stored in the computer for further an.alysis. Tl:e time 

base generator provides accurate timing for the analog-to-digital converter 

sampling rate. 
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The facility teletype is for two-way co~~unication between the operator 

and the computer. Instructions as to the calibration procedure are 

presented to the operator and proper replies must be made for the process 

to continue. The computer console teletype is near the co::puter and is 

used for final printout of the calibration results in report form. 

Velocity Gage 

The velocity gage as shown in Figure 2 is composed of a pendulus mass 

system which changes the magnetic coupling in the tltO inductive loops 

on an "E" shaped core. The bridge circuit is completed e>..-ternally as 

shown. 

There are two types of gages in use: horizontal and vertical. The 

horizontal gage as shown in Figure 2 is simply the pendulu~ hanging in 

a vertical direction. The vertical gage has a special sp~ir...e; "thich 

causes the pendulum to maintain a balanced condition while the pendulum 

is horizontal. 

In actual use, the case i.s moved while the pendulum remains stationary. 

In the calibration process, '1-Te influence the pendulu.11 with a magnet. 

Log Decrement Test 

In this test, we are determining the gage frequency response. The 

pendulum is lifted from a balance position with a magnet. Then the 

magnet is removed allowing the pendulum to fall back to balance, being 

influenced by the system response. Assuming a second order system, the 

pendulum return on the gag~ output should be exponential. 
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The gage rise and fall time is dependent on the damping ratio (n) of 

the gage. 

Where n = actual gage damping factor 
critical damping factor 

The rise time of the gage is governed by 

-2nllbt 
1- e 

and the gage decay time is determined by 

where ~ is the gage undamped natural frequency which is set at 3 Hz 

before the gage is filled with oil. 

For an exponential of the form x = e-at 

a.= 

where ~ and x2 are the values of x at times t
1 

and t 2 • 
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By recording the exponential return to the balance position, as s'hown 

in Figure 3, measurecents of x1, x2, t 1, and t 2 can be made and (n) 

calculated. 

Then setting 

t1b a.=-2n 

The value of (n) can be calculated. 

The low frequency rolloff (down 5 percent) is approximated by 

w - 3 ut;=2n 

and the high frequency rolloff (down 5 percent) is approximated by 

w...., 2n 
wo =y 

Previously, this was done by recording the carrier output on an oscillo

graph and taking values from the plot. This was time cor.sucing and one 

could have many feet of oscillograph stretched out before him with a 

highly damped gage. 

With the computer's speed, the answers are printed out in final form as 

soon as the data is put into the computer. 
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Gravity Test 

In this test, the linearity of the gage over a selected range is determined. 

The pendulum is lifted to one stop and allOl-red to fall to the opposite 

stop. The forcing function is a step acceleration pulse of a constant l g. 

In the case of the vertical gage, the step would be a 2-g acceleration 

force because of' the spring which 'trould be helping the pendulum reach 

the opposite stop. Again, as in the case of the log decre~ent test, the 

output of the carrier system is digitized and stored in the conputer for 

analysis~as shown in Figure 4. 

The area of interest on the gage is determined by the field engir£er and 

is called the set range for that particular gage. The set range is the 

expected peak velocity which 'dll be seen in a test. To take into consi

deration the possibility of an overrange condition, the gage is actually 

analyzed over a range of ±150% of set range. 

In many cases, the set range is only a small percent of the gae;es full 

scale range. Normally, this would :mean that the system output \rould be 

in the millivolt region 'trhere there would be some doubt as to Hhether 

nonlinearities are due to the gage or to the amplifier. Therefore, the 

gain of the amplifier is used to adjust the set range value to 500 milli

volts or above. 

The threshold point for the A to D converter is set at 155% of set range. 

Readings are then stored into co:nputer memory. 

Resistance Calibration 

In this calibration, a shunt resistance value is determined which will 

simulate the set range velocity value. Also, as a convenience to the 

field personnel, four stock resistor-values above set range and four 

stock resistor values below set range are given in the final printout 

for field recording calibration. 
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Previously, a decade resistor had to be manually stepped t~ough and the 

voltage values obtained. Then the voltage values were related to velocity 

values, with standard resistor values being interpolated from the measured 

values. 

In our computer system, a programmable aecaae resistor performs the manual 

operation as cescribed above. The computer can perform the operation and 

make decisions in a fraction of the time previously taken. 

Stored Program 

In the development of the system software, two languages were used, Fortran 

and Assembly. Previously, systems were programmed solely in Assembly 
Language. B,y programming in the two languages, we feel that we were 

operational in a shorter period of time than if we used only Asccmbly 
Language. \-lith Fortran 'tle gained the ee.se of progrmn.'ilinG the mthe-:na.ticel 
formula necessary for the data analysis. With Assembly Lenguage ~e had 
control over the peripheral device which was impossible with Fortran. 

In the development of the system control program, a modular concept was 

adhered to. What is meant by modular is that the program was tr.'!de up of 
a series of subroutines, both Fortran and Assembly Lr.nguaGe, callable 
from a common executive program. Of course, this led to progra~~ing 
problems due to having only 8K of memory. With Fortrnn requiring 15 to 
20 statements of assembly language, the 8K of memory was ~oon used up. 
Also, Hewlett-Packard's software requires that their formatter (ASCII 

to Binar,y ana Binary to ASCII conver~ion) remain in memory which takes 
2K of the memory. The program vas broken into two executives at a 
convenient place. \ole ~1ere reluctant at this point to make t.he entire 
program an Assembly Language program; this would tie us 1 as a develoy.nent 

group, to the system permanently. There are several people in the 
operating group who have some Fortran experience which will allow them 

to make minor changes to the analysis or computer-operator subroutines 

as deemed necessary. 
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As we look at a flol-1 chart of the two executives, some of t:.e problem 

areas are obvious and our solution to them can be seen. 

EXECl 

1. PAGE--Increment a new form to the top of the computer cCJr.:;ole 

teletype. 

2. HEADl--Fortran computer-operator interaction requiring the operator 

to answer general questions about the transducer. Serial number, 

model number, etc. 

3. LOG DECim·1ENT TEST--Sometimes the field engineer does not require a 

log decrement test. 

4. HORIZOI-rrAL GAGE--This decision allows the proper infor:.:.ation to be 

presented to the operator. 

5. HEAD2 or HEAD3--According to the type of gage, Horiz9ntal or Vertical, 

instructions for the positioning of the gage in the log oecrement are 

given. Test llill be presented to the operator via the facility tele

type. 

6. LOOIT--This Assembly Language subroutine l-7ill read data from the 

A to D card at specific time intervals as determined b:· the time base 

generator card. The readings are stored in absolute l~cation 10018 up. 

Program will loop until a data ite~ of less than 504 millivolts is read. 

At this point, 100 readings, at 4oo millisecond incren:c-nts, will be 

taken. The data is decoded and put into floating point ~ur.1bers. 

7. MOVE--This Assembly Language subroutine moves data fro:• location 10018 
up into a co~mon block callable from Fortran. Fortran is unable to 

call direct to an absolute location in n~mory. 
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8. Al'tALl--This Fortran subroutine analyzes the data in connon and 

Cletermines the Clamping factor and the low and high (5'i~) rollof;f' 

points. 

9. GRAV--This Assembly Language subroutine reads from the A to D card 

at specific tima intervals as determined by a time base generator 

card at specific time intervals as determined by a tir:e case 

generator card. The readings are stored in absolute locations 10018 
up. After magnet release, 100 readings are taken by the A to D card, 

with a time interval of 10 milliseconds, and, if necersery, each 

group of 100 readings will be incremented by 2 until t~c polarity of 

the 50th data item has reversed polarity or 720 millisecond increments 

are exceeded. A trigger voltage of +155% of set range will auto~ti

cally start the storing of data from this coded voltage value. 

10. IS t{o '\oliTHIH Lil-ITTS--This allo>-ls the operator to remain in a loop 

until he is satisfied with the adjustements of his electronics. 

11. HORIZONTAL GAGE?--This decision allows the proper information to be 

presented to the operator. 

12. HEAD!~ or HEAD5--Fortran subroutines which instruct the operator of 

the proper positioning of the gage for the gravity test. 

13. GRAV--Same as No. 9. 

14. SAVE--Assembly language procram which locates certain parameters to 

be saved on the base page in absolute locations. 

15. loiOVIT--Assembly language program which takes data from base page to 

common area for use by Fortran in EXEC2. 
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EXEC2 

1. ANAL2--Fortran subroutine which uses the data in CO'O'.:J.on. The routine 

preconditions the data for the Linear Least Squares (LLS) program 

which fits the best straight line through the data and zero. 

2. HORIZOlrr.AL GAGE'l--This decision allo'\ts for the proper inf'ormation to 

be presented to the operator. 

3. HEAD6 or HEAD7--Fortran subroutines which instruct the onerator the 

proper positioning of the gage for the resistance calibration. 

4. CAtS--Assembly language subroutine which communicates ·.;i th the 

programmable decade resistor. In the resistance calicrntion, shunt 

calibration resistors are determined for the set range and for eight 

standard resistors meaning resistance values which arc stock items. 

5. Al-IS--Fortran subroutine which prints out the results from the 

resistance calibration. 

Conclusion 

In comparison, the computer system looks at each data poi"lt, llhich it has 

obtained with an accuracy·or o.~, and mathematically detc~nines the 

required information with minimum human error and intervention. The 

previous system required the interpretation of oscillograph records 

'tllll.da allows the possibility of human error. At best, th~ oscillograph 

NCorcls can only be read to about 3'f,. 

Al.ao1 from past history, the oscillograph method uill yield 5 gages per 

clay while '1-lith the computer system, 24 gages can be calibrated per .day. 

This can be appreciated by the calibration group because it is not 

uncommon to get a request for the calibration of 8o velocity gages. 
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B.y programming with two languages, memory becomes a precious co~odity. 

In the future, we plan to use a magnetic tape transport which will 

essentially give us the needed memory. 

The final printout, see Figure 71 shows the complete calibration information 

which goes to the field engineer. 

The interactive information required at the facility is shown in Figure 8. 
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PRIUT RESULTS 
OF 

3 

NO 

YES 

GRAY 
(A) 

TIMS "" 0.1:00 SEC 

RAlWE "" 
('i'Hffi) (COUNT) (G) 

2 

c1. _ SET RANGE '" 
~ - RANGE A 100 

riO 

FIGURE 5-b FLOtT CEAHT 
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NOTE: (A) IS ASSE.L'.ETJY LA!lGUAGE SU?.:\OUTI!:E 

(F) IS FORTHA:-l LAl:GUAGE Stf.2.l\OUTI1:E 

FIGURE 5-c FLOW CHART 
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PRII;T RESULTS 
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PRINT RESULTS 
OF RESISTANCE 

CALIBRATION 
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NOTE: (A) IS ASSEMBLY LAlmUAGE SUSROUTINE 

(F) IS FORTRAN LA11GUAGE Stm'ROUTINS 

'FIGURE 6 FLOW CHART 
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MFR -SANDIA 

TEIVP- 78.0 
CARRIER VOLTAGE - 5.0 
SET RANGE - 6.0 
DAIVPING FACTOR= 2!Sl. 

IVODEL- BH SERIAL NO. - 012 

VISCOSITY - 2000 PEND MATERIAL - BRASS 
eARRIER FREO- 0000 SYSTEM TYPE- NATEL 
GAGE TYPE- HORIZONTAL DATE- 4-13-71 

IDA, FREQUENCY RESPONSE : FROM .01m HZ to 506. HZ 

BEST FIT STRAIGHT LINE THROUGH DATA AND ZERO IS 

Y (VOLTS)= .091646(VOL TS/FT /SEC) X (FT/SEC) 

INPUT OUTPUT DEVIATION DEVIATION 
VELOCITY VOLTAGE FROM READING FROM SET RANGE 
(FT/SEC) (VOLTS) (PERCENT) (PERCENT) 

5.119 .400 -.CE -JJl 
3.834 .360 • .so -.32 
2.549 .232 -.50 -.21 
1.264 .115 -.50 -.11 
.000 .000 .00 .00 

-.(Y21 -.002 -.50 -.00 
-1.E -.119 -.50 -.11 
-2.592 -.236 -.50 -.22 
-3JJT7 -.E .00 .39 
-5.162 -.475 .33 .28 

NOTE: FINAL DATA POINTS ARE FOR + AND - 100'/f, of SET RANGE. 

*** CALIBRATE RESISTANCE *** 

EQUIVALENT 
VELOCITY 
(FT/SEC) 

6.0000 
6.9689 
6.7131 
6.3722 
6.0738 
5.8181 
5.5836 
5.3279 
5.1148 

CALIBRATE 
RESISTANCE 
(KOHMS) 

18.9600 
16.2000 
16.9000 
17.8000 
18.7000 
19.0000 
20.5000 
21.5000 
22.0000 

FIGURE 7 FINAL PRINTOUT 
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*** VELOCITY GAGE CALIBRATION EXECUTIVE I *** 

DATE-
4-13-71 

MANUFACTURER-
SANDIA 

MODEL
BH 

SERIAL NO
fil2 

TEIVPERATURE -
78 

VISCOSITY-
2000 

PENDULUM MATERIAL -
BRA$ 

CARRIER VOLTAGE -
5.0 

CARRIER FREQUENCY-
6000 

SYSTEM TYPE -
NATEL 

SET RANGE-
6 

HORIZQNTAL GAGE .-:·1 
VERTICAL GAGE= 2 

1 

LOG DECREMENT TEST? YES = 1 

1 

***LOG DECREMENT CALIBRATION*** 

1\10=2 

PLACE GAGE IN HOLDER IN A VERTICAL Pa)ITION WITH ARROJVS POINTING AWAY FROM 
SCREW IN HOLDER. 

BALANCE THE SYSTEM TO 0.0000 VOLTS. 
THE INITIAL TRANSDUCER BALANCE VOLTAGE IS ...... . 

-.0020 
STOP .... TRANSUDCER IS BALANCED. 
PLACE MAGNET ON GAGE .. .ADJUST THE OUTPUT TO 0.9961 VDC. 
INITIAL TRANSDUCER OUTPUT IS .... 

. 9961 
STOP ... TRANSDlX:ER OUTPUT PROPERLY ADJUSTED. RELEASE MAGNET ..... 

FIGURE 8-a 
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*** DETERMINE FULL SCALE VALUE *** 

PtJT GAGE IN HORIZONTAL POSITION WITH ARRONS POINTING DCMIN. 

PLACE MAGNET ON GAGE .. .ADJUST THE OUTPUT TO 0.9961 VDC. 
INITIAL TRAI\IDJCER OUTPUT IS .... .9961 
STOP ... TRANSDUCER OUTPUT PROPERLY ADJUSTED. RELEASE MAGNET ..... 
YOU SPECI FlED A SET RANGE OF 6.0 
FULL SCALE VALUE WITH YOUR PRESENT SETTING IS 21.20 
FOR BEST RESULTS, SET RANGE SHOULD BE AT LEAST 00 PERCENT 
OF FULL SCALE. 

SET RANGE IS ~A, OF FULL SCALE 

IS FULL SCALE AND ATTENUATOR SETTING SATISFACTORY? YES=1 N0=2 
2 

PLACE MAGNET ON GAGE ... ADJUST THE OUTPUT TO 0.9961 VDC. 
INITIAL TRANSUDCER OUTPUT IS .... 

. 9961 
STOP ... TRANSDUCER OUTPUT PROPERLY ADJUSTED. RELEASE MAGNET ..... . 
YOU SPECIFIED A SET RANGE OF 6.0 
FULL SCALE VALUE WITH YOUR PRESENT SETTING IS 8.35 
FOR BEST RESULTS, SET RANGE SHOULD BE AT LEAST 00 PERCENT 
OF FULL SCALE. 

SET RANGE IS T,llA, OF EU..L SCALE. 

IS FULL SCALE AND ATTENUATOR SETTING SATISFACTORY ? 
1 

*** GRAVITY CALIBRATION*** 

YES=1 N0=2 

PLACE GAGE IN HORIZONTAL POSITION WITH ARROJIIS POINTING DCMIN. 

PLACE MAGNET ON GAGE ... ADJUST T-HE OUTPUT TO 0.9961 VDC. 
INITIAL TRANSDUCER OUTPUT IS .... 

. 9961 
STOP ... TRAAIDJCER OUTPUT PROPERLY ADJUSTED'. RELEASE MAGNET ..... . 

LOAD VELOCITY GAGE CALIBRATION EXECUTIVE II 

PAUSE 

FIGURE 8-b FACILITY INSTRUCTIONS 
202 



***RESISTANCE CALIBRATION*** 

PROCEED AS FOLLOIVS: 

1-PUT GAGE IN VERTICAL POSITION 
2-BALANCE SYSTEM TO 0.000 VOLTS 

BALANCE THE SYSTEM TO 0.0000 VOLTS. 
THE INITIAL TRANSDUCER BALANCE BOLTAGE IS ..... 
-.04m 
THE TRANSDUCER IS UNBALANCED, CONTINUE ADJUSTMENT UNTIL 
TYPE READ .... BEGIN BALANCE ADJUST. 
READ 
-.ro>9 

-.0039 
STOP .... TRANSDUCER IS BALANCED. 
~ITa-1 CALIBRATION RESISTANCE INTO CIRCUIT .. TVPE RUN 
RUN 

.0000 OBT AINE[Y. 

FIGURE 8-c FACILITY INSTRUCTIONS 
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A TRANSDUCER CALIBRATION F1\CILITY 
FOR DYNAMIC TESTING 

BY 
STANLEY G. GORDON .A.t-m ORA CLARK 
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KENT, WASHINGTON 
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INTRODUCTIOt'-l 

A TRANSDUCER CALIBPATION fACILITY 
.FOR DYNAMIC TESTING 

The clevelcF·ment of missiles and aircraft in the transonic and supersonic ranges 

has made the reliable measurement of transient pressures of critica I importance. 

With this ~oal in mind The Boeing Comp:my has designed and built a facility for 

calibr.::tion of pressure transducers over a wid~ spectrum of frequencies and 

prassJre:>. TI1e intent of f'he facility is to provide a laboratory environment that 

closely matches the field conditions actually encountered in performance test

ing of 11<.~w aerospace hardware. The facility utilizes three totally different de

vices !hat have overlapping performance ranges so that correlation of test data 

can provid3 credibility to apparent accuracy. 

THE FACILITY PlAN 

The objective of the facility is to provide testing and ca fibration of pressure 

transducers in the common dyuamic environments encountered by todays aerospace 

hardware. At the same time it was considered desirable to have more than one 

testing device with at least some overlap in performance for correlating test data. 

A study was performed to determine what devices could meet the criteria. A band 

or spectrum of practice I performance had to be defined. The first decision was to 

limit the test media to gases. Secondly, only inert gases and air would be used to 

. allow the facility to be built and operated safely at our convenient central metro

logy laboratories where primary certification testing is performed on instrumenta

tion for all Boeing projects. Thirdly, the facility would house all of the testing 

devices and instrumentation in the one fac i I ity. 

The design of the facility and fest devices was by the Boeing Facility Design Group 

and fabrication of the test devices by the Prototype Machine Shop. 

Most dynamic pressure responses or "pressure steps" experienced in the field are 

limited to about 1,000 psi, however, some military application of transducers in

volve considerably higher pressure fluctuation. The maximum pressure step was 

chosen to be 5,000 psi since very few applications exceed this magnitude. The 

frequency response of modern transducers ranges up to about 300,000 hertz; with 
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resonant frequencies not occurring until 500,000 h~ri'Z and cbove. Faithful 

application is limited to about 50,000 hertz, however. The operational ob

jective of the facility was, therefore, defined with the pressure fluctuations 

ranging from appro: imately 0 to 5,000 psi and frequencies ranging from 0 to 

greater than 500,000 hertz. Three testing devices were chosen to accomplish the 

operational objective. 

The first device is a quick opening valve commonly known as a "pop tester". The 

pop tester is a device that utilizes a rapidly opening valve with a pressure differen

tial across it. The chambers on each side of the valve ore closed but arranged so 

that after the valve is opened the pressure rapidly equalizes. This device produces 

two characteristics of interest for transducer testing o The first phenomenon that 

occurs as the valve opens is a rapid increase in pressure on one side of the valve 

with a corresponding decrease on the other. The percentage of increase-decrease 

in pressure is, of cot.•rse, equa I to the ratio of the volume on each side of the valve. 

The second event of interest is the steady state equalibrium pressure follov1ing the 

dynamic pressure "step" o The static pressure is a very reliable absolute reference. 

In order to eliminate volume ratio calculations in each calibration test and to 

eliminate significant pressL•re ratio variations during transient flow, the volume 

ratio is generally very Iorge. The charr.ber cor.~aining the test transducer is normally 

very sma II so it may be subjected to a large pressure "step". 

The second device is a shock tube. Shock tubes have been used extensively over 

the years to mechanically produce shock waves for laboratory study. The chief 

adwntoge of the shock tube is the ability to produce pressure steps that occur in the 

nanosecond range. This step occurs in the end wall of the closed tube when the 

shock wave arrives. Commonly, a shock tube is composed of two tubes separated by a 

plate or diaphram. A pressure differential is developed across the diaphram which 

eventually bursts or is mechanically broken. The rapid expansion of the high pressure 

gas into the low pressure gas produces the shock wave. 

The third de. vice chosen for the foci lity is an inlet modu Ia ted sinusoida I pressure 

generator. The device was recently developed by Richard E. Robinson of Battelle 

for NASA as on outgrowth of a concept by C. l. Carwile at Princeton Univc;sity 

in 1962. An inlet modu Ia ted sinusoida I pressure generator produces pressure osci lla

tion by controlling thfl gas flow into and out of a small chamber. The control of 
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the gas entering the chamber is accomplished by varying the inlet area of 

convergent divergent nozzle. The outlet is a fixed area convergent divergent 

nozzle. The varying inlet principle. utilizes convergent cone shaped perfora

tions evenly spaced on a rotating disk passing in front of a fixed divergent 

nozzle that enters into the test chamber. As the perforated disk rotates, the 

orifice is alternately opened arxJ closed. The opening and closing of the orifice 

causes the test chamber to fill and empty as a function of the speed of rotation 

and the ratios of the areas of the inlet to outlet orificeso The magnitude of the 

average chamber pressure and the peak to peak pressure fluctuations are a 

function of inlet and outlet pressures. 

Full utilization of three calibration devices requires relative ease of operatior, and 

data acquisitiono The decision was made to house all of the testing devices and 

instrumentation in a common facility. To aid the operation and data acquisition 

processes, all gas controls, calibration device functions and data acquisition 

functions are located in a central control console serving all three deviceso This 

concept a II owed the use of common primary standard pressure all:! temperature 

gauges as well as integral use of instrumentation for economy and ease of test 

correlation. 

THE POP TESTER 

The first device designed and built for the facility was the pop teste1·. It has the 

ability to produce low to moderate time developed steps or equivalent frequencies 

with very high pressure gradients. The unit conceived for this facility will produce 

pressure steps from appra<imately 0 to 5,000 psi with rise times in the 50- 100 

microsecond range using the low atomic weight gases. This performance con be 

realized by the use of a device that exhibits near zero inertia and friction during 

the opening process. To accomplish this, the quick opening valve required the 

benefit of a rapidly increasing opening force, in this case in-rush pressure, and the 

effect of an impact force that could produce opening forces an order of magnitude 

greater than closing forces. The design utilized the above principles to produce the 

desired resu It. 
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The primary concern was the pressure seal on the valve stem between the valve 

seat and the opening mechanism. The problem was finally overcome by not 

using o seal; but by placing the valve opening device and the valve seat in a 

common chamber. Thus, a II of the mechanism is subjected to the test differen

tial pressures. The design incorporated an impact device that works in the test 

pressures and • c .::-.venient method for externally triggering the device. The 

design evolved lo the physical geometry of a cylindrical pressure vessel with the 

valve seat stem and activation device totally internal. The method of unseating 

the valve was addressed. Triggering the unseating sequence was accomplished 

by using a steel weight that could drop down the valve stem to an impact plate 

at the bottom. The steel weight is held at the upper pressure head by an electro

magnet which is incorporated as part of the pressure head. The weight drops eighteen 

inches when the magnet is de-energized. After the weight has fa lien, it is returned 

to the upper pressure head by inverting the entire device on a rotating fixture. n-.e 

magnet is turned back on and the vessel is pressurized. When the vessel is righted 

the pressure differential across the valve keeps it closed. The minimum pressure 

differential to effect a closure is abo.Jt 5 psi which is sufficient to offset the weight 

of the valve. Thus, t!le effective lower limit of the test pressure step is 5 psi. 

The impact of the weight on the valve sf·em impact plate produces extremely high accele

ration forces in the valve shaft. To reduce the transmission of these forces to the upper 

valve head where test transducers are mounted, a shock absorber is employed under the 

impact plate. The shock absorber is a two part device which consists of a rubber cushion 

to eliminate o meta I to meta I path and a chamber filled with lead shot to reduce re

bound of the valve shaft. 

The upper pressure head is high strength steel that has fairly good magnetic properties. 

The drop weight is made from a good magnetic steel and slides on the valve shaft on a 

low friction ball bushing. The valve shaft is high carbon steel with a ground finish to 

provide concentricity and low friction characteristics for the ball bushing. n,e valve 

head is attached on the end of the valve shaft with precision threads. Several valve 

heads were fabricated from two different materials and were hand lapped into the valve 

seat. The nylon valve heads are utilized for pressures up to 800 psi and brass valve 

heads up to 5, 000 psi. n:~ cy lind rica I pressure vessel is made from non-mugr .. :;}tic 
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stainless steel so as not to bGcom0. part of the magnetic circuit. The lower 

pressure head is high strength steel and both the upper and lower heads ore 

attached with high streng;·f, bolts. 

The pressure vessel ho;; o volume of about 5,000 times the tesl chamber. Thu~, 

when the valve is openc:d the pressure~ in the vessel decreases by l ;5000, which 

is considered a negligible amount. The vessel internally is abo•;t twcnty-·four 

inches long and six inches in diameter. The :est chamber above the valve l.ead 

is one and one-fourth inches in diameter and .050" Jeep. Tile overall concept 

prcx:!uces clean pressuie steps with a minirn•Jm oF sional distortion. 

THE SHOCK TUBE 

The shock tube was incorporated into the facility to prcx:!uce moderate pressure 

steps at medium to high frequencies. As commonly known, the shock tube 

utilizes the rupture of a diaphram between a high and low pressure to prcx:!uce a 

shock wave in the low pressure region. The shock tube envisioned for the Boeing 

facility required the development of very clean or non-disforfed shock waves 

which would faithfully match theoretical data. Also, a reasonable amount of 

steady state pressure would be requin;d after passing of the shock front for an 

absolute pressure reference. The tuhe was designed with a thirteen foot driver 

and a fourteen foot driven ~ection for a twenty-·s~::vcn foot overa II length. This 

configuration produces steady state presSJres after shock arrivai al· the measuring 

section in the side wall of two to six milli-seconds. The qual;ty of the shock 

wave for side wa II tcsling ·.vos assured wirn constant croso sections and controlling 

surface finishes in the driven tube to ten micro-incf-:c~/lnch ('nd v:aviness 10 

.001 inches in two inches. Also, discont;nuit:e:, vJeit: co:1tro!:cd to ,0005 inches 

including mating surfaces of test transducers. The onf;• prodica I wny to occcn·,?lish 

the discontinuity req•Jir.:;ment was to usc a square cross section so 1-ran:,Oucc·;·s would 

not have to mate with a round wed!. The cro5~ ser.::1 iort se-tt:ed on was three !nches 

high by two inches wide. This geometry a ilo·Nec.i res<·ing of cr;e-hclf inch di"·x·rer 

transducers with negligible edge eff·.::cts. The rt:c\clrr:;u:C;r cr,..,,, ~cction, hov:cver, 

required an inefficic:1i" ~tructural C:c~ir;n Hhicfo r:dC:cd ;:;r.::ati)' 10 t:,e expense cf 1-he 

device. 
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The driver tube was made from 17-4 PH stainless steel to provide for a cleanable 

and durable interior surface finish. In addition, the stainless steel chosen was 

a magnetic variety which a II owed magnetic chucking of the work pi-eces for 

finish grinding. The tube sections were bolted and seals were developed with 

linear a-rings and silicon end seals. Sealing at flanged end sections and 

diaphrom stations is accomplished with a-rings. 

The shock tube is set up to use single and double diaphroms with a variety of 

diaphrom rupturing techniques. The simplest diaphram breaking method is to over 

pressure the diaphrom to bursting. The chief draw back of this method is deter

mination of precise driver pressure and temperature at the moment of diaphram 

rupture. The second method of diaphrom rupture is by a rotary knife which is 

activated by a pneumatic cylinder for remote test control. This method allows 

precise driver and driven tube chamber temperature and pressure measurements 

prior to diaphram rupture. The method however limits diaphroms to soft membranes 

that are easily cut by a metallic knife. Diaphrams normally used are made from 

cellophane and mylar and vary in thickness from .005" to .020". Generally, 

the .005" cellophane is good for 50 psi per layer without excessive premature 

failure. The third method is the dual diaphram technique which is quite effective 

for precise diaphram rupture at high differential pressures. This method allows 

controlled metal diaphram bursting by sudden extreme overpressure. 'The technique 

is accomplished by pressuring the chamber between the two diaphroms to below the 

burst pressure of each diaphram. The driver and driven chambers are then pressurized 

to desired values. The chamber between diaphrams is then vented to atmosphere 

and the resu ltont pressure across the diaphram adjoining the driver tube is over 

pressured resulting in rupture. The downstream or diaphram next to the driven 

tube is then exposed to the upstream pressure which causes rupture and the resultant 

shock wave. 

Opening of the diaphrom station and the driver tube end flange is by pneumatic 

cylinders for ease of opercti on. The two openings are secured by pneumatic cy

linders with 90 degree indexing dogs. The diaphram station is made accessit !c 
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by moving the driver tube away from the driven tube on rollers. The only 

anchored point on the tube is at the driven tube diaphram station. This is 

to allow freedom of movement of the tube under dynamic shock with roller 

horizontal and vertical constraints. The roller constraints also act as align

ment guides. 

The tube has 31 test ports one inch in diameter for test transducer mounting. 

Five of the ports ore on the site of the driven tube at one foot intervals. These 

test ports ore for the velocity measuring transducerso The velocity measuring 

transducers trigger time interne I circuits. Also, two of the test ports are in the 

driven tube end wall where resonant tr<lnsducer excitation can be accomplished. 

The shock tube is mounted on a heavy tubular steel frame on a monolithic con

crete foundationo This assures precise alignment. 

THE SINUSOIDAL PRESSURE GENERATOR (SPG) 

The final link in the test spectrum was to provide a device that could prcx:fuce 

low to mcx:ferate dynamic pressures with mcx:ferate frequencies. The device chosen 

was the sinusoida I pressure generator which is in direct contrast to the two previou! 

devices because it prcx:fuces a continuing test chamber pressure variation in the form 
I 

of an approximated sine wave. The SPG is an inlet mcx:fulated siren type device. 

The gas flow into the test chamber is mcx:fulated using a perforated disk ·with the 

perforations in the form of convergent nozzles. The geometry of the disk is such 

that on the inlet side the nozzles just touch and on the orifice side the nozzles ere 

spaced such that the distance between nozzles equals the nozzle diameter. This 

arrangement allows for a non-interrupted opening and closing of the flow passage 

to approximate a sine wave. The disk nozzles line up with a fixed divergent 

nozzle that expands into the test chamber o The rotation· of the perforated disk opens 

the flow passage from full closed to full open and back to full closed. The theoretical 

flow closely approximates a sine curve volumewise if up and downstream gas pressures 

are constant and the flow is critical. A better approximation of a true sine wave would 

be a square inlet orifice into the test chamber but fabrication of such a nozzle would 

be difficult and the distortion quite possibly would be greater than the theoretical 

benefit due to edge effects a 216 



The operation of the device is very easily defined mathematically when the inlet 

to chamber pressure is sufficient so that the flow through the opening and closing 

nozzle is critical. Thus, the mass flow for a given orifice area is constant. The 

varying inlet area, therefore, produces a variable mass flow approximating a sine 

ftmction. The production of a predictable pressure downstream of the variable 

inlet orifice requires that the gas be expanded into a finite chamber with a re

stricted outlet. To avoid degradation of the entering shock wave, the chamber 

dimensions must be less than the wave length of the propagating sine wave or dis

tortion will occur in the form of N or sawtooth waves. The outlet restriction is 

also a convergent divergent nozzle that is of fixed geometry. Therefore, the exit 

flow is also critical. The complete mathematical model is well defined by the 

following equation: 

(1) Pi = 1 = Ae = d
2 
e 

Pc p A172 d172 

(2) 

Where Pi =absolute inlet pressure 
FC = absolute average chamber pressure 

de =exit nozzle diameter 
di =inlet nozzle diameter - ~ P amp= A i(amp) 

(Ae2 + Vl )1/2_ 
\ ~ Ai/Ae 

p 

Where 11 amp 
p 
'r· 1"\l amp 
Ae 
Ai 
w 
-t: 

= peak to peak pressure variation 
=average chamber or bias pressure 
=the variable inlet nozzle area 
=the fixed exit nozzle area 
=the average inlet nozzle area 
= frequency · '/1. 
= gas constant = (Sc Y RT") 

1/2 
Ai 

The peak to peak chamber variation pressure to average chamber pressure is shown to 
' 
be frequency dependent by the above equations. The peak to peak pressure varies from 

approximately 100% at 10Hz to 1 SOlo at 15,000 Hz under laboratory test conditions. 

The qua Iity of the sine wave above 10,000 Hz was better than expected. However, a 

further improvement may result from experimenting with porous materials in the test 
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chamber in an effort to reduce distortion believed to be caused by shock fronts 

traveling across the chamber. 

It should he noted that gas separation can occur if divergent nozzles exceed 30 

degrees which invalidates the above equations. The device designed at Boeing 

has a 22 degree divergent nozzle which is a good, efficient nozzle. The chamber 

was kept <Js small as possible to allow the highest frequency operation. It was de

cided thai one-half inch diameter maximum transducers would be tested. Thus, 

the chamber was set at one-half inch diGmeter. Since the sine function is a fill

ir:g and emptying phenomenon the width of the chamber must be such that it does 

not limit the design. An aspect ratio of 2:1 is about ideal so the chamber width 

was set at one-fourth inch. A chamber diameter of one-ha If inch provides a 

theoretical frequency capability of 16,000 Hz with helium at ambient temperature 

with a theoretical accuracy of 5%. The basic inlet pressure to chamber pressure 

ratio was chosen at 5 .0. This ratio can be changed by use of secondary inlets 

(at inlet nozzle pressure) or secondary outlets to atmosphere. The ratio's vary 

from 2.0 to 8.0. 

The capability of low and high temperature testing was required by the supersonic 

transport program for engine inlet calibration. The SST program required accurate 

testing of transducers from -65 degree F to+ 500 degree F. The SPG fulfilled the 

pressure and frequency spectrum of the program so it was decided to add variable 

temperature to the test capability. low temperature testing is accomplished by 

precooling the incoming gas with C0
2 

and cooling !"he SPG with direct C0
2 

in

jection into the SPG case. Heating is provided by on electric heat exchanger to 

preheating inlet gases and electrical strip heaters on the SPG case. 

The SST was to operate at very low absolute pressures (70,000 foot altitude) so 

testing at portia I atmospheric pressures was essentia I. A vacuum pump was insta lied 

and connected to the exit nozzle of the SPG. With the vacuum pump opercling at 

28 inches of mercury the SPG can be operated at about one and one-half psi absolute 

average chamber pressure. The exhaust of the SPG i$ through a vacuum tank-·hcot 

exchanger. The vacuum tank a I so serves as a heat exchanger so the exhaust so~es can 

be cooled befo;e entering the vacuum pump when the SPG is operated at high tem-

pC!(l ruleS. 
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CENTRAL CONTROL CONSOLE 

Efficient facility operation and data acquisition required the assemblage of 

all devices in a common location with centralized control and instrumentation. 

The central control console was designed and built by Boeing to house all of 

the testing device control functions, pneumatic valving, and common instru

mentation. Pressurization gas to the pop tester is metered from the console 

and the capillary bleed tube is valved from the console. The magnetic pressure 

head is also energized from the console. The rotation of the pop tester for 

starting a new eye le is a manua I operation at the test device itse If. The shock 

tube driver and driven sections are pressurized and bled from the console. The 

pneumatic cyclinder locking device is also activated from the console with safety 

interlocks. The shock tube can be fired by dua I diaphram depressurization bleed 

and by a rotating knife which is pneumatically operated. Both methods are con

trolled from the console. The installation of diaphrams, tube cleaning and index

ing of the locking device at the flanged closure stations is manual. The SPG in

let gas is controlled from the console through two pressure regulating valves - one 

for high (to 1500 psi) one for low (to 100 psi) pressure. The gas can be diverted 

through a C0
2 

low tt;mperature heat exchanger or an electric high temperature 

heat exchanger. The temperature is controlled by a separate indicating control 

panel which is wall mounted behind the centra I control console. The exhaust of 

the SPG is ducted out of the building through a conventional automobile muffler 

to reduce the noise level which can reach 160 db. The,exhaust can be manually 

diverted through a vacuum pump for low pressure testing. 

The pressure delivered to each test device is measured by one of three Seegers 

primary pressure gauges. The gauges are selected to indicate ranges of 0 to 100 

psi absolute, 0 to 500 psi absolute and 0 to 5000 absolute. The gauges are pro

tected with relief valves. The gauge range to be used is selected by a pushbutton 

which lights up upon activation. All three testing devices feed data to three dual 

trace storage scopes with sweep speeds of 2 sec/em - 5 ns/cm and a rise time of 

7 ns. The storage scopes offer correlation from one test to the next. 
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Test data is collected with a patchboard system with 31 data points at the 

central control console, 21 at the shock tube, 6 at the SPG and 4 at the 

pop tester. The data patching is by coaxial cable to eliminate the extraneous 

distortion. The connectors are twist lock type. Primary test data from test 

transducers and instrumentation is conveyed over this sytem. The shock tube 

calibration is critically dependent upon driven tube gas temperature. The 

temperature is measured with a thermistor temperature gauge which is accurate 

~ .20 degree centigrade. As previously mentioned the speed of the shock wave 

into two driven chambers is measured by transducer stations. Three transducers 

are used at either one or two foot intervals. The transducers have an effective 

face activation area of .10 inch which provides a measurement of the speed of 

the shock wave to better than 1% with 95% confidence factor. 

The SPG inlet pressure can be measured by two methods (1) Seegers pressure gauge 

and (2) by an inlet transducer mounted in the inlet pressure tube or plenum. The 

SPG frequency is measured by a magnetic pick-up which counts the teeth on an 

external gear. This method affords very high accuracy of frequency with display 

on one of the three electronic counters. This method has proven reliable to 

20,000Hz, which is beyond the effective testing range of the SPG. SPG rotation 

speed is controlled from the console through a rheostat which controls a variable 

speed 2 horsepower SCR driven motor with gear belt drive. Temperature control 

and indication is by a panel that is wall mounted behind the central control console. 

The panel has indicating controllers with adjustable setpoints for inlet gas flow low 

temperature, SPG low temperature, inlet gas high temperature, SPG high temperature 

and SPG body high temperature control. The outlet vacuum pressure of the SPG is 

manually controlled and monitored. The control console has three electronic 

counters for shock speed measurement of the shock tube and frequency readout of 

the SPG. 
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SUMMARY OF FACILITY CAPABILITIES 

POP TESTER 

Static pressure range 

Step pressure range 

Frequency range 

SHOCK TUBE 

* Rise time is approximately 50)(sfor He 
Test transducer size 1/2 inch maximum 

Static pressure range 

Step pressure range 

Frequency range 

0- 5000 psi 

5-5000 psi 

0-5000 Hz * 

10- 1000 psi 

2-- 1000 psi 

200 - 30,000 Hz * 

* Rise time less than 1/nano sec. in the end wall 
Test transducer size 1 .0 inch maximum 

SINUSOIDAL PRESSURE GENERATOR 

Static (bias) pressure range 

Dynamic pressure range (peak to peak) 

Temperature range 

Frequency range 

Test transducer size 1/2 inch maximum 
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1 - 700 psia 

.5 - 500 psia 

- 65 degree to + 600 degree F 

1 to 15,000 Hz 
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TEST INSTRUMENTATION 

OSCILLOSCOPES 

1 - Hewlett Packard 1 OOA dua I channe I 

2 - Hew lett Packard 1 81 A dua I channe I storage scope 

ELECTRONIC COUNTERS 

3 - Eldorado model 1410 electronic counters 0.1 A.<~ ducd input 

PRIMARY PRESSURE GAUGES 

Seegers precision pressure transfer standard model S/N 

0 - 200 psi absolute .2 psia subdivisions 

0- 1000 psi absolute 1 psia subdivisions 

0 - 3000 psi absolute 5 psia subdivisions 

DIGITAL TEMPERATURE GAUGES 

Digitec _! 0.15 degree centrigrade 15 - 35 degree centrigrade range 

4 probe 

FM TAPE RECORDER 

Ampex FR 1300 

PRESSURE GAUGE 

Mens or quartz rna nometer 

227 



CONCLUSION 

Since installation of the facility 1 test time available has been minimal result

ing in the fact that IHtle correlation data as yet exists. Use of the facility 1 

hcmever 1 has revealed several items of general interest. 

As previously stated, the design goal for the pop tester was to provide a pressure 

step rise time of the order of 100 micro-seconds. Tests have shown that the device 

described previously provides rise times of the order of 40 - 90 micro-seconds, 

depending on the pressure levels under consideration. These rise times thus 

permit transducer response through a frequency spec:tr.Jm to 4 1 000 to 5 1 000 Hz. 

Attempts to correlate the shock tube and pop tester have resulted in partial success 

only. Further testing has shown that many pressure transducers have characteristics 

that make them excellent dynamic temperature transducers also. 

Since the temperature rise across the shock front is considerable, of the order of 

400 degree centigrade at a pressure ratio of 7:1, it becomes diffkult to sort out 

that portion of the output signa I due to pressure and that due to temperature. This 

temperature transient has been found to have effects ranging from decreasing the 

output signal due to a pressure step by 50% in five milliseconds to an increase of 

about 10% f~r various manufacturers and models. In going through manufacturers 

literature, no statement regarding this characteristic has been found. In fact, in 

one case the manufacturers literature very adroitly and neatly sidesteps and skirts 

around the characteristic in such a manner as to lead the reader to believe that no 

'such characteristic occurs. 

Pressure transducers having a face diameter of .1 11 diameter are used to measure the 

velocity of the shock wave as it trove Is the length of the driven tube. Three trans

ducers are used for this purpose, spaced one foot apart dcmn the length of the driven 

tube. Two electronic timers ore used to measure the shock wave velocity over 

successive one foot intervals while the third measures the velocity over the total 

two foot distance. It has been of Interest to note that the three time readings thus 

obtained have consistently been in agreement within o few tenths of a microseconds. 
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The sensitivity of the transducer is defined to be the Fourier transform of the 

transducer response to the calibration source, divided by the mathematical 

transform of an ideal input. The reduction of data is limited by the FM tape 

sampling rate to 30,000 Hz. 
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TIAMSIEMT TICBMIQU! lOll CALIBIATIMG 

FINE•WII.I THUKOCOUPX.ES AT HIGH TEMPDATUUS 

By Edward G. Keshock* 
end 

William r. Stewart and S. Franklin Edwards** 

A new transient technique for calibrating fine-wire ther.oc~1plea 
(.001 in.) up to teaperatures of about 2500°F was developed and 
preliminary exper~ntal testa and analyses were perfor..d. The 
technique consisted of attaching the teat ther.ocouple and a reference 
ther.ocouple (0.010 in.) to a horizontal heater wire (0.020 in.) at 
essentially a ainale junction. ~ile the heater wire is being· 
electrically heated to about 2500 r Bithin a 6-8 second period, the 
output of the two ther.ocouples is auta.atically recorded. The 
calibration wire•ther.ocouple asseably is rather ca.pact and aay 
conveniently be located within a controlled atmosphere enclosure, 
such that testing may be perfor.ed in various gaseous at.ospheres 
under vacuua conditions. The principal advantage of this transient 
technique is the avoidance of severe reduction of thermocouple perfo~
ance that ordinarily would result fraa calibration in an oxidizing 
atmosphere for an extended period of tiae at elevated ta.peratures. 
Distortion of the heater wire tiae•teaperature distribution due to the 
presence of the ther.ocouple junctions has been investigated; the 
distortion appears to be aintmal. A second factor influencina the 
accuracy of the calibration technique that requires further investigation 
is the relative response characteristics of the reference and test 
thenaocouples. 

IITI.ODU Cfl(lf 

The .otivation for this study wa• provided by the need to obtain 
turbulent heat transfer date d~ri~s ataoapheric re-entry of a research 
spacecraft. Because of the fast response desired and the need for 
aini .. l distortion of the ther.al behavior being measured, fine wire 
tbe~ocouples were considered for use. The general physical behavior 
expected in the particular re-entry case of interest was: 

1. The-~·te~~perature would slowly increase for 3\ seconds, 
and then increase rapidly to a aaxt.um of about 25000, 
durin& the next 3\ seconds • 

'*Theraal Bnar· Dept., Old Dollinion Univ., llorfolk, Va. 
** lnstrwaent llesearch Div., Lensley Jlesearc:l:l Center, Haapton, Va. 
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2. The at.oapheric preiCure would chana• fr• 3- II& to 90- 111 
duriua the aevea•aecODd period. 

loth the continuoua uae and the c•li~ratlon of flae-vlre ther.oeouplea 
at high t_,erature level• are beaet 111itb practical difflcultiea. 'l'be 
problea baaieally liea in the rate of deterioration of the ther.ocouple 
uterial. Couequently the uxt.ua te~~perature at which .001 ln. vlrea 
are continuoualy uaable is about 40 perceat of the larger gaugea of the 
aa .... terial. A aurface reaction producing an axide coating 0.00025 la. 
thick on a 24 guage wire ia inaisnifieaat, but the .... oxidation on a 
.001 in. wire deatroya 75 percent of ita volu.e. ror these reaaona nor.al 
callbratiOD technique• at ele.ated teyperaturea yield reaults of queatlonable 
value, aad at te~~peraturea above 1400•!)p yield ao uaable reaulta. 

It vaa not coaaidered aufficient to calibrate the flae-wire ther-o• 
couplea only at tbe low end of the te.,erature ranae to be eac0untered 
uaiag standard techniques, leaving the behavior at higher taaperature 
levela unkaown. Since atendard teclaaiquea could not be -.ployed at the 
hiaber te.perature levela a tranalent calibration techaique vas deviaed 
(l:J in which the calibration would occur under conditiODa aiaulating 
re•eatry, i.e., under conditlou of a cbanaina t..,erature to 2S00°P 
la a sevea secOnd period aad a cbaagiag enviroa.ental preasure deacribed 
earlier. 

The followiag aectiooa will describe the traaaient calibration 
technique devlaed together with repreaentative reaulta obtained. 
Particular a.phasia will be placed upon a thermal aaalyais of the 
calibratioa deviae uaed, aiace the accuracy and validity of the 
reaulta obtained by thia traaaleat technique are very .uch dependent 
upon the traasieat thermal behavior of the calibration syatea. A .ore 
th~our repreaentatloa of the tranaient ther.al behavior .. , be fouad 
inL2. 

The analytical iaveatlgation of tranaleat ther.al effect• preaented 
herein was perfor.ed for the Langley aeaeerch Ceater of RASA under 
contract a.-her MAS1•9434•2. lxper~ental portions of thia inveatlsatlon 
were perfonaed at.altaneoualy at the Laagley l.eaearch Center. 
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CALIB!ATI~ TECHNIQUE 

In essence the calibration apparatus consi1ted of an electri~ally 
heated (60 Hz alternating cu~rent) wire to whi~ was attached a reference 
thermocouple and the fine-wire tett ther.ocouple. The teat assembly vaa 
located within a vacuu. cha.ber. Scb ... tica of the heater wire•ther.o• 
couple junction and inatrumentatioa are shown in Figures 1 and 2. the 
calibratioa procedure consisted of rapidlJ heatin& the central heater 
wire to about 2500°1 within approxt..tely seven aecoada and comparing 
the output of the teat and reference ther.ocouples during this period. 

The transient temperature history of the heater wire that ia intended 
to simulate the re-entry thermal history ia achieved by usina a fixed 
autotransformer (30 ampa) to attenuate a .otor driven one (20 a.pa). 
Power is first applied to both autotransformers throuah a relay. The 
motor drive continues to increase power to the beater wire until 6.8S 
seconds elapse, after which power to the autotransformer is interrupted, 
the .otor drive reversed, returning tbe autotransformer to its starting 
position. Pigure 3 illustrate• a ta.perature-ti.e profile of a typical 
calibration test. 

The heater wire vas a 0.020 ia. platinua 13 percent rhodiua wire 
that was 7.0 in. in length held by a fixture that allowed for heater 
expansion without exerting enough ten1ion to stretch the wire at hiah 
ta.peraturea. 

Several types of ther.ocouple juactioas were fabricated and teated. 
The type of junction used with greatest success particularly as regards 

fabrication difficulties is illustrated in rtaure 4. The staadard or 
refereace ther.ocouple was a O.OOS in. platinua verus platiaua 131 
rhodiua the~couple vbose legs were spot welded to the heater wire 
di ... trically opposite each other. Great care was taken to aiai.tze 
excess .aterial at the welds to avoid depressing the heater wire 
teaperatureo The 0.001 in. Cbra.el versus Alu.el teat ther.ocouple 
leads were likewise spotwelded to tbe top surface of the platiaua 
leg of the reference ther.ocouple. 

Two iatearatiag di&ital vol~ters (IDVN's) were used to .. asure the 
ther.ocouples• outputs. These iategratina .. tara aeasure the average 
input over a 1/60 second iaterval, resulttaa in cancellatioa of reversible 
current effects (Peltier beating/coolin&). lD brief, these .. tara ... aure 
aicrovolt level sianels ia the presence of large levels of aupert.posed 
noise and aua the results of tbe two ca.poaenta of the cun•t flow. A 
aax~ readiaa rate of 43 readinaa/aec. vaa possible with a reaolutioa 
of 1 aicrovolt aad an uncertainty of about 0.01 perc~Dt ± 3 aicrovolt. 
A separate aeter was used for each ther.ocouple, botb aetera beiaa 
triaaered to read over exactly tbe aaae tt.e period by aa ezteraal square 
wave aeaerator. The voltages so read were suppl:l.ed ia BCD fon to aa 
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eighteen colu.a dialtal recorder. The ~ffered input Bade a rate of 20 
readings per second possible. The larae colu.a capacity peraitted aide 
by aide printin& of the at.u1taneoua .. ter readings. 

The heater-wire ther.ocoup1e apparatus was located within a vacuua 
cbaaber (1.5 x 1.0 x 1.0 ft.) in aa atte.pt to at.u1ate the at.oapheric 
enviraa.eatal history expected during re•entry conditions. The ch .. ber 
was provided with electrical feed•throulbs for the heater power aDd 
ther.ocouple leads. Moat of the testa were coaducted at coaataat pressure 
levels since the gradually increaain& pressures were achieved only at the 
expense of diatortiaa the heater wire t..,erature due to gas flaw (local 
convective effects) into the ch .. ~r. 

Additional descriptive iaforaatioa re1ardiag the inatru.eatatioo 
and operation experiences aay be fouad inLl]. 

AJW.YSIS 

Oae of the first el ... ats to coaaider in investigating the accuracy 
of any ta.perature ... aur ... nt ia the possible disturbance of the t..,arature 
field beiag aeaaured prod•ce4 by the measuring device itself. In the present 
case the possibility exists that the t..,arature field in the heater wire .. y 
be distorted appreciably in the reaion of the standard and fine-wire the~
couple junctions. A second factor to. consider here, since the calibration 
procedure ia transient ia character, ia the response of the ther.ecouple to 
the rapid te.perature variation experienced by the heater wire. 

To estimate the aapitude of thermal diatortioas, leading to estiMtes 
of inaccuracies associated with the calibration technique, it waa decided 
to obtaia closed fora analytical solutiana of the t..,erature field for a 
at.plified junctioa approxiaatiq the actual oae. 'l'he aillplified juactioa 
considered was that of a 0.010 in. di ... ter platiaua wire attached to the 
0.020 ia. cli ... ter heater wire. Since the cross-sectional area of the 
reference juactioa leads are over 100 tt.es laraer thaa the fiae wire 
ther.ocouple leads, diaturbaace of the t..,.rature field due to the 
reference lead would be expected to be -.ch laraer than that due to the 
teat lead. Co•••quently, the preaeace of the teat ther.ocouple leads 
was not considered initially for the purposes of analytical tractability. 

'l'lae syat• considered, then, is illustrated in Fipre s. The 
aoveraiq equatiooa fer deacribina the thermal diatortiOil at the 
junction of the ~o d ... ia ayat .. are: 
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Por the radial heat flow ia the heater wire: 

B.C.: e2(o, ~) is finite 

aad the axial beat flaw ia the refereace ther.ocouple: 

where 

9 • T-T 
CID 
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With reference to equations (1) and (2) aeveral obaervationa ahould 
be .. de. Beat flaw in the heater wire ie aaau.ed to be one-dt.eaaional 
in the radial directioa. Thia ia a aood aaau.ption for fine wirea of 
larae L/d. The .. aaitude of t..,erature depreaaion produced in the 
beater wire by conduetioa loaaea to th• ~lta1e ter.inala was calculated 
[ 3) and fouDd to laave ao influence on the ceatral reston of the 7 tach 
lona beater wire where the tbeJ:Mcouple junction was located. Thua the 
one-d~enaiooal radial heat flow .odel ia realiatic. 

Heat flow in the refereace tber.ooouple is alao aaauaed one-dt.enaional 
in the axial directioa. Siace the tbe~couple baa only oae•fa.rtb the 
croaa•aectional area aa the heater wire and behavea aa a fin attached to 
the beater wire, thia aaau.ption ia believed juatified. The t.plicit 
aaau.ption ia .. de that the tber.ocouple heater wire ju~ctioa ia flat, 
whicb ia a reaaonable appraxt.ation due to the relative aizea of the 
wirea. 

The aolutioaa (accordina to (2, 4)) to equations (1) and (2) are: 

Por the heater wire surface teaperature: 

u 1 1 1Q"r u 1 1 1R 
TR • T.., + k + 2h 

or in d~nsionleee fo~, 

T - T 

2u' 1 'Bi 
k 

CD 

--=-r __ ..,_ • F9 
ul I IR2 

1 
+ 2Bi - 2Bi 

k n•l 

-QX 
2

T 
e n 

aDd for the reference ther.ocouple te.perature: 

- -1IX 
e 
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The solutions (3) aad (5) were evaluated at 0.5 second intervals for 
a aevea-aecond period and are liated 1.1l Figure 6. Por a siven iaatallt of 
ti.e the heater wire surface t..,erature served as one of the ~undary 
conditions for the ther.ocouple (i.e., Tl (0, T) • T2(a, T)• The t-.perature 
distribution in the theraocouple was eva uated froa (5), which actually 
describes the steady-state distribution ia a fin. Consequently, this 
procedure contains an ~lied aaauaption that tbe teaperature throughout 
the fin reacts instantaneously to changes in the heater wire aurf•ce 
te11Perature. 

Since the te.peraturea experienced in these calibrations testa 
0 range froa 70 to 2500 P, accurate solutions to equations (1) and (2) 

require accurate ther.ophyaical properties data and heat transfer 
coefficients over the entire ta.perature range. Equations for.the 
ther.ophyaical properties .-ployed in the calculations described in 
the preceding parasraph are presented in Appendix I. 

It is conceivable that under actual test conditions ther.ocouple 
conduction, convection and radiation loaaea .. y drain sufficient enersy 
fro. the heater wire so as to result in a lover base t.-perature than 
calculated fraa (4). Practically speaking, the te.perature .eaaured 
by the ther.ocouple would be lower than the undisturbed surface 
t .. perature of the heater wire. In order to estt.ate the possible 
difference between the theoretically deter.iaed t..,erature and the 
actual te.perature the follawins procedure was followed. Froa co.puted 
results a~ilar to those tabulated in Piaure 6, the ta.perature 
experienced by the thel'IIOcouple aode in contact with the heater wire 
after 3.5 seconds (or .tdvay) throush the teat vas about 1325°P. Usina 
this ta.perature and the ateady•atate t.-perature gradient in the ther.o• 
couple at that ti .. , the con•ective, conductive and radiation heat losses 
froa the node were ••aluated, in addition to the stored ener11 within the 
node. (The free convectio~_b.-t transfer coefficient vas evaluated uaiaa 
a correlation presented in L6].) The effect of these beat losses upoa the 
t..,erature distribution ia the tbe~couple lead vas then deter.ined for 
a aevea•aecond teat period. The reaultiaa .adified ta.perature diatribu• 
tion vas found to differ by a aealiaibly ... 11 a.ount froa the pre•ioualy 
calculated one. In particular, the .adification for coaduction aDd 
radiation los••• produce very little effect on the junctioa node 
ta.perature-•an occurrence that will be discussed ia a later section. 

If radiation heat losses fraa the reference ther.ocouple and heater 
wire are takea into consideration initially, i.e., in the devel~nt of 
the governina equations, equations (1) and (2) are 110dified •• shown below 
where for the beater wire the ODly cbanse is the inclusion of the radiation 

239 



tera in the last boundary condition and for the reference thermocouple 
wire the radiation tera muat be included in the prt.ary equation. 

Therefore the heater wire: 

I.e.: e2(r, 0) - 0 

B.C.: 92(0, '1') is finite 

oe2 
Ill 0 or or (O, 'I') 

oe2(R, '1') 4 
-k or • k2e2(R, '1') + ccre2 2 

and for the reference theraocouple: 

I.C.: e1(x, 0) • 0 

B.C.: e
1
(o, 'I') • e2(R, 'I') 
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The transient te.perature history of the heater wire and the 
thermocouple wire may then be obtained by the solution of these 
equations. 

It ia seen that equations (6) and (7) are both non-linear, (6) by 
virtue of the radiation boundary condition, and (7) by virtue of the 
non-linear radiation term in the sover.ning equation itself. Solution 
of this aystea of non•linear partial differential equations is a considerable 
level of difficulty hilber than that required in the solution of (1) and (2), 
and aust be done nu.erically. 

Even if (6) and (7) were to be solved, however, a factor whieh is not 
taken into account by these equations is the radiation exchanse between the 
heater wire and ther.ocouple lead(s). Inclusion of thi1 closer appraxt.a• 
tion to reality involves an additional coasiderable increase in level of 
difficulty in solving the governing systea of equations. 

DISCUSS 10M 

'I,eaeerature Distributions in JUDction llegion 

As indicated earlier, the analytically deterained junction Dade 
teaperature of the 0.020 in. reference wire ia influenced very little 
by the average heat losses occurriDa at a t-.perature of about 1300°F 
for the entire aeven•aecond teat period. This occurrence appears to 
t.ply that the te.perature within the heater wire in the junction reaion 
is aot cbanaed appreciably by the presence of the reference theraocouple. 
These results indicate tba t the conduction, convection aDCI 
radiation losses frea the refereace junction node produce a t..,erature 
chanse of only a ... 11 fraction of a degree over a seven-second period. 
Viewed in a different perspective, the enersy seaerated within the 
heater wire within a 3.5 second period is of such a .. gnitude as to 
raise the temperature of the ther.ocouple approxt..tely 124SOr. In 
co.pariaon the teaperature cbanae occurrina as a result of the .. xt.ua 
heat losses within the refereace junctioa node acting over twice that 
length of tt.e produces oaly a very ... 11 t..,erature chaaae. Conaequeat1y, 
the energy "drained" fr• the heater wire by the reference theraocouple ia 
of such ca.paratively ... 11 .. gnitude that the ta.perature distributioa 
withia the heater wire ia not disturbed sisaificaatly by the preseace of 
the reference tber.ocouple leads. If this is true, then the disturbaace 
produced by the preseace of the fine-wire ther.ocoup1e leads is evea 
leas siaaificaat, since they offer a conduction path less tbaa 1/100 
tiaes aa larse of that of the refereace leads. Other possible sources 
of error, hGWever, .aat be evaluate4, one of which is the error associated 
with the precise nature of atta~t to the heater surface. 
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Method of Attach.eat 

The te.perature aradieat in the attached ther.ocouplea, aa eze.plified 
by the te.peraturea tabulated in risure 6, ia quite ateep clo.e to the 
heater vire. 'l'bia occurrence ia related to aaother type of error that 
•Y exiat in tbei'IIOCouple .. aaur-..ta, u•ly that aaaociated vith the 
preaence of a third .. terial for.iaa tbe ther.ocouple bead or providina 
tbe ... na of atta~nt to a surface. Generally tbe poaaible exiateace 
of a t..,erature difference acroaa a thermocouple bead or aubatrate 
.. terial ia neatected in theoretical .adela of ther.ocouple ayat .... 
Tbat ia, 110at aaalyaea deal v1th the caae where the tbenecouple bead 
ia very ... 11. SuCh at.plificationa are aot alvaya juatified, aa 
indicated fro. several inveatisations. Suh and Taai [3J, for exa.ple, 
found that in a typical ... aur ... nt of a burniaa aolid propellant the 
t..,.rature diffareace acroaa tbe tker.ocouple bead ia of the order of 
180 to 210°r, for a ther.ocoaple of 0.0005 in. di ... ter. 

lrrora aaaociated with ther.ocouple reapoaae characteriatica alao 
.. Y be influeaced by the ,reaance of aubatrate or bead .. terial. Such 
error• are diacuaaed in L4]1 where teata were coaducted on ther.ocouplea 
aurrounded vith aUver epoxy, plain epoxy, no epoxy, aolder aad alue. 
Bot aurpriaiaaly, various response characteristics vera observed. 
Perhaps of even areater t.portaace relative to the present iaveatiaatioa 
ia the followina atateMnt by Parker C&J: "In additioa to the exped.11ental 
work, several aulytical beat traufer Hlutiona were •de with the uae of 
a ca.puter aDd ca.pared with the expert.eatal data. In aeneral, there vaa 
poor agre ... at because it waa extr ... ly difficult to deter.ine very ... 11 
thickneaaea betveea the theftiOcouple and aubatrate accurately." 

In t .. calibration technique inveatiaated here, very hi&h t..,erature 
levels and lara• t..,.rature aradients aear the junction region are expert• 
eaced, in addition to rapid te.poral variations. Consequently the precediaa 
co.aeata are quite relevaat. In aeaeral, aay uncertainty in the precise 
location of the ther.ocouple junction with reapect to the heater wire 
aurface, whether produced by the presence of aubatrate .. terial or a 
weldina proceaa, .. y result bt aipificaat error •. If a bead 1a fo'l'lled 
at the junction, obviously the uacertaiaty associated with reaponae 
characteriatica .. Y be cauae for considerable error. 

aeaponae Characteristics of Ther.ocouplea 

loth aaalytical and exper~tal technique• bave beea developed ia 
the literature to describe the traaaient reapoaae characteristics of 
thet:IIOCOUplea, ca, tJ. Ia the preaeat application the accuracy of tbe 
calibration techaique appears atroaaly dependeat upon the ~rative 
reaponae characteriatica aDd .. Y be of greater relevaace tbaa errore 
due to conduction aacl radiatioa lo11e1 per 1e. In the preaeat caliltration 
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procedure the possibility exists tbat the test ther.ocouple respoads .ore 
quickly to the beater wire surface te.perature than the relatively .ore 
.aasive reference thermocouple. Thu., though a difference between the 
indicated te.peratures of the tvo theraocouplaa .ay be observed, it is 
conceivable that the t-.perature of the fine wire thermocouple _.y be 

1
80re accurate than that of the reference ther.ocoupla which was initially 
inteaded to provide the "true" surface t-.peratura. It is believed that 
additional investigation of the response characteristics of the therao• 
couple aas .. bly ~•t be .. de before the accuracy of the calibratioa 
technique .. , be precisely and quantitatively evaluated. 

Deterioration of Tber.ocoaple Perfor.ance at Bi&h T!!!eratures 

As discussed earlier, atta.pta to calibrate fine wire ther.ocouplea 
at high temperature leV.ls proves to be difficult because of oxidation 
(and destruction) of the ther.ocouple wires. The oxidation occurring 
at these high teaperatures produced the need for the rapid transient 
calibration procedures being investiaated here, and although the tt.e 
at whiCh the ther-ocouplea are at high te.peraturea is abort hare, the 
possible influence of surface ch..tcal reactions upon ther.ocouple 
accuracy should be considered. 

Reference [lO]discussas at sa.. length catalytic activity in 
platinua group t..,erature sensors in connection with possible .. aaure• 
aent errors. As in several other inveatiaatioaa the authors proposed 
the use of non•aatalytic coatings on ther.ocouplea for ~t reacting gas 
teaperature .. aaur ... nts. It appears adviaa~le in the present tranaieat 
calibration procedure to also -.ploy such coatings. A rather extensive 
discussion of ther.ocouple coatiaas and a ca.pilation of pertinent 
literature aay be found in ClO'J. 

In addition to preventtaa or aint.izing cheaical deca.poaition of the 
thermocouple wires the radiation heat interactions between the beater wire, 
ther.ocouple wires and enviraa.ent, which are qui&e difficult to accurately 
determine analytically, would be areatly reduced due to the lwered surface 
teaperature of the coatina. The convective beat losses fraa the thermocouple 
leads would also be someWhat reduced for the .... reason. Addition of 
coating material, hGWever • could affect tbe relative response character• 
iatica of the two tber.ocouplea. The ultt.ate effect upon the accuracy 
of the calibration technique produced by the addition of coattaaa appears 
to be prt.arily dependeat upon the two pben ... na••reduced radiatioa beat 
transfer losses aDd transient reapoaaa characteristics (altboulb coaductioa 
losses and coavective beat transfer with the anvtr .... nt ... t also be 
coasidered) • Apia, the aaa4 for iavestiaation of transient reapaue 
characteristics is indicated. 
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BXPEaDWrrAL USULTS 

A plot of typical ezpert.eDtal teaulta obtained 1a sho.n in riaure 3. 
Cona1der1q aourcea of error dlacuaaed in the previous sections, the 
-anitude of the 'MXU.. error ... avred (1nd1cated reference ther.ocouple 
te~~perature alnus flae wire th._CCMjple t..,erature) 1a fiUlte ... 11 (14«7) 
over tke te.perature raaae ezperlencod (24000r). It ia 1aterest1aa to 
observe that the character of the caLibration curves chana•• oalJ allahtly 
frc. one nua to aaother. Moat of tho cal1brat101l shift occurred after the 
first run. Althoup not abown 1a Plpre 3, the difference in th• cal1brat1oa 
curves froa run S to run 20 waa llint.aal. 

COIICLUDlliG UMAiltS 

A transient technique for calibratina fine-wire tber.ecouplea (.001 in.) 
up to ta.peratures of about 2Soo0r was developed and preliaiaary expert-ental 
tests and aulyaes were perf01:1Md. 'l'be technique conaiated of attacblq the 
teat ther.ocouple and a reference ther.ocouple (0.010 in.) to a horizontal 
beater wire (0.020 ln.) at esaentlally a alqle junctloa. The beater wire 
was electrically heated to about 25000P within a 6•8 second period, while 
the output of the two tbenaocouples waa aut-tlcally recorded. The 
principle advantaae of tbla transient tecbalqae is the avoidance of severe 
reduction of tber.ocouple perfor.ance that ordinarily results froa steady• 
state calibrat10D8 in a blah ta.perature axidizlna at.oaphere. The 
theoretical tber..l analyals considered a at.plified .odel of the 
ther.ocouple junction which included only the reference the~ocouple 
leads attached to the beater wire. 

The reaulta of the analytical aDd expertaental 4lata led to the 
followina concluaiona: 

1. The t..,erature depreasioa of the heater wire surface caused by 
the presence of the reference ther.ocouple leada waa found to be nealiaible 
throupoat the teat. Coueqaently, the teat ther.ocouple leacla, bavina a 
croas•aecti~l area 1/100 tt.ea that of the reference ther.ocouple leacla, 
will have eaaentlally no effect upoa the heater wire te.perature. A 
definitive type analyala of the t..,eratare•tt.e•apace field within the 
heater wire ther.ocouple junction reaion, consi4ler1aa variable ther.al 
properties • electrical properties • and radiation heat u:cbanae between 
adjacent surfaces, would require extensive ca.puter analysis uaina 
nuaerlcal techniques. 

2. lrrora aaaoctatecl with the preaence of substrate or bead .. terial 
... be quite a1gnif1cant, due to the existence of a larae teaperature 
difference acroaa the .. terial or due to cbaqea in response characteriatlca. 
Uncertainties in the placeaent of the fine wire junctions .. y also result in 
error, 1nd1cat1na that a .ore judicious plac ... nt of these junctioua .. y be 
warranted. 
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3. Errore d~e to a difference iD recponae Cbaracteri•tica of the 
refereace aDd teat ther.ocouplea aay be .ore aignificant thaa that due 
to diaturbance of the heater wire teuperature produced by the pretence 
(attachaent) of the ther.ocouple vir~• to it. It ia poaaible to 
experimentally deter.ine the tranafe~ function of each tber.ocouplee 
Additional expert-ental and theoretical iaveatigation of the ca.paratiye 
traaaieat reaponae characteriatica of the ther.ocouplea alao appeara 
warranted. 

4. The addition of hip t...,erature, ch.t.cally inert coating 
.. teriala to the ther.ocouplea appear• deairable principally in order to 
mint.ize radiation heat tranafer iateractiona at hilb t..,erature level• 
and to -'ntaize agins effect• produced by expoture of bare ther.ocouple 
vires to various ataoapberee. 
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eecoad beatina period. 
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Platinum 
13 °/o Rhodium 

Chromel P- Alumel 
Fine Wire (0.001 11

) 

Thermocouple 

Heater Power Supply 

141--------- 711 -------~ 

FIG. I Schematic of Heater Wire-Thermocouple 
Junction. 
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FIG. 2- Calibration System Schematic 
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HEATER 20 MIL PLATINUM
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Fig. 4 Compound Thermocouple Junction 
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Time = 0.00 sec Time = 0.50 sec Time = 1.50 sec 

Node No. Temp. (OF) Temp. Temp. 

l 70.0 248.3 605.0 
2 70.0 146.8 3~0.3 
3 70.0 103.0 169.1 
4 70.0 84.2 112.7 
5 70.0 76.1 88.4 
6 70.0 72.6 77.9 
7 70.0 71.1 73.4 
8 70.0 70.5 71.5 
9 70.0 70.2 70.6 

10 70.0 70.1 70.3 

Time = 3.00 sec Time = 4.50 sec Time = 6.50 sec 

Node No. Temp. (OF) Temp. Temp. 

1 1140.1 1675.1 2388.4 
2 530.6 760.9 1067.9 
3 268.2 367.4 499.5 
4 155.3 198.0 254.9 
5 106.7 125.1 149.6 
6 85.8 93.7 104.2 
7 76.8 80.2 84.7 
8 72.9 74.4 76.3 
9 71.2 71.9 72.7 

10 70.9 70.8 71.2 

PIG. 6 Temperature distribution in thermocouple wire for 

seven-second heating period, (each node is of length 

0.001 ft.). 
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APPENDIX I 

PI.OP!RTIIS 

ror solids experiencin& larae t.-perature variations the heat flaw 
and t-.perature distributions within those solids can be sianificantly 
influenced by a te.perature dependent ther.al conductivity (to a lesser 
dearee the sa .. holds for density aDI specific heat). Likewise. for a 
solid subjected to radiation and natural convection boundary conditions. 
both the radiative characteristics of the surface and the free convection 
heat transfer coefficient will in aelleral be teaperature dependeat. 

The followiq sections contain ·the expressions used to take iato 
account te.perature varyina properties appeariaa in the equation• froa 
which the te.perature•ti.e histories described in the text were 
obtained. 

Thereophyaical Properties 

Ther.ophyaical properties for Chra.el•P and Aluael were obtained 
froa (11] for the te~~perature raaae froa about 200 to 1000°P. Por 
t..,eratures beyond 1000°P extrapolated values were a.ployed by usin& 
the atrai&ht line equations indicated below. 

Olrc.el•P 

k • 5.96 (l0-3)T + 9.76 

~ • 545 l~/ft3 

cp • 0.107 Btu/l~·0r 

0 Btu/hr•ft• r 

For platinua and platinua•rhodiua alloys property values .. , be fouad 
in(l2). For the ayat .. of unite used herein the followina expressions 
describe the property variatioaa. aa rec~ndecl in [12]: 

Platinua 

k 

a 

-2 • 41.137•0.1387(10 )T 

• 1340 1ba/ft3 

o.371 (1o-s)T + o.o311 

• 0.864•0.2913(10-4)T 
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Btu/hr·ft-0, 
(T in 0,) 

ltu/hr•ft•0 r 
(T in °P) 

ft 2/hr 
(T in °F) 



Platiaua•lOI lhodiua 

k • 41.3 [1 + 1.11(10-4) (T•64.4) ) 

• 

Cl • 

1266 1ba/ft3 

0 
0.0383 Btu/1~- r 

0.853 (1 + 1.11(10.4) (T-64.4)1 

Btu/bl"•ft-or 
(T in °P) 

ft2/bl" 
(T ia 0,) 

Since pl"opel"tiea were not available for p1atinua 131 rhodiua 1 the f91:eaoina 
p1:opertiea for p1atinua 101 rhodiua were uaed. 

r.t.aeivity 

Total and apectral eaiaaivitiea of p1atinua .. , be found in (12]. 
laiteivity, at undel"ttood thel"eia, referred to the ratio of eneray radiated 
b..tapherica1ly per unit area per unit tt.e by a aurface to that radiated 
by a blackbody at the , ... ta.perature. 

Expreasiona deacribina tbe total ..taaivity of platinua are: 

I • 0.828 (10-4)T 

I • 0.0837 + 0.333(10-4)T 

240 <T< 1690 

1690 <T< 2890 
(T ia 0 P) 

No at.tlar data waa available for platinua-rhodiua alloya. In the abaence 
of such data the above expreasiona could likely be uaed without appreciable 
error. 

MD data deacribina 1:adiative aurface cbaracteriatica of Chl"a.el•Al..al 
.. teriala appear! available 1a the literature. 

aeebtivitx 

ror t..,eraturea up to 27QODr. an equation l"elatina tbe 1"8!iftivity 
of platinua to t..,.l"atul"e is: 

&0 [1 + 3.9788(10-3)T • S.88(1o•7)T) ~~~ 
(T in °C) 
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rree Copvectioo Meat traaafer Coefficient 

a-.raU.Md conelatiOM for fr .. coavectioo hut traufer 
coefficl•ta lnvolye tile propel'tJ P'~f.aaa of. the PraDdtl aDd 
Gra.af .-.ra of the aurroaftdiq fluid. Tbeae propertiea are 
readily a.ailabla. 
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AIIDICAN NATIONAL STANDARDS INSTITUTE (ANSI) 

The purposes of the American National Standards Institute (formerly ABA and 
USASI) include the following: To act as the national coordinating institution 
for voluntary standardization in the United States of Aaerica through Wbich 
organizations concerned with standardization may cooperate in recognizing, 
establishing, and iaproving standards of the United States-of America based 
on a concern with standardization aay cooperate in recognizing, establishing, 
and improving standards of the United States of America based on a consensus of 
parties at interest, to the end that such standards remain dynamic; that 
duplication of work is minimized; that proaulgation of conflicting standards 
may be avoided; and that individual enterprise and initiative is encouraged. 
Coamittee activities in the general field of transducers are described in the 
following paragraphs. (American National Standards Institute, Inc,, 
1130 Broadway, New York, N. Y. 10018) 

CALIBijATION OF MEASURING 
SYSTEIIS FOR PRESSURE, TBMPERA
TURE, FLUID FLOW, LIQUID LEVEL, 
FORCE, MASS, AND DENSITY 

SCOPE: Establishment of standard techniques for 
calibration of aeasuring systeJiS .for pressure, 
temperature, fluid flow,.liquid level, force aass, 
and density. 

CHAIRMAN: J. W. Murdock, Naval Ships Engineering Center 
Philadelphia Division, Code 6760, Philadelphia, PA 19112 

SPONSOR: American Society of Mechanical Engineers 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: 

(a) "A Guide for the Dynaaic Calibration of Pressure 
Transducers" prepared by the Subcoaa-ittee on Pressure. 
This docuaent bas been approved by the B88Co-ittee 
and is being forwarded to ASMB for approval. 

(b) "A Guide for the Static Calibration of Pressure 
Transducers" is presently being prepared by the Sub
coaaittee on Pressure. 
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~·c96 TEMPERATURE MEASUREMENT 
THERIIOCOUPLIS 

(c) "Guide for Calibration of Differential Pressure 
Type Flow lleters" is being drafted by the Subcommittee 
on Fluid Flow. 

(d) The Subcommittee on Liquid Level is preparing a 
procedure for bench calibration of Sounding Rules and 
Gaging Tapes. 

(e) The Subcommittee on Force is working on a docuaent. 

DOCUMENTS BEING CONTEMPLATED: The Subcoamittee on 
Pressure plans to prepare a number of generalized 
calibration procedures covering both static and dynamic 
calibration of pressure transducers. 

Individuals interested in participating may contact the 
chairaan as most subcommittees are open to a limited 
number of qualified individuals. 

SCOPE: Requirements for temperature measurement thermo
couples, including terminology, fabrication procedures 
for ascertaining accuracy, limits of error, wire sizes, 
installation, color code of thermocouple and thermocouple 
extension wire, and temperature emf tables. 

CHAIRMAN: J. Ward Percy, 55 Wingra Ave, Rutherford, NJ 

SPONSOR: Instrument Society of America 

PUBLICATIONS: C96.1-1964 (Rl969) Temperature Measure
ment Thermocouples (This document was revised and 
approved in. 1969 and is based on ISA RPl~) 

Various sections are open to well qualified new members. 
Individuals interested in participating in the coaaittee's 
activities aay contact the chairman. 
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ACOUSTICS 

MECHANICAL SHOCK AND VIBRATION 

ANSI CONTINUED 

SCOPE: Standards, specifications, methods of measurement 
and test, and terminology, in the fields of physical 
acoustics, including noise, architectual acoustics, 
electroacoustics, sonics, and ultrasonics and underwater 
sound, but excluding those aspects which pertain to 
safety, tolerance and coafort. 

CHAIRMAN: J. W. Percy, 55 Wingra Avenue, Rutherford, NJ 

SPONSOR: Acoustical Society of Aaerica 

PUBLICATIONS: 

Sl.l-1960 "Acoustical Terminology (Including Mechanical 
Shock and Vibration)". 

Sl.2-1962 "Physical Measureaent of Sound, Method For". 
Sl..4-1961 "General-Purpose Sound Level Meters, 

Specification for". 
Sl.6-1967 "Preferred Frequencies and Band Numbers for 

Acoustical Measurements". 
Sl.8-1969 "Preferred Reference Quantities for Acoustical 

Levels". 
Sl.l0-1966 "Calibration of Microphones, Method For The". 
Sl.ll-1966 "Octave, Half-Octave, and Third-octave Band 

Filter Sets, Specification for". 
Sl.l2-1967 "Laboratory Standard Microphones, Specifications 

For". 

SCOPE: Standards, specifications, methods of measurement 
and test, and terminology in the fields of mechanical ~bock 
and.vibration, but excluding those aspects which pertain 
to biological safety, tolerance, and comfort-. · 

SPONSOR: Acoutical Society of America; American Society of 
Mechanical Engineers 

CHAIRMAN: D. c. Kennard, Jr., Northwestern Michigan 
College, Traverse City, Michigan 49684 
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Z7 ILLUMINATING ENGINEERING 
NOMENCLATURE AND PHOTOMETRIC 
STANDARDS 

ANSI CONTINUED 

PUBLICATIONS: 

S2.2-1959 "Calibration of Shock and Vibration Pickups, 
Methods for the". 

S2.3-1964-1964(Rl9'i'O) "High-Impact Shock Machine for 
Electronic Devices, Specification for". 

S2.4-1960(Rl966) "Specifying the Characteristics of 
Auxillary Equipment for Shock and Vibration Measure
aents, Method for". 

S2.5-1962 "Specifying the Performance of Vibrating 
Machines, Reco-endations for". 

S2.6-1963 "Specifying the Mechanical Impedance of 
Structures, Nomenclature and Symbols for". 

S2.10-1971 "Analysis and Presentation of Shock and 
Vibration Data, Methods for". 

S2.11-1969 "Calibrations and Tests for Electrical 
Transducers USed For Measuring Shock and Vibration, 
Selection of". 

SCOPE: The definition of terms used in illuminating engineer
ing and photometry, together with the formulation of general 
principles to govern the measurement of light and illumina
tion and the application of such measurements in practice. 

SPONSOR: Illuminating Engineering Society 

PUBLICATIONS: 27,1-1967 "Illuminating Engineering, Nomen
clature and definitions for" 

AMERICAN SOCIETY OF MECHANICAL ENGINEERS (ASD) 

PTC 19 COMMITTEE ON INSTRUMENTS 
AND APPARATUS 

SCOPE OF THE SUBCOMMITTEE: The scope of the work of PTC 
Committee No. 19 on Instruments and Apparatus is to 
describe the various types of instruments and methods of 
measurement likely to be prescribed in any of the ASME 
Power Test Codes. Such details as the limits and sources 
of error, method of calibration, precautions, etc., as will 
determine their range of application are given, 
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CHAIRMAN: J. c. Westcott, General Electric Co., Bldg 2, 
Rooa 620, 1 Rain Road, Schenectady, NY 12345, Ph (518) 
374-2211 Bzt 52438 

PUBLICATIONS: 

ASIIB Power Test Codes related to PJ.'C 19.2, "Instruaents and 
Apparatus: Pressure MeaSlreaent," 1965. 

PTC 19.3, "Instruaents and Apparatus: Temperature Measure
aent," 1961 

PTC 19.5.2, "Instruaent and Apparatus: Voluaetric 
(Displace.ent) Meters," 1966 

P1'C 19.5.3, "Instruments and Apparatus: Fluid Velocity 
Measurement," 1965 

P1'C 19.5.4, "Instruments and Apparatus: Flow Measurement," 
1959 

Pl'C 19.5.5, "Instruments and Apparatus: Special Methods of 
· Flow Measurement," 1966 

PTC 19.17, ''Determination of the Velocity of Liquids," 1965 

DOCUIIENTS/REVIS IONS PLANNED: 
a. Revision of PTC 19.2 on Pressum Measurement to brine it 
up to the "state-of-the-art". 
b. A docuaent on real tiae coaputer application for per
foraance testing. 

The chairaan is looking for qualified new members to 
Coaaittee 19.2, on pressure, and for a comaittee on computer 
applications in testing. Interested individuals are invited 
to contact the chairman. 

AIIBRICAN SOCIETY FOR TESTING AND MATERIALS (ASTM) 

The Aaerican Society for Testing and Materials is a national, nonprofit, technical 
scientific and educational society which centers its activities on research and 
standardization of specifications and aethods of testing materials. Aaerican 
Society for Testing and Materials, 1916 Race St., Philadelphia, PA 19103 



INSTRUMENT SOCIETY OF AMERICA 

STANDARDS AND PRACTICES DEPARTMENT 

NATIONAL INDUSTRY STANDARIS PREPARED BY TRANSDUCER STANDARIS DIVISION 

ISA-537 .1 ELECTRICAL TRANSDUCER 
NOMENCLATURE AND TERMINOIDGY 

ISA-537.2 SPECIFICATIONS AND TESTS FOR 
PIEZOELECTRIC ACCELERATION 
TRANSDUCERS 

t.:)' 
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ISA-537.3 SPECIFICATIONS AND TESTS FOR 
STRAIN-GAGE PRESSURE TRANSDUCERS 

H. N. Norton Director(!) 
4800 Oak Grove Drive 
Pasadena, CA 91103 

SCOPE: Establishes standard uniform nomenclature for transducers 
and uniform simplified terminology for transducer characteristics. 

CHAIRMAN: Harry Norton (task complete) 

PUBLICATIONS: ISA-537.1 Electrical Transducer Nomenclature 
and Terminology. 

SCOPE: New document to supersede existing "aerospace testing" 
document; also new document to avoid, wherever possible, conflicts 
with similiar ANSI committee. 

CHAIRMAN: John Ramboz 

PUBLICATIONS: ISA-RP 37.2 Specifications and tests for Piezoelectric 
Transducers for Aero-Space Testing (1964) 

OOCUMENTS BEING DRAFTED: 

(a) ISA-8P 37.2 

SCOPE: Establishes uniform.minimum specifications for design and 
performance characteristics; uniform acceptance and qualification 
test methods, including ·calibration techniques; uniform presentation 
of minimum test data; a drawing symbol for use in electrical. schematics 

CHAIRMAN: Paul S. Lederer (task complete) 

PUBLICATIONS : ISA -8P37. 3 

(l) Inquiries regarding committee activities and membership should be sent to the director. 
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ISA-537 .4 SPECIFICATIONS ANp TESTS FOR 
RESISTIVE (PLATINUM-WIRE) 
TEMPERATURE TRANSDUCERS. 

ISA-S 37.5 SPECIFICATIONS AND TESTS FOR 
STRAIN -GAGE ACCELERATION 
TRANSDUCERS 

ISA-537 .6 SPECIFICATIONS AND TESTS FOR 
POTENTIOMETRIC PRESSURE 
TRANSDUCERS 

ISA -S P 3 7. 8 S PECIFCATIONS AND TESTS FOR 
STRAIN-GAGE FORCE TRANSDUCERS 
(!DAD CELIS) • 

SCOPE: Prepare document on platinum-wire type temperature 
transducers. 

CHAIRMAN: Howard Chandon 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: ISA-SP37 .4. A preliminary draft has 
been circulated among committee members. 

SCOPE: See (S 37.3) 

CHAIRMAN: Loyt Lathrup, (task complete) 

PUBLICATIONS: ISA-SP 37 ;5 

SCOPE: See (S37 .8) 

CHAIRMAN: Harry Norton .(task complete) 

PUBLICATIONS: ISA-SP 37.6 

SCOPE: Prepare document on Strain -Gage Force Transducers. 

CHAIRMAN: Charles Silver 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: 

ISA-SP 37.8 A draft has been pr~pared and circulated among 
committee members. 
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ISA-S37.9 SPECIFICATION AND TEST FOR 
THERM>ELECTR.IC TEMPERATURE 
TRANSDUCERS 

ISA-S37 .10 SPECIFICATIONS AND TESTS FOR 
PIEZOELECTRIC PRESSURE AND 
SOUND-PRESSURE TRANSDUCERS 

01 sp 37.11 SPECIFICATIQNS AND TESTS FOR 
SERVO ACCELERATION TRANSDUCERS 

ISA-837 .12 SPECIFICATIONS AND TESTS FOR 
POTENTIOMETIC DIS PlACEMENT 
TRANSDUCERS 

SCOPE: Prepare document on thermoelectric temperature transducers 

CHAIRMAN: Richard Bidstrup 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: 

No recent.activity. May need redefinition of objective to avoid 
duplication with ANSI ASTM and SAE committees. 

SCOPE: (See s 37. 3) 

CHAIRMAN: Dave Keast (task complete) 

PUBLICATIONS: ISA-8P 37.10 

SCOPE: Prepare document on Servo Acceleration Transducers 

CHAIRMAN: Otis Ingebritsen 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: 

(a) ISA-SP37.11. This is a fairly new committee and work on the 
standard has just begun. 

SCOPE: Prepare document on Potentiometric Displacement Transducers 

CHAIRMAN: Robert Bronson 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: 

ISA-SP 37.12. Only preliminary work completed. Little activity since 
mid 1970. 
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ISA-S37 .13 SPECIFICATIONS AND TESTS FOR 
HIGH-LEVEL Dc-OUTPUl PRESSURE 
TRANSDUCERS. 

ISA-S31 TURBINE FLOWMETERS 

ISA-S40 STRAIN GAGES 

SR;nl 

SCOPE: Prepare document for high level de-output pressure transducers 

CHAIRMAN: Jon Inskeep 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: 

(a) Final draft in review. 

SCOPE: (SeeS 37.3) 

CHAIRMAN: Phil Bliss 

PUBLICATIONS: None 

DOCUMENTS BEING DRAFTED: 

Final draft with review summary is ready for balloting by Standards 
and Practices Board 

SCOPE: (See S37 .3) 

CHAIRMAN: None - one is needed. 

No work currently under way. 
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COMMITTEE ON INSTRUMENTATION 
AND TEST DATA 

JANNAF INTERAGENCY PROPUlSION COMMITTEE 

SCOPE: Currently, to review the state of the art of pressure 
transducers capable of detecting high frequencies. 

CHAIRMAN: D.'J.'. Harrje, Princeton University 

PUBLICATIONS: CPIA Publication No. 170 ''Special Considerations 
for Combustion Instability Instrumentation and Data Presentation", 
June 1968. 

DOCUMENTS BEING DRAFTED: 

(a) In 1972, a report listing the types of high frequency pressure 
transducers presently available and the types needed wili be published. 
(b) In 1973, the committee will review the mounting problems of 
these transducers. 

At present there is no requirement for additional members. 

RANGE COMMANDERS COUNCIL (RCC) 

The Range Commanders Council bas published numerous IRIG Standards for use by 
governmental agencies and industries under contract to them for use in the fields 
of missiles, rockets, and associated equipment. Limited copies are available to 
authorized non-government agencies from the Secretariat, Range Commanders Council, 
STEWS-SA-R, White Sands Missile Range, New Mexico 88002. Documents related to 
physical measurements include: IRIG: 106-71 Telemetry Standards; IRIG 118-71 
Test Methods for Telemetry Systems and Support Systems; IRIG 103-64 Methods 
for Estimating Accuracy of Position, Velocity and Acceleration Data. Additional 
documents are being considered at this time. 
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SAE AEROSPACE COUNCIL of the SAE TECHNICAL BOARD 
SOCIETY of AtrrOMOTIVE ENGINEERS 

DESIGN AND GENERAL STANDARDS 
FOR AEROSPACE PROPULSION 
SYSTEMS 

PURPOSE: The committee E-21 will assess the design, manu
facture., operation and maintenance of Aerospace Propulsion 
Systems; such assessaent has the objective of identifying 
specific areas that require or benefit from standardization. 
The committee has the further purpose of assuring that the 
necessary standards are developed, coordinated, documented 
and released. Professionalism, technical integrity and 
general quality of technical documents will be adhered to. 

CHAIRMAN: A. H. Lamber, Air Force Rocket Propulsion 
Laboratory (DOZS) Edwards, CA 93423 Ph (714) 553-2139-2739 

SPONSOR: Society of Automotive Engineers, Inc. 

PUBLICATIONS: None relating directly to transducers. 
Numerous other documents have been issued. 

DOCUMENTS BEING CONTEMPLATED: Consideration underway for 
turbine engine thermocouple probe check. Periodic ground 
checks of the temperature sensing systems employing the 
use of portable heater ovens that can be installed:over 
the engine thermocouples to check operation and accuracy. 
Project effort yet to be determined could be accomplished 
by SAE Committee ~-21, SAE Committee EG-1 Aerospace 
Propulsion Systems Support Equipment of SAE subcommittee 
AE-2 Engine Temperature Sensing. 

SUBCOMMITTEES AND WORKING GROUPS: SAE Subcommittee AE-2, 
Engine Temperature Sensing. Working panel on optiaua 
metric threads for Aerospace Fastener Systems. Members 
of Comaittee E-21 are limited to individuals of the Prime 
Aerospace Propulsion Communitiy. Individuals qua~ifying 
as such and interested in participating in the committee 
activity may contact the chairman. 
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ENGINE TEMPERATURE SENSING 
SAE CONTINUED 

SCOPE OF THE SUBCOMMITTEE: 

1. To maintain a samll, highly restricted body of men 
experienced in the problems associated with engine tempera
ture sensing. 
2. To expedite the exchange of technical information 
through the sponsorship of meetings, publications and 
bibliography work• 
3. To formalize and correlate the collective experience 
in the form of Aeronautical Information Reports (AIR). 
4. To develop preliminary standards where practical and 
publish them for industry wide availability in the form of 
Aeronautical Recommended Practices (ARP). 

CHAIRMAN: w. J. O'Brian, Detroit Diesel Allison 
Division of General Motors Corp. 
P. 0. Box 894, Indianapolis, Ind 46206 

PUBLICATIONS: 

Aerospace Information Reports (AIR) 
AIR 46, "Preparation and Use of Chrome! Alumel Thermo

couples", 1956 
AIR 65, "Thermoelectric Circuits and The Performance of 

Several Aircraft Engine Thermocouples" 1968 
Aerospace Recommended Practices (ARP) 
ARP 464, "Thermocouple Mount", 1958 
ARP 465, "Thermocouple Mounting Flange", 1.500 in Centers", 

1958 
ARP 466, "Thermocouple Mounting Flange 1.875 in Centers", 

1958 
ARP 485, "Nomenclature for Temperature Measuring Devices", 

1957 

DOCUMENTS BEING DRAFrED: Rewrite and combining of AlB 46 
and AIR 65 

DOCUMENTS BEING CONTEMPLATED: Possible survey of infra-red 
sensing of turbine temperatures for control 

The chairman will consider the addition of qualified new 
members to the subcommittee. 
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SCIENTIFIC APPARATUS MAKERS ASSOCIATION (SAMA) 

The Scientific Apparatus Makers Association is active in the generation of 
standards and specifications for scientific :l.nstruments and related products, 
as well as data related to the scientific instrument industry. SAMA has several 
standards committees active at present. Publications are available from: 
Scientific Apparatus Makers Association, 1140 Connecticut Avenue, N.W, 
Washington, D.C. 20036. 

SAMA Publications in the area of transducers include: 
SAMA: II 1 & 2 Load Cell Terminology and Recommended 

Test Procedures, 2nd edition, 1964 
RC 5-10 "Resistance Thermometers, 2nd edition, 1963 
SAMA: RC 8-10 "Thermocouple Thermometers (Pyrometers), 

2nd edition, 1963 
SAMA: RC 20-11, Measurement and Control Terminology, 

1964 
SAMA: RC 21-4-1966, Temperature-Resistance Values 

for Resistance Thermometer Elements of Platinum, 
Nickel and Copper, 1966 

INTERNATIONAL STANDARDIZATION 
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DISCUSSION SUMMARY 

SESSION Ill 

Dynamic and Static Testing and Calibration 

Papers: Rathke and Woodward; Gordon and Clark; Keshock, Stewart, Edwards; Rockwell and 
Rogero 

Highlights of the Discussion Period: 

Questioning the need for end-to-end calibrations in only a few responses. In some tests of 
parachute recovery systems, strain transducer telemetry systems are checked by the 
application of known forces to transducer, and by monitoring the resulting ground station 
output. A rocket test facility has their instrumentation system under computer control. 
Transducer calibration is stored in the system and used for data reduction. Elaborate statistical 
procedures are used to verify accuracy. Naval Air Test Center uses a model of the transducer 
(based on the laboratory calibration of the transducer). This analog model, simulating 
transducer input and output impedances, at various measurand levels, is then used for an 
end-to-end calibration of instrumentation system (including dynamic calibrations using an 
electrical function generator). At present, models exist for resistance bridge transducers. The 
desire was expressed for the manufacturer to supply the parameters necessary to model his 
transducers. 

In another system, used in ordnance testing an electrical check is performed immediately 
preceding each shot. Means used are series or shunt resistance changes or voltage injection, 
depending on the type of sensor. Another organization uses a six wire system, enabling them 
to switch known resistors across an arm of a bridge to simulate a known measurand change. 
This approach, it was pointed out, is not very practical for nuclear or high-explosive tests in 
view of the long cables involved. Also, in such tests, the transducer cannot be recovered and 
check calibrated after the test. 

It was pointed out that in a procedure like a shunt calibration, a dynamic check of the 
system can be obtained if the shunt resistor can be switched in rapidly and cleanly (without 
contact bounce). 

The need for assurance of transducer quality immediately prior to and even ·during 
measurements, was emphasized by recent developments in medicine. In cardio-vascular 
research, small pressure transducers are permanently implanted in research animals for periods 
of up to a half a year. It seems important to be able to assess continuing adequacy of 
transducer performance during this time span. 

Complaints were voiced by some vendors about overly detailed required performance 
specifications, without adequate time for the vendors careful study of them. In addition, some 
of the specifications require tests by the manufacturers and test documentation, which he 
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cannot supply adequately and economically. The lack of proper communication between 
vendor and user seems to cause many misunderstandings and mis-interpretations of user 
requirements and specifications. 

An argument over who should lead the way in developing universally understandable 
specifications and standards for transducers, was not resolved. Manufacturers and users 
representatives each argued that they should have the responsibility. 

A point raised by a vendor was that a users specification should not only list what the 
transducer should do but also what it should not do (eg. not susceptible to certain specified 
operating environments. 

A question was asked whether there was a good central source of information on tests run 
on many different transducers. It was suggested that it is probably desirable to re-test some 
transducer types periodically to evaluate the effects of new materials and new production 
techniques. A comment was made that if a government agency took the responsibility for the 
extensive testing of transducers, the manufacturers could then refer users to that agency for 
information on the transducers performance (editors comment: "Consumers Union"?). One 
possible drawback might be posed by the fact that a government agency is not likely to be 
permitted to compare the quality of the products of different vendors, nor indeed to make any 
value judgements. It was indicated that telephone inquiries could produce a less inhibited 
response than those obtained from printed official reports. 

In fact, there was a Defense Department sponsored Transducer Information Center at 
Battelle Memorial Institute which kept up effectively with transducer research, development, 
and evaluation efforts. Not being a government agency, it had access to proprietary 
information. It was difficult to obtain continuing funding for it throughout its existence. 
Finally, DOD produced a set of operating instructions for the Air Force (sponsoring agency of 
the TIC) including: unlimited funding, no restrictions on service or customers, no 
discontinuance of center without special permission. These conditions were unacceptable to 
the sponsor and the center was closed. 

Finally on the subject of dynamic calibration, the question was raised whether results 
from such calibrations are used to correct the measurement data or simply to select a suitable 
transducer. An argument for static calibration as being sufficient was countered by several 
persons. They pointed out the extreme difficulty of predicting the dynamic response of a 
transducer without actually dynamically testing it. 

272 



SESSION IV 

MANUFACTURERS' PANEL DISCUSSION 

Mr. Peter Stein, Chairman, Arizona State University 
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DISCUSSION SUMMARY 

SESSION IV 
Highlights of the Discussion: 

This session was entirely a discussion session for dialog 
between transducer 11 users 11 and 11manufacturers. 11 A manufacturers' 
panel representing typical types of instruments in common use on 
test ranges was assembled as follows: 

Dr W Kistler 
Mr J Kicks 
Mr J Maybach 
Mr R Whittier 
Dr H Erichsen 
Mr S Cox 

Kistler Instruments 
Kulite Semiconductor Products 
Rosemount 
Endevco 
Tyco Instruments 
Bell & Howell Instruments 

The audience also included other representatives from these 
companies and representatives from PCB Co, General Electric and 
Cetra Systems Inc. 

Measurement parameters represented include pressure, temperature, 
acceleration, vibration, shock and flow. Measurement methods 
represented primarily included strain gages, piezoresistance, 
piezoelectric, servomechanism force balance, capacitive, thermo
electric, and thermoresistive. 

This discussion was chaired by Mr P K Stein, Instrumentation 
Consultant, Arizona State University. The discussion was lively 
and continued for three hours. Full reporting is neither desirable 
or possible; the major areas of discussion are summarized below. 
The discussion was considered quite beneficial by a sampling of both 
users and manufacturers. 

Discussion topics included: 

1. Specification Sheet Parameters 

a. Believability- Buyer specify tests 

b. Missing Parameters - Some data available if requested 

c. Transient or Time Varying Tests - Not normally tested; 
no standards 

d. Combined Environments - Not normally tested; no 
standards 
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e. Statistical Model - Spec numbers are supposed to be 
11 two-sigma 11 type numbers 

2. Price Information 

a. Generally not routinely supplied; strong desire 
expressed 

b. Trend seems to be to include at least an approximate 
price 

3. Product Improvements 

a. Routinely made by manufacturers 

b. Not publicized 

c. Can cause problems (e.g. new epoxy may improve bond 
but react with gas being measured) 

4. Quality of Local Representatives 

5. Manufactw·er Involvement in User Application 

a. Contractor desires involvement 

b. Cannot provide $1000 worth of consultation on use 
of a $50 transducer 

c. Involvement nearly illegal for government situations 

d. Purchase Order should indicate intended use in 
addition to performance specifications 

6. Relationships if a transducer fails to perform 

a. Manufacturer eager to evaluate and diagnose the 
problem 

b. Failed instrument should be recovered if possible 

c. Highly competitive business; word of failure 
circulates fast 

7. Delivery time (6 weeks for 11Standard 11 Items) 

a. Can build in 1 week but must then stabilize, cycle 
and test 
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b. One company canvassed users• needs, stocked 
inventory accordingly for quick delivery, and subsequently 
absorbed a million dollar loss. 

8. Quality Control 

a. User reports: 15% rejection on the dock as 
received due to damaged housings, nicks, scratches, cut wires, 
leaks, bent connectors, etc 

b. Manufacturers: No excuse for shipping shoddy 
hardware 

9. Interchangeability -Transducers and Electronics 
(Use of one manufacturer•s sensor with another 
manufacturer•s electronics) 

a. Not generally feasible 

b. One manufacturer•s response: It is not in the 
manufacturer•s interest from his point of view to do this. We 
like to price our products as a set of equipment. 

c. Strain gage and semiconductor sensors are somewhat 
interchangeable with increased risk of errors. 
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SESSION IV-a 

QUICKIE PAPERS: NEW TECHNIQUES 
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PIEZORESISTIVE TRANSDUCERS FOR MEASU.t<EMEN'l' 
OF TRANSIENT DYNAMIC STRESS 

By 

D. E. Grady, M. J. Ginsberg, and D. R. Curran 

Abstract 

New applications have increased the demand for piezoresistant 

transducers capable of measuring transient dynamic stress. Appli-

cations include stress measurements in various geological media 

in situ, in high radiation environments under adverse temperature 

conditions, in experiments involving highly divergent material flow, 

and measurements of stress history in materials subject to intense 

pulsed laser beams. Gages are required to measure stresses from as 

low as a fraction of a kilobar to many kilobars for times ranging 

from a fraction of a microsecond to a number of milliseconds. New 

piezoresistant materials have been investigated for applications to 

these problems. Considerable progress in transducer and systems 

technology has been made. 
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INTRODUCTION 

Piezoresistant stress transducers consist of a foil or film of some 

material whose electrical resistance is a function of its state of strain, 

and can be related to stress or pressure by suitable calibration techniques. 

Originally, these gages were developed to measure static pressures in 

hydrostatic loading experiments, but were then modified so that measure-

ments of dynamic stress up to several hundred kilobars were possible. 

The rise times associated with these stress waves is typically considerably 

less than a microsecond, and pulse widths are usually ten microseconds or 

less. Recently, there has been a considerable amount of interest in 

measurement of transient stresses of much lower magnitude and often with 

longer pulse widths. Rise times of interest range from nanoseconds to 

about a millisecond. 

Piezoresistant stress transducers can have the following important 

features: 

(1} The ability to be actually placed in the material of 
interest, so that disturbance to the flow is minimized 

(these gages are usually referred to as "in-material 

gages"). 

(2} Small size 

(3} Low temperature sensitivity 

(4} Good signal-to-noise ratio 

(5} Fast response (as low as 10 nsec in some cases) 

(6) Ability to survive in extremely hostile environments for 

sufficient time to make the measurements of interest. 

Stanford Research Institute has been concerned with the development of 

piezoresistant stress transducers for over ten years, and this paper describes 

some of the results of that effort. A brief background review presents the 

framework which has guided piezoresistant transducer development over the 
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past decade. Investigations of different piezoresistant materials are 

discussed, and current programs which have created the increased demands 

on transducer usage are considered along with the technology necessary 

to meet the problem. 

BACKGROUND 

The behavior and properties of materials that have been subjected to 

intense dynamic loading have been the subject of a large number of investi

gations. Both the transient behavior and the terminal (postshock) effects 

have been of interest. The extremely high stresses involved have usually 

been produced either by explosives or by compressed gas guns (Fowles et al., 

1970) which propel a flat-faced projectile against a planar target. With 

explosives, workers in this country have obtained pressures as high as 

3 megabars (Rice.et al., 1958) while Russian investigators hove reported 

reaching 10 megabars (Al'tshuler, 1965). Some compressed gas guns are 

capable of producing pressures in the target above a megabar, but most are 

designed to produce stresses in the range of one to 100 kilobars (lasting 

for several microseconds) in targets which are usually between two and four 

inches in diameter. It is in this lower stress region that material strength 

significantly affects dynamic response, and research in this area is very 

active. 

Determination of high pressure equations of state and the effects of 

high stresses and strain rates on, for example, the magnetic, electrical, 

and mechanical behavior of materials has been the motivation for this type 

of work. There is also considerable interest in the stress wave propagation 

itself. Determination of the mechanical constitutive equations, which can 

be used in conjunction with computer codes to predict dynamic response to 
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arbitrary stress wave inputs, provides understanding of many aspects of 

the mechanical behavior of materials. 

The measurement of transient stress-time histories is crucial to work 

of this nature. Considerable effort over the past decade has focused on 

this problem, and a large part of this effort has been expended in development 

of in-material piezoresistive stress transducers. 

Various compressed gas gun installations differ in detail but their 

purpose is the same. They use high pressure gas to propel a projectile 

of known material properties against a target containing the material sample 

of interest. The impact is planar and produces a stress wave which propagates 

through the material in a time duration of several microseconds. This process 

is illustrated in Figure 1 where a typical projectile and target design 

geometry are shown. In the sample one or several peizoresistant gages are 

embedded at different planes but the plane of each gage is normal to the 

direction of wave propagation. Each gage will record the stress-time history 

of the material at the plane in which it is mounted. A record obtained with 

a manganin piezoresistant gage in 606l-T6 aluminum is shown in Figure 2. In 

Figure 3, results from several gages located at different gage planes illustrate 

how the stress wave structure changes with propagation distance in the test 

sample. These multiple stress gage measurements are then compared with 

profiles predicted by finite difference computer codes to verify various 

material constitutive models. More recent work has shown that the multiple 

stress histories can be analyzed by a method presently known as Lagrangian 

analysis (Fuller and Price, 1964; Fowles and Williams, 1970; Cowperthwaite 

and Williams, 1971) to determine actual stress-strain paths which can then be 

used to determine a constitutive relation for the material. 
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Details involved with in-material stress gage installations are many. 

The difficulties· are largely determined by the pecularities of each 

individual experiment. Much research has been done on this problem and 

is well documented (Keough, 1968; Keough and Williams, 1967). Both wire 

and etched foil gages are used, and in some cases vapor-deposited elements 

which provide a thinner transducer package and, therefore, high frequency 

response. An epoxy resin is normally employed to make the in-material 

bond. 

Excitation of the transducer requires either a constant current source 

(Keough, 1968; Grady, 1970) or a constant voltage or bridge source (Keough, 

1963). The frequency response required for the dynamic transient meas

urement prohibits use of any ac excitation source. Lead configuration 

poses special problems. Depending on the power supply used either two 

or four leads must be brought from the gage to an accessible point. The 

primary problem is lead survival in the very high stress region experienced 

by the gage. A typical gage configuration is shown in Figure 4, where a 

vapor-deposited gage is mounted in-material in a soda-lime glass medium. 

Manganin is a material well suited for dynamic stress measurements. 

It is relatively insensitive to temperature effects, is well calibrated 

and has been used in laboratory experimentation for a number of years 

(Bernstein and Keough, 1964; Fuller and Price, 1964). It is, however, 

difficult to use at low stress, in divergent flow, and in high radiation 

environments. It is this type of problem which has stimulated further 

investigation of new piezoresistant materials and techniques. 

Dynamic calibration of piezoresistant gages poses special problems. 

Testing is destructive and therefore stringent quality control and 

standardization must be prescribed in gage and package material in order 

that calibration performed on one gage may be assumed for the next. The 

calibration is necessarily statistical in nature. Calibration for stress 
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loading and unloading is provided by subjecting a gage to a series of 

pressure steps of known amplitude. This calibration is usually performed 

with the compressed gas gun and necessarily restricts calibration data 

to the microsecond region. 

Calibration can also be performed statically. Flatness of frequency 

response in the intermediate region is assumed if there is consistency 

between the static and dynamic calibration data. Most piezoresistant 

materials are observed to exhibit a residual resistance change when 

subject to a dynamic pressure pulse and then relieved to zero stress. This 

effect has been attributed to work-induced damage and complicates the un

loading calibration. 

NEW MATERIALS 

Changing interests and emphasis have required the development of new 

types of piezoresistant stress gages. Some of this change has been brought 

about by better understanding of the material properties that affect the 

wave propagation constitutive relations. For instance, in in situ geological 

material, workers have become aware of the fact that macroscopic cracks, 

rock inhomogenieties, water content, and other factors difficult to duplicate 

in the laboratory environment, significantly affect the propagation and 

attenuation of ground motion (Grine, 1971). Because of this, experimental 

emphasis has shifted to the problem of making measurements in the field, 

and new and severe requirements have been impressed on stress transducer 

systems. Gages must often record down to the kilobar or subkilobar region. 

The system must survive for a number of milliseconds and drive thousands of 

feet of transmission cable in a high noise environment. Recent experi

mentation on material subject to severe radiation in horizontal line of 

site (HLOS) pipes in nuclear underground testing has posed other difficult 

problems for stress transducers. These problems appear in terms of gage 
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survival and temperature sensitivity. Other fields of recent interest 

include stress wave propagation due to deposition of energy from pulsed 

lasers at material surfaces and use of stress gages in divergent flow 

fields. 

To summarize, recent experimental interest in transient wave phenomena 

require stress transducers amply sensitive at lower stresses, capable of 

longer recording in severe environmental conditions, and capable of surviving 

in high radiation regions under adverse temperature conditions. At Stanford 

Research Institute efforts have been focused on development of transducer 

packages and systems, and on the investigation of new materials to meet these 

problems. 

Selected materials investigated are listed in Table l along with material 

properties that are significant in transducer operation. Also listed is the 

alloy manganin. Although manganin is marginally sensitive in the low kilobar 

region it is the best calibrated and is used routinely for transient stress 

wave experimentation in a number of laboratories. It serves as a standard 

for comparison of other potential transducer materials. Semiconductor mate

rials have not been considered because of their known sensitivity to tempera

ture and shear components of stress. 

As is expected, a universal transducer material capable of satisfying 

all of the requirements for all situations probably does not exist. For 

sensitivity ytterbium appears to be the best, followed closely by lithium 

and calcium. They have pressure coefficients on the order of 20 and 10 

times that of manganin, respectively. On the other hand, for use in a high 

radiation environment the atomic number is a crucial property. Heating is 

determined by the opacity of the material to radiation, and the opacity is 

strongly dependent on the atomic number. From this perspective carbon and 

287 



lithium are promising. Temperature dependence is determined by specific 

heat, density, sensitivity of the temperature coefficient of resistivity 

and sensitivity of the pressure coefficient to temperature change. Con

venience in handling is an important factor. Ytterbium and bismuth are 

relatively inert while calcium and lithium are chemically active materials, 

which create considerable problems during transducer construction. 

It can be seen that there are a number of trade offs. TI1e gage material 

must be chosen to best satisfy the requirements of each individual experiment. 

Piezoresistant materials which have been studied in this laboratory will be 

discussed briefly. References are given for more detailed information on 

this work. 

Ytterbium 

Of the new materials investigated to date this stable rare earth has 

proven the most promising (Keough, 1970; Ginsberg, 1971). It has been 

calibrated for stress wave loading and is currently used for both laboratory 

and field testing. It has the highest pressure coefficient of resistance 

although its pressure resistance curve is nonlinear. It is useful from the 

subkilobar regions up to 39 kbar at which point it is reported to undergo 

a polymorphic phase transition (Hall and Merrill, 1963). Both vapor

deposited and etched foil gages have been used. It exhibits resistance 

hysteresis on the unloading portion of the pressure profile. Ytterbium is 

presently being calibrated on unloading. Other than manganin, it has the 

least sensitivity to temperature effects. 

Bismuth 

This element is also stable and exhibits a nonlinear pressure resistance 

curve up to 26 kbar at which point it undergoes a polymorphic phase transition. 

Vapor-deposited gages can be made quite readily. Static and limited dynamic 

calibration data are available (Keough, 1970). 
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Lithium 

This low Z element has shown many promising properties favorable for 

transducer use. Its pressure sensitivity is larger than most. It exhibits 

some hysteresis on unloading. Substantial calibration has been performed 

on lithium (Keough et al., 1968), but its high chemical activity makes it 

difficult to handle. It can be vapor deposited provided the deposition 

substrate is treated with either LiF or MgF
2 

as a surface passivator. It 

is also inert to paraffin wax which has been used as a sealant. Its low 

melting point limits its usefulness--it is expected to melt under shock 

compression at about 70 kbar. 

Calcium 

Calcium is also quite active and requires similar passivator and 

sealant techniques. It appears to show little hysteresis but its 

temperature sensitivity is close to prohibitive. There are limited calibra

tion data (Williams, 1965). 

Carbon 

This material appears very promising. It can be readily vapor deposited 

on a number of substrate surfaces, these deposits having an amorphous 

structure. It is presently being calibrated and should be useful as a 

high radiation environment stress transducer (DeCarli, Ginsberg, and 

Dempster, 1972). 

Others 

Several other materials have been investigated for use as dynamic 

piezoresistant transducers with limited or no success. Strontium is 

extremely active and a passifying agent was never found (Keough, 1970). 
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Several iron-nickel alloys have been investigated (Williams, 1965). Their 

response was low due, presumably, to ferromagnetic properties. Lead and 

indium showed insufficient piezoresistant sensitivity and cadmium showed 

showed large but very erratic response (Williams, 1965). 

Of the newer piezoresistant materials investigated, the most promising 

appear to be ytterbium and carbon and possibly lithium in a limited region. 

TRANSDUCER APPLICATIONS 

Fielding 

As was previously mentioned, there is a significant effect of macroscopic 

material properties on wave propagation in geological materials in the sub

kilobar to 10 kbar region. Realistic experimental data must be provided by 

gages placed in situ near high explosive and nuclear underground tests to 

verify present geological constitutive models and computer predictions. SRI 

has recently developed a hardened ytterbium gage field system capable of 

recording in earth mediums such as rocks, soil, sands, or clays. This gage 

system is able to record in the 30-kbar to subkilobar region for a number 

of milliseconds and can be placed in the often hostile water-saturated 

environments weeks prior to transducer use (Smith et al., 1971; Smith, 1972). 

A representative gage package is shown in Figure 5. The sensor consists 

of a 2-mil etched ytterbium foil grid of 10 ohms resistance. Lateral dimension 

of the grid is approximately one inch. The transducer element is contained in 

a homolite resin-fiberglass package. This package has been found extremely 

tough, and the fiberglass tends to prevent punch-through from local inhomoge

neities in the test medium and to average out the stress in the vicinity of 

the sensitive element. Design of the package and cable connections provide 

minimum differential motion between gage components and, therefore, maximum 

survival probability of the gage. 
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Installation procedure at the test site is determined by the test 

medium and any experimental peculiarities. In hard material the gage is 

emplaced in drill holes and packed with impedance-matching grout. In 

softer material, cutting tools can be used to provide slots for gage 

installations. 

Usually several hundreds to thousands of feet of transmission cable 

are required and the noise environment is high. With a pulsed bridge 

power supply and the high sensitivity of ytterbium, the system provides 

ample signal magnitude--usually several volts. 

This stress gage system has been used with considerable success on 

high explosive tests ranging from 100 lb to 100 tons charge weight. In 

Figure 6 a gage record obtained in water-saturated sand from a 100-lb 

explosive event is shown. A peak stress of 6 kbar was reached, and the 

transducer recorded for about half a millisecond showing a complete stress

time history from arrival to peak stress and back to zero stress. 

It is worth mentioning that in explosive testing a one-dimensional 

flow field is not always experienced by the gage. For instance, close 

in to an explosive source there is spherically divergent flow which 

subjects the gage element to stretch. With the large pressure coefficient 

of resistance of ytterbium the stretch effect is a small portion of the 

gage factor in most test situations. This is not true for manganin where 

the divergence effect can be a substantial contribution to the gage factor 

(Keough et all, 1971). This effect is not completely prohitive, however. 

If the divergent flow is known, adequate calibration can be obtained. At 

SRI miniature manganin gages (active area = 1 sq mm) have been successfully 

developed for quality control in testing of blasting caps (Rosonberg, 1972). 

The stresses were over 100 kbar and the flow field was highly divergent. 
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High Radiation Environment 

Testing of the effect of radiation deposition on materials is currently 

performed in HLOS pipes in nuclear underground tests. Of interest is the 

mechanical response and blowoff phenomenon associated with the deposition 

process aimed, ultimately, at understanding survival ability of the test 

material. In-material stress-time history is required. The primary 

criterion of a stress transducer performing in this environment--trans

parency to the incident radiation--is necessary so that the deposition 

profile in thE! test material is not affected and so that destruction of 

the stress gage element is prevented. This criterion is satisfied if the 

gage material and associated leads are constructed of material with low 

atomic number. 

Carbon with an atomic number of 6 appears promising as a piezo

resistant material for this purpose and is presently being investigated 

in this and several other laboratories (DeCarli, Ginsberg, and Dempster, 

1972). Carbon can be vapor deposited on a number of substrates and 50-P 

gages can be made in realistic transducer dimensions. A stress record of 

a step input pulse is shown in Figure 6. From this record it appears that 

carbon shows no residual resistance on unloading. This fact would greatly 

simplify the calibration process, which is now being carried out. 

Laser Deposition 

In the.area of lower stress measurements work is currently in progress 

which involves measuring the transient response of 6061-T6 aluminum to 

deposition from a pulsed laser. A 300-joule, 20-microsecond pulsed CO 
2 

laser capable of providing a 100-megawatt peak pulse is used. Stress pulses 

are produced in the aluminum with amplitude of 50 to 200 bars and with time 

durations of several microseconds. Small 12-0 in-material ytterbium stress 
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transducers used with a constant current power supply have provided very good 

stress-time histories (Erlich and Colton, 1972). The temperature sensitivity 

of the ytterbium is noticeable at this low stress but is found not to pe a 

serious problem. These tests were nondestructive and the system is potentially 

capable of repetitive dynamic measurements. 

CURRENT TRENDS 

Understanding the dynamic response of materials to impulse loading 

requires that the complete stress-strain path of a material element be known. 

Thus, in-material gage technology requires transducers capable of monitoring 

the total stress profile including loading, unloading, and multiple wave 

structure. Piezoresistant transducers are presently able to reproduce this 

structure,and, when properly calibrated, the gage response can be related to 

the stress history of the material. 

Increasing demands for accuracy and precision require careful gage 

calibration in order to relate the measured resistance profile to the transient 

stress history of the material. Temperature effects are a source of complica

tion. Joule heating occurs due to the de current density in the necessarily 

small dimension gage elements. Shock heating occurs due to the adiabatic 

compression of transducer material and neighboring package and test material. 

The magnitude of shock heating differs between the gage and specimen materials, 

and heat will flow during the time of measurement. The temperature effect can 

occur either in the temperature coefficient of resistance or due to temperature 

dependence of the pressure coefficient of resistant and can create a compli

cated time-dependent gage factor. 

Observation of permanent resistance change after stress loading and 

subsequent unloading suggests that there is hysteresis in the pressure 

resistance curve. This phenomenon requires that a different calibration factor 

be used for unloading than is used for loading. This problem naturally brings 
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forth the question of path dependence of the pressure-resistance curve. 

Does the resistance change associated with a given pressure depend on 

the path by which the gage reached this pressure? The gage may also be 

sensitive to the medium in which it is making the measurement. This 

medium can determine the path and can affect the amount of mechanical 

working occurring in the gage material. 

These problems must be considered in the dynamic calibration process. 

They must be understood and corrected for or they must be eliminated. They 

are fairly well understood for the most part and are discussed in a consi

derable body of literature (see previous references). They are continually 

considered in the investigation of new gage materials and techniques. 

Reduction or elimination of these problems would be of considerable 

value. Material properties, such as the temperature coefficient of resis

tance, the temperature dependence of the pressure coefficient of resistance, 

and the hysteresis effects might well be changed by introduction of impurities 

or material damage. Preliminary work suggests that ion implantation provides 

a reasonable means of controlling these effects. Impurity introduction 

reduces the temperature sensitivity while the implantation process causes 

considerable damage to the material structure. The latter would tend to 

nullify the damage created by the shock process during actual gage operation, 

and to reduce the hysteresis problem. This technique offers excellent possi

bilities in terms of reduction of calibration difficulties and improving gage 

operation. It should prove to be an active area of research in the near future. 

The trend toward dynamic measurement at lower stresses should continue. 

There are unique problems associated with measurement in this region which 

must be solved. One such problem occurs because of the mechanical strength 

of the gage material and the material under test. At high stresses the <.'lnstic 
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limits of gage and package material are well exceeded and essentially hycll'o

static pressure obtains. At lower stresses, the gage factor can be sensitive 

to the mode of deformation, due primarily to the tensor property of the gage 

material (true even for mechanically isotropic materials) (Barsis et al., 

1970). This problem will affect the frequency dependence of the g·agc factor 

and increase the dependence of the transducer response on gage package 

material and the test media. Increased requirements for piezoresistant 

transducers usable in the low and subkilobar region will require further 

investigation of these problems. 
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Table 1 

PHYSICAL PROPERTIES OF SELECTED PIEZORESISTIVE CONDUCTORS 

Property Lithium Calcium Manganin Ytterbium Bismuth Vnits 

Atomic No. 3 20 28.6 70 83 

Density 0.534 1.55 8.41 6.97 9.74 gm/cm 
3 

Resistivity 8.55 3.91 48.0 28 107 !..l ('em 

Melting Point 179 851 1020 824 271 oc 
-3 0 

Temp Coeff of Resistance 4.45 4.16 0.015 1.3 4.0 xlO () /0 c 

Pressure Coeff of Resistance 

~at Pressure (kbar) 
tel 
Qo. 

Static 0.008(15) a 0.015(15)a 0.06(15) a 0.07(15)a O.D22(15)a 0/0 kbar 
0.008(30)a 0.019(30)a 0.08(30) 8 0.16(30) 8 0.026(25)a 

Dynamic 0.0238b 0.024c 0.0029d 0.087(10)e 0.035(IO)f C''/P kbar 
(0 to 55) (0-30) (0-170) 

Transition Pressure 39.5 25.3 kbar 

(25°C) (25°C) 

Specific Heat 0.83 0.156 0.097 0.03 0.029 
0 

ca1/gm C 

a After Bridgman. 

b Keough et al., 1968. 

c Williams, 1965 

d Keough, 1967. 

e Ginsberg, 1971. 

f Keough, 1970. 



Figure 1 Shown are the important components involved in a compressed 

gas gun experiment. A projectile of known material makes 

planar impact with the sample target creating a state of 

high transient stress in the test material. Necessary 

electrical components and gage configuration are also 

indicated. 

Figure 2 Record obtained with manganin in-material piezoresistive 

stress transducer. Time base is 0.2 ~sec/em. The peak 
stress is about 30 kilobars. The test material was 6061-TG 
aluminum (Seaman et al.,l969). Both the elastic precursor 

and plastic wave can be seen followed by the unloading wave. 

Note the residual resistance after complete unloading. 

Figure 3 Multiple stress profiles from gages located at different 

distances from the impact surface. This indicates the 
complexity of the response of the material to dynamic loading. 

Records such as these are used to verify constitutive mbdels 
and computer code predictions of the behavior. Test material 
in this case is 2024-TB aluminum (Seaman et al., 1969), 

Figure 4 Shown is one method for installation of in-material stress 

transducers. The sensitive element in this case is vapor 

deposited and electrical leads protrude through the back of 
the test material. The test material shown is soda-lime 
glass. Many materials are investigated by this technique. 

Figure 5 One configuration of a field stress gage. The ytterbium element 
is 3 mils thick and has a lateral dimension of approximately 
1 inch. The total package length is about 8 inches. The package 
material is a fiberglass-homolite resin composite. The gage 
design is determined by the expected material flow in order 

to obtain maximum gage life time. 

Figure 6 Stress record obtained with gage configuration shown in Fig. 5 
Time base is 50 ~sec/em. Peak stress is 6 kilobars. Record 
was obtained in a 100 lb explosive test in water saturated sand. 

Figure 7 Carbon gage record. Time base is 0.5 ~ec/cm. Verticle 
sensitivity is 0.5 volts/em. 
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INTRODUCTION 

ON OPERATION OF HIGH ~fORKING PRESSURE 
DIFFERENTIAL PRESSURE TRANSDUCER 

The differential pressure transducer operation, maintenance and calibration tech
niques discussed below were developed in our six years operation of the 1003 
channel coolant flow monitor at the Atomic Energy Commission's N Reactor at 
Richland, Washington. The 1003 differential pressure transducers in the system 
include three ranges - 0-20, 0-28 and 0-35 psid. The system working pressure 
is 1600 psi g. 

OPERATING EXPERIENCE 

Experience with the above system has shown that differential pressure calibration 
at low base pressure is not adequate to verify performance of the transducers. 
After two to three years of operation, some of the transducers were found to 
exhibit a high pressure characteristic shift which could not be detected in 
differential pressure testing at base pressures below 400 to 500 psig. In most 
cases this shift was caused by loss of a portion of the bellows internal fill 
fluid. This internal fluid fill is required to permit the bellows to withstaa1d 
the high working pressure while retaining the sensitivity to detect small differ
ential pressures. Loss of the internal fluid results in a small void inside the 
bellows. As the working pressure increases beyond the bellows unsupported strength 
the gas filling the void is compressed and the bellows is distorted by an amount 
corresponding to the size of the void. As indicated above, because of the physical 
strength of the bellows the threshold for this distortion is 400 to 500 psig. 

The fill fluid is lost through leakage through failed 11 011 rings or through very 
small (pinhole) leaks in bellows. From the vendor's experience 11 011 ring aging 
affect failures begin to accelerate after 4 to 5 years of operation. In some 
cases, however, no signs of leakage were observed upon disassembly of transducers 
exhibiting the high pressure characteristic shift. In these cases the shift was 
attributed to either inadequate original fill or to a phenomenon, which has not 

been proven in this case, which speculates that the fluid under the constant high 
pressure rearranges itself into smaller spheres permitting a volume reduction and 

I 

causing a void inside the bellows. In the cases where no leakage was observed 
the problem was corrected by addition of a few drops of fill fluid and the 
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transducer recalibrated and returned to service with no reoccurrence of the shift 
being observed over a two-year period. Replacement of "0" rings on bellows also 
corrected the leakage problem with the transducers giving satisfactory operation 
after repair. 

An additional complicating factor in the detection of the characteristic shift is 
that the shift is proportional to the indicated d/p making it impossible to detect 
with a 0 d/p high pressure test. Figure I shows a representative input d/p versus 
output signal for a normal transducer and a transducer affected by characteristic 
shift. In the most extreme cases this shift was as high as 15% at full scale d/p 
and working pressures above 500 psi but was not detectable at low d/p and low 
working pressures. Thus, it was established that a combination of full scale d/p 
plus full system working pressure is required for an adequate calibration check of 
this type of transducer. 

CALIBRATION FACILITY 

In calibration checks the transducer is first checked for high pressure character
istic shift in the facility discussed below. Uoon verification that the shift 
does not occur or correction of a shift that does occur, the transducer is checked 
for precise calibration at low working pressure. Low working pressure calibration 
has been demonstrated to be valid for those transducers not affected by the high 
pressure shift. 

A block diagram of the high pressure shift test facility is shown in Figure II. 
To avoid the handling of high pressure gases and the associated hazards, this 
test facility was designed for water only. The piping in the facility was kept 
as short as possible to minimize volume. The standard transducer is a larger 
transducer of the same type as the in-service transducer. As can be seen in 
Figure II, the transducer under test and the standard transducer are connected 
in parallel to the pressure source. With the equalizing valve open the hand pump 
is used to pressurize the two transducers to full system working pressure (1600 psi) 
pumping \'later only. The very small amount of gas in the water and system elas
ticity make pressurizing a relatively simple operation, even though pumping water 
into a completely filled system as shown might seem to create a difficult pres-
sure control problem. With the very limited quantity of gas in the system, the 
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system pressure drops rapidly upon sustaining a leak with no dangerous jets of 
water as would occur with the use of high pressure gases to pressurize the 
facility. Once the facility is pressurized to 1600 psi, the equalizing valve 
is closed. The cylinder drive is started. This motor moves the cylinder piston 
displacing water from one side of the cylinder and permitting water to enter the 
other side. The result of this displacement is a d/p developed across the two 
transducers. The output of the standard transducer is applied to the X input 
of the X-V recorder and the output of the transducer under test is applied to 
the V input of the X-V recorder. The X-V recorder then traces a curve similar 
to that shown in Figure I with the affects of high pressure shift showing up as 
shown by the dashed 1 i ne in Figure I. The cylinder is driven .full sea 1 e and back 
to 0 to test for excessive hysteresis in the transducer. Normally the curves will 
coincide. On rare occasions, however, a distorted bellows will show excessive hy• 
sterisis and so is a valuable test. The trace from the X-V recorder is filed as 
a permanent record of the test and succeeding tests are recorded on the same~eet 
for trend monitoring purposes. 

A single range standard transducer accommodates all three ranges of system trans
ducers simply by controlling the ratio of the standard transducer supply voltage 
to the transducer under test voltage. The standard transducer has a 0-35 psi 
range. The voltage to this transducer is controlled to provide a full scale X-V 
recorder input for 0-20, 0-28, or 0-35 psid to match the transducer under test. 

The standard transducer is checked every six months against a high pressure 
manometer to assure its accuracy. 

This facility is capable of detecting shifts of 0.25% of full scale and has been 
instrumental in maintaining the 1003 transducers within the accuracy limits of! 
1.5% with a minimum expenditure of maintenance effort. Because no high pressure 
gas is used the facility is inherently safe. 

Because of this the elaborate safety measures needed in handling high pressure 
gas are not required and the facility throughput is on the order of double that 

possible in a gas pressurized facility. 
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The Diffractographic Strain Gage 

Small strains can be accurately measured using the 
diffraction of light through an aperture which is fixed to a structure 
so that its size is a function of strain 

by T. R. Pryor and W. P. T. North 

ABSTRACT -A method for measuring strain using diffrac
tion of light from a single aperture is described, and re
sults of a comparison tensile test with an electrical-resist
ance strain gage are presented. The "diffractographic strain 
gage" is shown to have high sensitivity, linearity, accuracy 
and temperature compensation and the ability to operate 
in a variety of hostile environments. It is furthermore sim
ple, inexpensive, and the data can be collectEd by eye 
without assistance from further instrumentation. 

Introduction 
The first use of optical interference or diffraction 
phenomena to measure strain was by R. V. Vose1 in 
1935, who utilized two Fabry-Perot interferometer 
plates clamped to a specimen. While this method has 
been succesfully used for highly precise measure
ments, its excessive sensitivity to unwanted distur
bances of every sort has ruled it out for most appli
cations. It is interesting to note however, that the 
technique could be ''modernized" and considerably 
improved using a laser interferometer with a retro
refl.ective element (similar to those used for control 
of machine tools). 

In 1953, J. F. Bell2.3 devised the "diffraction-grating 
strain gage" which has since been used primarily for 
studying plastic wave propagation in solids. The Bell 
device utilizes a diffraction grating consisting of 
equally spaced parallel lines ruled on the surface of 
a specimen. Very narrow line widths are typically · 
employed causing the light from each line to be 
diffracted quasi-uniformly throughout space. The 
far-field pattern of the grating then exhibits spatial 
modulations due predominately to interference be
tween the light from each line, with the form of the 
modulation depending on the number of lines irradi
ated. Regardless of this number, however, certain 
maxima (grating orders) will be formed at positions 
dependent solely on the wavelength of the light used, 
the angle of light incidence to the grating and the 
inter-line grating spacing. To obtain strain, one 
monitors a change in position of an order (wave
length and incidence angle held constant) which is 

directly relateable to a change in line spacing and, 
thus, strain. 

As a strain gage, the Bell method has many ad
vantages-particularly for high strains and strain 
rates. For example, gage lengths of 0.125 mm or less 
can be used, no contact need be made or glue used 
to attach anything to the specimen, and the system 
can accurately respond to any strain rate encoun
tered. Despite these advantages, the method has been 
little used by others-primarily because of the diffi
culties inherent in ruling gratings, and a lack of 
sensitivity even if one succeeds in applying the grat
ing. While several variants of the Bell method have 
recently appeared in the literature (some of which 
allow partial relaxation of grating-application re
quirement), the basic sensitivity problem remains.4..S 

For example, the minimum error reported in Refs. 4 
and 5 is 500 microstrain. 

Here at the University of Windsor, we have at
tempted to develop methods which would preserve, 
if possible, the advantages of the Bell technique with
out the disadvantage noted. While there are a large 
number of possible approaches which can be tried 
(particularly if a laser source is considered), the 
most promising we have found is also the simplest. 
We call it the "diffractographic method" since it 
works in all cases by utilizing the diffraction prop
erties of a single aperture. 

Theory of Measurement 
A diffraction pattern produced by a single-slit 

aperture of width w irradiated by monochromatic 
plane waves of wavelength A, is shown in Fig. 1. The 
pattern is of the characteristic "Fraunhofer" type 
which occurs whenever R > > w or in the focal plane 
of a lens (where R is effectively infinite). As derived 
in many optical tests (see, for example, Ref. 7), the 
intensity distribution in the diffraction pattern is 
represented by the equation 

I= 10 

Sin2 fJ 

fJ2 
(1) 

where Io is the intensity on the center line fl = 0 and 

;c w Sin 8 
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As can be seen from the intensity equation which is 
also shown schematically in Fig. 1, one is constrained 
to working with small values of 8 unless unrealisti
cally high-powered light sources or super-sensitive 
detectors are employed. In this small-angle region, 
we can approximate eq (2) by 

....... 
1tWY 

fj = J.:R" (3) 

From eq (1), we see that when p = nn:, ( n = 1, 2, 3, 
. . . ) intensity zero's or minima occur in the dif
fraction pattern. 

The technique is based on relating changes in such 
diffraction patterns to changes in the aperture width 
w caused by strain. To install such a gage, it is 
necessary only to have an aperture on or connected 
to, the specimen under test. The detection of re
sulting diffraction-pattern changes can be done in 
several ways, though only one method will be dis
cussed here-that of following the position of a par
ticular minima by eye and measuring the change in 
y and, thus, w using eq (3). This technique is ex
tremely simple, requires no readout instrumentation 
and is linear for any value of strain (within the 
limits of the small angle approximation). 

Aperture Configurations 
Specimen apertures may be of many types and 

geometric forms. For example, such an aperture can 
be formed by an opaque strip on the surface of a 
polished specimen or, alternately, a reflective strip 
on the surface of a diffusely scattering background. 
Many variations exist and all such versions have 
the same advantages of the Bell method plus easier 
application and shorter gage length. However, they 
also have equally low sensitivity to strain. We are 
investigating several methods of improving this, but 
a basic limitation remains-i.e., that a 0.01-percent 
strain changes the aperture width by 0.01 percent 
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and, thus, by said amount the angle at which a par
ticular monitored point in the diffraction pattern 
occurs. While such a change can be detected, "noise" 
due to optical alignment or intensity shifts becomes 
very significant at this level and must be adequately 
compensated-a rather involved process which limits 
the practical usefulness of the technique at lower 
strain levels. 

A Diffraction-effect Multiplier 
In order to improve the sensitivity of the method, 

the version shown in Fig. 1 has been devised-where 
we have essentially "traded" gage length for sensi
tivity. The effective linear gage factor of such an 
arrangement can be quite high, since a given strain 
changes the slit width w by the same value as it 
changes the gage length l-i.e., el = .:11 = aw. De
fining gage factor in the traditional manner used for 
electrical strain gages, we see that 

aw/w 1 
Gage factor = --- = -

e W 
(4) 

This strain-multiplier effect is virtually the same as 
employed in capacitance gages, and for 1 = 40 mm, 
w = .04 mm, we obtain for the diffractographic gage 
an intrinsic linear gage factor of 1000--before any 
further multiplication by mechanical or optical 
means. From this exercise, we also may visualize 
the sensitivity problem inherent in the diffracto
graphic gage without the multiplier as well as the 
Bell gage and its derivatives-i.e., they have a linear 
gage factor of one. 

Besides the large increase in sensitivity, another 
advantage is apparent from Fig. 1. If we make the 
"blades" of the same material as the specimen, the 
gage will measure the same strain regardless of 
expansion due to temperature changes. If the 
"blades" are suitabJy affixed, we can therefore ac
curatE"ly mE"a<Jure strain under very unusual tern-

Fig. !-Schematic 
diagram of the 
experimental 
arrangement 



perature conditions. 
An experimental program was undertaken by the 

authors (both at the University of Windsor and at 
the National Bureau of Standards in Washington, 
D.C.) to evaluate the method. Many different types 
and arrangements of edges and materials have been 
tried, as well as various detection techniques. To 
illustrate the simplicity of the method, we have 
chosen to present here the results of a standard 
tensile test in which the naked eye and a ruler 
formed the readout system. 

Experimental Arrangement 

plane containing light diffracted from a chosen pair 
of points on the blades. 

The detection system described is not only cheap, 
accurate and easy, but it automatically accounts for 
any reasonable shift in alignment between the laser 
beam and the aperture plane. While the diffraction 
order used (the 8th) and the aperture to screen dis
tance, R, were chosen for convenience, the maximum 
sensitivity will be realized at the largest value of sin 
8 at which a given minima can be reliably observed. 
When the naked eye is used, this value will be a func
tion of scale design, source intensity, aperture width 
and background-lighting condition. Though no at
tempt was made to optimize the detection method in 
our experiment, it was nevertheless possible to ob
serve changes of 20 microstrain by eye while agree
ing, at all times, within 5 percent of the electrical
resistance gage. Indeed, when a light source with a 
precisely known wavelength is used (such as a laser), 
the diffractographic strain gage is capable of con
siderably better resolution than its electrical-resist
ance counterpart. This can be seen from eq ( 2) 
whose only remaining variable Sin IJ may be precisely 
determined as well. If properly applied, the diffrac
tographic gage is unaffected by humidity, tempera
ture, radiation, transverse strain, time effects and 

1800 

1600 ~ l! 

Two diffracting edges were mounted using con
ventional strain-gage adhesives to an aluminum 
specimen having a 76-mm-long test section and 12.7 
mm X 3.17 mm cross section. While many types of 
edges are suitable for this purpose, razor blades were 
used for their convenience and could have been at
tached to the specimen by knife edges, welding, or 
any other suitable means. In this case, the edges 
were fixed such that a roughly parallel aperture of 
some 0.145 mm was formed on either side of the 
model as the blades extended beyond the edge of the 
specimen on both sides and, by interrogating both 
aperture sections formed, it was possible to deter
mine if the stress was in fact uniaxial. Due to the 
dimensions of the razor blades, the gage length was 
38.5 mm and the frosted glass screen on which the 
diffraction pattern changes were observed was some 
2.78 meters from the tensile specimen. A 5-milliwatt 
He-Ne laser was used as the light source and an 
electrical-resistance strain gage was mounted on the 
specimen for comparison purposes. From eq (4), we 
see that the effective linear gage factor of this ar
rangement was therefore 266. V.l 

7 

Experimental Procedure and Results 
At zero strain (as indicated by the electrical strain 

gage), an initial measurement of the distance be
tween the two 8th-order minima was taken using a 
clear-plastic ruler graduated in millimeters and taped 
to the frosted-glass screen. This distance when 
divided by 2 gives y and, thereby, the initial aperture 
width W 0 , using eq (2) and a value of {J = 81t. After 
loading the specimen to a given strain level deter
mined by the electrical gage (say, 500 microstrain) 
the separation between the 8th-order minima was 
again measured and the aperture width at that strain 
level calculated. The difference in aperture widths 
.l w then could be related to strain by eq ( 4) . Figure 
2 depicts the average results of four tests performed 
in this manner, while diffractograms representing four 
different strain levels (photographed off the frosted
glass screen) are shown in Fig. 3. 

Discussion 
Application of the razor blades to the specimen 

can be done by eye with no special jigs or the like, 
to obtain apertures of 0.1 mm or less. Aperture width 
can be determined after application and it is only 
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Fig. 3-Diffractograms 
at various strain levels. 
(Note that an opaque 
mask covers the centra 1 
maximum for better 
contrast.) 

most other variables affecting the output of electrical 
gages. 

A visible laser source has been employed in this 
experiment and is virtually essential for accurate ob
servation of fringe movements by eye. With photo
electric or photographic detection, however, many 
other sources will suffice. 

Conclusion 

The diffractographic strain gage has been shown 
to be: 
1. Sensitive to small strains. 
2. Essentially linear over all strain ranges when 

small angles are used. 
3. Insensitive to lateral strains. 
4. Inexpensive as well as easy to apply, use and in

terpret. 
5. Mountable by means which do not reinforce the 

specimen. 
6. Noncontacting in the sense that there need be no 

physical connection between specimen and read
out. 

Disadvantages of the method depend on the appli
cation but, in general, are: 

1. Possible alignment problems if a reflective aper
ture is used in conjunction with a photoelectric 
detector system. 

2. Sensitivity decreases linearly with gage length. 
3. Measurement in constrained areas may be im

possible, if no suitable means can be found to 
get the light "in and out", or if no miniature 
sources and detectors will suffice. 

Acknowledgments 

The authors wish to acknowledge the support of 
the National Research Council of Canada, Grant No. 
A3360, and express their gratitude for the valuable 
assistance and encouragement offered by K. D. 
Mielenz and other members of the Quantum Metrol
ogy Branch of the National Bureau of Standards in 
Washington, D.C. 

References 
I. Dove, R. C. and Adams, P. M., "Experimental Stress Analyris 

and Motion Measurement," 11, Charles E. Merrill (1964). 

b d d 2. Bell, ]. F., U.S. Patent Number 2,929,242. 
7. Readable Y the nake eye, if desire . 3 . Bell, /. F., "Diffraction Grating Strain Gage," Proceeding of 

Furthermore, it is obvious without experiment that the s.E.S.A., XVII (2), 51-64 (1959). 
it can be: 4. Douglas, R. A. et al, "Strain-field Investigations with Plane 

(a) Easily made to be temperature compensating. Diffraction Gratings," ExPEBIMENTAL MECHANics, 5 (7), 233-238 
(1965). 

(b) Usable in hostile environments. 5. Sharpe, W. N., "The Interferometer Strain Gage," EXPERI-

(c) Stable with time, temperature and humidity. "'ENTAL MEcHANics, 8 (4), 164-170 (1968). 
(d) R d bl b h t l t · •tt• 6. Pryor, T. R., U.S. Patent Number 3,458,257. 

ea a e Y p o oe ec riC means permi Ing 7. Towne, Dudley M., "Wave Phenomena," Chapter 12, Addison-
dynamic-strain measurements. 

316 
Wesle11 (1967). 



SESSION V 

PERFORMANCE SPECIFICATIONS, STANDARDS, AND 
INFORMATION SOURCES 

Mr. Jack Shrager, Chairman, Federal Aviation Agency 

317 





STATIC/DYNAMIC ACCURACY CONCEPTS 

AN UNCONVENTIONAL VIEWPOINT AS SPRINGBOARD FOR DISCUSSION 

Prepared as a brief presentation 
for Session V: 

Performance Specifications, Standards and Information 
Sources 

SEVENTH TRANSDUCER WORKSHOP 
Telemetry Group 
Range Commanders Council 
Inter Range Instrumentation Group 

April 4 - 6, 1972 
Albuquerque, New Mexico 

Peter K. Stein 
Professor of Engineering 
Laboratory for Measurement Systems Engineering 
Mechanical Engineering Faculty 
ARIZONA STATE UNIVERSITY 

Publication No. 41 
Laboratory for Measurement Systems Engineering 
ARIZONA STATE UNIVERSITY 
Tempe, Arizona 

April 1972 

319 



STATIC/DYNAMIC ACCURACY CONCEPTS: 

AN UNCONVENTIONAL VIEWPOINT AS SPRINGBOARD FOR DISCUSSION 

Peter K. Stein 
Professor of Engineering 
Laboratory for Measurement Systems Engineering 
Mechanical Engineering Faculty 
ARIZONA STATE UNIVERSITY 
Tempe, Arizona 

Prepared for presentation to the Seventh Transducer Workshop 
of the Telemetry Group, Range C9mmanders Council, Inter-Range 
Instrumentation Group, at Albuquerque, New Mexico, April 4-6 

1972 

Before statistical concepts bearing on accuracy, tolerance 
analysis or error analysis can be applied to the OUTPUTS from 
measuring systems, the right to do so must be established beyond 
reasonable doubt. It is the experimenter's responsibility to 
prove that: (Fig. 1) 

1. The data trulyrepresent the process being investigated, and 
that the measuring-system/process interface has not affected 
the data (Ref. 1). Example: Resistance sensor/CRO interface. 

2. Undiscovered controlling variables do not affect the data 
masquerading as statistically distributed results (Ref. 2~. 
Example: Impurities in Platinum effect on RTC and TC behavior. 

3. That test results do not represent the individualistic responses 
of particular transducers which are arranged in deviation
amplifying structural relationships with each other (Refs 3, 4). 
Example: Differential pressure transducer with bellows 

4. That the measuring system output represents not only the data, 
but ALL of the data, and that significant information has not 
been lost in the measuring process (Refs. 4, 5). Examples: 
Frequency/Transient response, linearity, hysteresis, etc. 

5. That the measuring system output represents not only the data 
and all of the data, but also NOTHING BUT the data: that 
combinations of undesired-environment-created responses, and 
undesired responses created by desired environmental factors 
have been kept under control {Ref. 6). Example: Magnetic and 
thermal effects in strain measurement. 

6. That the quantity being observed and measured is really the 
appropriate quantity to describe the process being investigated. 
(Ref. 4). Example: F may equal {rna) but that does not mean that 
acceleration measurement characterizes "vibration" phenomena • 
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If, and only if, questions such as the six listed above, have been 
satisfactorily answered, has the experimenter earned the right to 
apply statistical principles to the analysis of measuring system 
outputs. In a surprising number of cases, when these six questions 
have been correctly treated, statistical concepts are no longer 
necessary to the analysis and interpretation of experimental data. 
Some simple methods for treating the problems described above are 
also cited in Ref. 7. 
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FIGURE 1~ PROBLEM AREAS IN MEASURING SYSTEMS WHICH PRECEDE THE OUTPUT 
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EXAMPLES AND APPLICATIONS 

Typical simple examples of the first three items cited above 
are included in this paper: 

1. A Typical Interaction Problem: An electrical-output 
transducer such as a strain gage load cell, and an 
electrical amplifier, such as in a cathode ray oscilloscope. 

2. Undiscovered Controlling Variables: Study of the effect 
of impurities in Platinum thermocouples and resistance 
thermometers. 

3. The Individuality of Transducers: Measurement of 
differential quantities, and associated problems. 

These areas are among the less recognized in measurement 
system design. The references cited earlier cover this material 
in more detail and cite additional references. 

Examples are not cited for the remaining three problem areas 
partly because of space and time limitations, and also for the 
reasons cited below: 

4. Information Loss: Problems relating to linearity, 
frequency response and transient response are treated 
extensively in the literature. It is this author's 
viewpoint that these should NOT be treated as errors, 
but as correction factors, or as design targets. Thus 
any of these effects can be minimized beyond any arbitrary 
limit by system design. 

5. Environment-Response "Syndromes": The fact that all 
components in a measuring system respond in all ways 
in which they can to all environmental factors, past 
and present, was treatedn detail in this author's 
contribution to the 6th Transducer Workshop. The 
measurement engineer's job is to select the single 
desired environment-response combination and enhance it, 
while suppressing all other combinations. 

6. The selection of measurands to truly represent the 
process being investigated is not directly the function 
of the measurement engineer, but of the test requestor. 
The measurement engineer must be concerned -- but this 
topic is not discussed in this paper. 
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EXAMPLE 1: A TYPICAL INTERACTION PROBLEM (Fig. 2) 

The cathode ray oscilloscope has been calibrated from a pure 
voltage source with no internal impedance. It was thus exposed 
to a specific boundary condition during calibration: short circuit. 
The transducer, for which a Thevenin equivalent circuit is shown, 
was calibrated by using a pure voltage detector as read~out. It 
was thus exposed to a specific boundary condition during calibration: 
open circuit. 

In use, however, these two devices are inter-connected and "see" 
each other under boundary conditions under which neither was 
evaluated; each is now part of the other's environment-- a word 
now used in its most general sense. 

In the simple example shown in Fig. 2, the loading factor may be 
calculated: 

Loading Factor L = 

IL I = 

/k_ = 

e 
0 

e. 
1 

Rl 

Rl+R2 
. 

arc.tan. 

= 

1 + 
2 2 

w .'t2 

1 2 2 + W o'tl 

[ w ( "2 -.,; 1 ) ] 
l+w2.-,;l.'t2 

where 'tl ~ Rl.R2] = Rl + R2 (Cl + C2) 

"2 = R2.c2 

w = frequency in radians per second; 't = time constant in seconds, 
L identifies the magnitude of the loading factor, L1 its phase 

angle, using the forcing function, ei as phase reference. 

A numerical example might be as follows: 

Rl = 1 megohm Rl 
cl = 47 picoF 

Rl+R2 
R2 = 1000 ohm 
c2 = 300 pico F 

c2 

Cl+C2 

0.999 f
1 

= 460 kHz 

0.89 f 2 = 530 kHz 

Regardless of the frequency-response of the CRO, 10% of the signal 
is "lost" if it occurs at frequen-cies above about 460kHz. The use 
of impedance-multiplying probes usually implies gain-division. Since 
outputs from most devices such as ther~ocouples, strain gages, etc. 
are already in the millivolt range, loss in gain can not be traded for 
increased impedance level, which would minimize the interaction effect. 
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EXAMPLE 2: UNDISCOVERED CONT~OLLING VARIABLES (Excerpt from Ref. 7) 

When unknown factors affect test data, two courses of action 
are possible: 

i) The use of statistical techniques to (hopefully} 
average out any (hopefully} random effects. 

ii) A detailed investigation, taking the deterministic 
(where-there-is-an-effect-there-is-a-cause) approach 
to determine the unknown or uncontrolled variables which 
affect the data. 

Depending on the problem, either approach may be desirable. In 
production work, statistically based quality control may be more 
economical, in spite of a certain expected rejection rate, than a 
research program to deliberately increase the yield of the process. 

In scientific work, where progress from magic and superstition to 
science rests almost entirely on the discovery, understanding, and 
control of previously unknown cause-effect relationships or physical 
laws, the second approach may be more helpful. 

Man has always tried to control his environment, We want specific 
actions on our part to produce specific results. When we correctly 
pair causes and effects -- when we have discovered the controlling 
variables in a given situation-- we speak of SCIENCE. 

When we incorrectly pair causes and effects -- when we get our 
instrumentation working by giving it a sharp ra.p on the side panel 
then we have started a SUPERSTITION, which is nothing more than an 
uncontrolled variable which happens to assume an appropriate value 
once in a while; just often enough for us to think that we really 
know what we're doing. We are then magicians, shamans, not scientists. 

As time passed, individual practitioners in any given field, would 
discover certain scientific relationships and keep them secret -
these i.ndividuals would become the magicians or shamans of their 
tribe, or in later times, the priests and emperors who knew when 
the live-giving floods of the Nile or the Yellow River would occur; 
but calendars which allowed such predictions we~e)jealously guarded 
state secrets in those days. As Needham writes \* : 

"Furthermore, owing to the close association between the 
calendar and State power, any imperial bureaucracy was likely 
to view with alarm the activities of independent investigators 
of the stars, or writers about them, sincP they might secretly 
be engaged upon calendrical calculations which could be of use 
to rebels interested in setting up a new dynasty." 

Joseph Needham, F.R.S., SCIENCE AND CIVILISATION IN CHINA, Vol. 3, 
Mathematics and the Sciences of the Heavens and the Earth, p. 193. 
Cambridge University Press, England, 1959. 
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Needham continues: 

" Hence it is not at all surpr1s1ng to find exhortations to 
security-mindedness addressed century after century to 
astronomical officials. For example: 

"In the "Welfth month of the 5th year of the Khai-Chheng reign 
period (+840) an imperial edict was issued ordering that the 
observers in the imperial observatory should keep their 
business secret. 'If we hear', it said, 'of any intercourse 
between the astronomical officials or their subordinates and 
officials of other government departments or miscellaneous 
common people, it will be regarded as a violation of security 
regulations which should be strictly adhered to. From now 
onwards, therefore, the astronomical officials are on no 
account to mix with civil servants and common people in 
general. Let the Censorate look to it.' 

"As a sociological phenomenon, therefore, there was nothing new 
about Los Alamos or Harwell. But whether or not the best and 
greatest scientific achievements happen under such conditions 
is another question. • 11 

Today we call knowledgable but secretive individuals CONSULTANTS or 
MANUFACTURERS. Such "shamans" can produce "magic" if their formulas 
are followed exactly. Such practices can, however, hardly lead to an 
understanding of measuring systems by the majority of users. A brief 
description of how the present-day knowledge of resistance strain 
gages developed from 1938 to 1968 will be found in Lf/MSE Pub. 11 
and presented as the development from magic to science through the 
discovery of uncontrolled variables. 

Another good example of a by-pass of statistics in favor of a rather 
elaborate research program aimed at gaining understanding, is a recent 
paper by John Cochrane, part of whose work appeared in the Sept. 1970 
Engelhard Technical Bulletin, Vol. XI, No. 2, (58-75), and part of 
whose work is reported in the 5th International Symposium on Temperature, 
June 1971, Washington, D.C., proceedings in publication. 

Part of his work concerned the effect of minute impurities on the 
thermoelectric and thermoresistive properties of platinum, with a view 
towards gaining an understanding of the mechanisms involved. The total 
predicted effect on a number of impurities found in any specific 
specimen was identified by a factor: K(EMF) for thermoelectric 
properties. Fig. 3 from Cochrane's paper identifies the theoretically 
predicted relationship based on studies with individual impurities, 
and the actual relationship for different impurity combinations and 
for other impurities. 

A usual Rta t i stical analysis of tho data in I<'ig. 3, would have 
disregarded points E and I, in all probability, and then run some lea:t
square correlation or regression analysis for "best-fit" data; a 
process which would not have added an iota to our understanding of why 
platinum thermocouples do what they do, nor to our ability to control 
the behavior of a specific ba.tch of platinum wire. 

327 



Cochrane, however, notes: "Attention was then concentrated on points 
displaced from the curve. Some definite trends of displacement were 
noted for points highly influenced by particular impurities, indicating 
that some adjustment in their (individual effects) was probably required. 
Adjustments to some values were subsequently made as the results of 
special experiments of high qualifications. Studies of other displacement 
plots (off-line points) revealed a variety of data transcription errors, 
test condition deviations, drifted reference standards and uncertainties 
of data qualification, considerations of which were helpful in designing 
further improvements in the conditions of tests Studies of inter-
relationships of data have proved to be useful towards attaining and 
maintaining high standards of platinum thermocouple quality control." 
A list of some of Cochrane's points is given below: 

A. It E.M.I'. is 1k1rrminc•d on an urwtched 
Wire. i.l plot t'ith ulcalc·d lrorn spc·nro
gr.tphk rt'"illlt~ IJtt,c·d on ;an t'h lwd c·on· 
clition m.ry Ltll lwlow tllC' curve, sinn· 
till' Mtri.H·c· of tlw wirt• 111;ry •·o111:un a 
hl~lwr t'Oilt'('I\ILllion ol unpur ilic·s. cs· 
pn ially iron, 1 han the con·. 

H. If E.I\I.F. and spt"<lro tt·sl t:u11diliotu 
arc t·qu;,tlly f't'JH't'M:ntal ivt· ol a c.:onunon 
spcclrn~n c·russ-sn.:llon, fl plot ruay fall 
bc·low I ht· ntrvc· ow in~ to physit:al »lreu 
in th..- E.M.F. wire dut• to inadct.juate 
annealin~ and/or too rapid coolin~ of 
th .. wire alt<"r anw.:alinf~, i.e. duc· to in· 
adequatt• r<'iil'i of stn·sst·s ori~rnally 
present in thl' worked nu·tal or to frl."sh 
strt'"l'S imposed upon it. 
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S<'nllivr• sc·ric•s of llH'.tStiiTIIWIIIS lt'tU:i tO 
l.dl systt·mat ically till> IT , ... Ins paritllt-1 
to tiH' < urvc. 
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frollttltt• turvt· systqn.otiLdly inrtwn· or 
lc-s!oo toust,nu r.uto to the n·porlt'd lc.·vc.·l!r\ 
ol a pattic<Jiar irttpumy lo;rvi11~ si~ntli· 
c·a11t rdat ivc dlt·ct, ,. !-(. iron. may indi
cate an inadt·quacy ol tht· Spcctro 
RrfC"rrnc" .Stand,rrds in tT•p<·<:t of auch 
r·lemrnt. 

E. En·ors ot calculattun or t r.111scrip1iou 
lllvulvin~ a slult of dt•cimal p01nt can 
result 111 suhs1;11tli.tl d"pi.I<Tilll~nls 111 

tilt' 1 a~!' of t"lt·tnt·nts having rclalivt·ly 
~rt"al l'lft.ct on E.M.F. Itt the rl'l(ion of 
E·.!\-1. F negattvc 10 l't !. I a rC'porlr·d 
t:onlt'lll nl 10 }' I'·'" it"" would bt• im· 
PH·di.:Hf·ly fill"P''f"t ·tud i\ drsplarc·uu·u! 
of 'J K{E!\11:) U<tils would tltdilatc· a 
tit·c·irnal puim sfuft. 

F. .-\ plot d"pi.u:<·lltclii l.dow the t·urvc' 
m;ry br.· ouc 111 tht' prcs<"JKt· of t.Jnrr· 
pt.lrlcd c:tfccti\'t: impuritir>. .Such di~
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That there are still unknown cause-effect relationships awaiting 
discover can be illustrated in d.ozens of ways; two examples are 
selected at random: 

"Checking the course of roads on terra firma was beset with 
considerable hazards (trying to locate ancient trade routes in 
the Near East deserts). Sinking trenches was laborious and 
wasteful. But where the sand-covered surface refused to disclose 
any trace to the earth-bound examiner, one measure proved 
phenomenally rewarding; all one had to do was to drive a train 
of camels over the vicinity, and the desert beasts would file 
along the hidden road-bed. Such uncanny cameloid proclivities 
(were) found corroborated in a passage from a Roman writer 
Vegetius, who observed that these animals seemed to have a 
natural instinct for following in the steps of their long
departed kin.'' (Leo Deuel, Flights into Yesterday: The Story 
of Aerial Archaeology, St. Martin's Press, N.Y., 1969, p. 97) 

"In addition to calendars, plants have built in clocks, whose 
mechanism is not yet understood. Some can tell time within an 
hour or so, and some almost to the minute, regardless of the 
season. There is aslmple marine algae that luminesces (gives 
off light) at just about midnight every 24 hours. It can be 
grown in a laboratory where it continues its luminescing habit 
regularly. Its built-in clock is so accurate that it can tell when 
midnight comes even when it is deprived of the information of the 
rising and setting of the sun. When it grows in complete darkness 
it still luminesces at midnight, night after night, and it 
doesn't miss by more than a minute or two either way. Such timing 
is uncanny." (Henry & Rebecca Northen, Ingenious Kingdom: The 
Remarkable World of Plants, Prentice-Hall, N.J., 1970, p. 151) 
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EXAMPLE 3: THE INDIVIDUALITY OF TRANSDUCERS 

Because of differences in their environmental exposure in the 
past, the present-day behavior of apparently identical transducers 
will differ. When measurements of differential quantities are 
made, it is therefore of utmost importance to prove that the 
measuring system output indeed represents the difference of 
the inputs, and NOT the differential behavior of apparently 
identical transducers. 

The problem of measuring differences occurs often in engineering. 
Pressure drops across orifices, compressors, flow meters; tempera
ture drops across heat exchangers; differentiao torques; differen
~ial vibration in modal analyses; differences in electrical 
potential, etc., are a few examples. Even a mechanical beam balance 
is a moment-subtracting device. 

The basic problem of the measurement of differences between 
quantities is: TO MEASURE A DIFFERENCE INDEPENDENT OF ITS LEVEL. 
The quantities Q1 and Q2, the difference 
of which is desired, ar~ each applied to 
a transducer. These two transducers, T1 
and T2 are differentially coupled-- i.e., 
so arranged that their outputs subtract. 

No measuring system can subtract two 
inputs without SOME evidence of their 
average level remaining at the output. 
The ability of the measuring system to 
reject this average level, or common mode, 
is called the COMMON MODE REJECTION RATIO, 
n, which is defined below (Ref. 4, Ch. 6): 

tfT1+T2) Tc 
n = (Tl-T2) = Td = 

T 

of the 2 Channels 
Gain between them 

For perfect subtraction, n must tend to infinity, or 

T1 = T
2 

at all amplitudes and frequencies of signal. 

Given the individuality of transducers as a general principle, 
it is highly unlikely that the above condition can be fulfilled 
except approximately over a restricted range of amplitudes and 
frequencies of signal. The burden of proof that a correct 
differential measurement has been made is on the measurement 
engineer. There are very simple techniques and sub-routines in 
a test program, which can prove beyond reasonable doubt, that 
the differential data are valid, and not contaminated by common mode. 

It is important to note that both ZERO SHIFTS and CALIBRATION 
CHANGES may occur due to common-mode-induced effects. This 
phenomenon is particularly well known for differential pressure 
transducers. In general, all differentially coupled systems are 
deviation-amplifying in that they exaggerate small differences in 
the characteristics of individual transducers. 
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THE DIFFERENTIALLY COUPLED SYSTEM AS DEVIATION AMPLIFYING 

Difference 

Average 

SOURCE 
OF -Q, 

Qd= (Ql-Q2) 

Qc=~(Ql+Q2} 

SOURCE 
OF -
Q2 

TRANSFER 
RATIO -Tl SUBTRACT 

Difference Td= (Tl-T2) 

Average Tc=~(Tl+T2} OR - OUTPUT =. 

TRANSFER COMPARE QlT 

RATIO -
T2 

In the absence of losses across the boundaries:( OUTPUT = QdTc + QcTd 

A Differential Pressure Transducer 

Strain 

Opposed bellows, diaphragms or 
pistons, etc. End-displacement 
or strain read-out by any means. 
T ~~ODj) P.A - f 
bellows = ~ IN = P 

P = pressure A = effective area 
f = elastic, inelastic & friction 

restoring forces 

Note that even if: 

-The loading effects at both 
input ports are the same so 
that no unbalanced-line 
problems exist. 

-There are no local deflections 
of the push-rods between the 
bellows & beam. 

-The beam is hysteresis-free, 
and of zero spring constant. 

-The bellows are hysteresis
free and offer no restoring 
force. (f = 0} 

-Beam and bellows are elastic 
and hence linear. 

-So long as the effective area 
of the two bello~are different, 
the Transfer Ratios, T, or the 
Gains will be different ! 

Tl f; T2 
Can two bellows be manufactured with identical effective area at 
all pressure levels and at all pressure frequencies encountered 
during the test ? ? ? This is what must be proved and documented 
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• 
JET PROPULSION LABORATORY California Institute of Technology • 4800 Oak Grove Drive, Pasadena, California 91103 

Department of the Air Force 
Air Force Flight Dynamics Laboratory (AFSC) 
Wright-Patterson Air Force Base, Ohio 45433 
Attn: Mr. W. G. James, AFFDL/FGL 

SUBJECT: 7th Transducer Workshop 

Dear Gene: 

March 10, 1972 

Much to my regret I will not be able to attend the \tJorkshop; travel budgets 
have been reduced even at out facility to such an extent that even an invitation 
to present a paper brief and act as session chairman did not carry enough weight 
to get my travel authorization approved. 

Since I did promise you an input on my Error Band Concept, I have written a paper 
brief'on it and am enclosing it herewith. May I suggest that whoever acts as my 
replacement as chairman read this paper brief to the session. 

Because my cancelling out will require you to appoint someone else as chairman, 
let me, at lea9t, make some suggestions: 

(a) Loyt Lathrop, who works at Sandia and was chairman of one of my ISA 
Transducer Standards Committees; 

(b) anyone attending that Pa~l Lederer would recommend on the basis of that 
person having been involved with my ISA transducer standards work; 

(c) Ralph S. ("Steve") Rogero,- of JPI.:, with whom I have discussed this matter 
,and who would be willing to take over the chairmanship if you ask him to 

do so. His extension is x7522 at the Edwards Test Station of JPL. 

If any sort of transcript, proceedings or minutes of the Workshop are intended 
to be prepared, I would appreciate receiving a copy of them. 

My best wishes for a successful Workshop! 

Sincerely, 

Harry N. Norton 
Member Technical Staff 
System Design and Integration 

Telef>ltone 35-1-4321 Twx 213-449-2151 
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USE OF THE ERROR BAND FOR TRANSDUCER SPECIFICATIONS AND PERFORMANCE VERIFICATION 

By Harry Norton, Jet Propulsion Laboratory 

The error band concept was originally developed in 1957, while working on 
transducer development at General Dynamics/Convair, to simplify specifications 
and performance verification of transducers used in the ATLAS missile instru
mentation program. Most transducers were used in applications where the 
measurand would vary frequently, over wide portions of the range, in increasing 
and decreasing directions, and with or without sufficient vibration to relieve 
friction in the transducer. 

This led to the conclusion that tolerances for repeatability, hysteresis, 
friction error, and linearity can be replaced by a single set of tolerances 
on the maximum allowable deviation of any data point from a specified reference 
line or curve which represents the ideal calibration curve of the transducer. 
This envelope around the ideal, or theoretical, curve was termed error band. 

Introduction of error band specifications resulted in higher production yields 
by transducer manufacturers, and lower unit cost, since the manufacturer now 
had more leeway in his individual transducer tolerances, For example, if a 
particular instrument design had inherently low hysteresis and good repeat
ability, the manufacturer could afford to be less careful in adjusting the 
transducer for linearity and still meet error band requirements. The previously 
necessary calculations of individual errors after calibration were also elimin
ated. This reduced the total calibration time by 20 to 40 minutes per transducer, 
with the same time savings incurred during each recalibration of the transducer. 

A secondary benefit gained from the use of error band specifications was the 
creation of interchangeable calibration records. If the error band specified 
for a given transducer model is sufficiently narrow for overall data accuracy 
requirements, the calibration records of all transducers bearing the same part 
number can be considered interchangeable within error band tolerances. The 
data obtained from any of these transducers can then be reduced on the basis 
of the ideal calibration curve without referring to the individual calibration 
record for each transducer. If data of greater accuracy are required for a 
particular measurement at a later date, the individual record can be used for 
a data reduction rerun. If necessary, individual errors can then still be 
extracted from the calibration record and used to correct the reduced data even 
further. 

Error bands can include two or more transducer characteristics depending on the 
conditions imposed on calibration. These conditions must always be established. 
In order to include repeatability, the error band is determined after the com
pletion of at least two (but often three or more} calibration cycles. Effects 
of measurand overloads can be included in the error band if application of this 
overload is required during calibration. One or more types of environments can 
be adjusted to their extremes during calibration when an environmental error band 
is to be determined. Friction error can be excluded from the error band by 
dithering the transducer during calibration (friction-free error band} when it 
is known that the transducer will always be operating in the presence of sufficient 
vibration to minimize friction. 
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When used in a specification, the error band defines the maximum allowable 
deviation from a specified reference line or curve. It is usually specified 
with equal positive and negative error, tolerances, for example, 11 ±1.2 percent 
of full-scale output .. (abbreviated"FSO). The error band determined by a 
calibration or other test, however, defines the maximum actual positive and 
negative deviations from the specified reference line or curve, at any point 
within the range. These errors are usually not equal and may come out, for 
example, as 11 ±0.5, -0.8% FS0. 11 

An error band can be referred to a large variety of reference lines or curves 
ranging from a straight line between the terminal end points (0% Range, 0% FSO 
and 100% Range, 100% FSO) to a curve empirically determined only during an 
actual calibration, such as a 11 best straight line .. or a mean-output curve. 
The error band may be made applicable over only a portion of the range, with 
no tolerances existing over the remainin~ portion or portions. It can also 
be 11 Stepped•;u so that different tolerances apply over different portions of 
the range. 

The error band applicable at room conditions, in the absence of any shock, 
vibration, or acceleration (unless one of these is the measurand), is the 
static error band. The band of allowable deviations of output values from 
the reference line or curve under these static conditions, and the line or 
curve itself, define the shape of the static error band. The output values 
are always measured over at least two consecutive calibration cycles to include 
a minimum determination of repeatability. 

The static error band of a linear-output transducer is commonly referred to a 
straight line between either actual end points (as in end-point linearity) or 
terminal end points set at 11 0% Range, 0% FS0 11 and 11 100% Range, 100%- FS0 11 (as 
in terminal linearity). A static error band referred to a terminal line, as 
specified and as it may result from a static calibration, is illustrated in 
Figure 2. When actual end points are used, it must be specified during which 
portion of the calibration they are to be obtained, for example, 11 end points 
averaged from two successive calibration cycles .. or 11 end points obtained during 
the final calibration cycle ... 

When the output-vs-measurand relationship of a transducer follows a known 
nonlinear relationship, the static error band follows the theoretical curve 
to which it is referred. This is illustrated in Figure 2. 

A static error band may show different tolerances applicable to different QOr
tions of the range. Such a 11 Stepped 11 error band is illustrated in Figure 3. 

Narrower static error bands can be obtained when linearity, or conformance 
to any predescribed curve, is not required. The absence of such a requirement 
is usually connected with an ability to reduce final data from a complex curve, 
different for each transducer. This type of data reduction is greatly facili
tated by use of a computer. An example of such an error band is shown in Figure 4. 
This static error band is referred to the curve through mean output readings 
obtained during consecutive static-calibration cycles. Such a curve is called 
a mean-output curve. It includes hysteresis, repeatability, and friction error. 
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The selection of a reference line for a static error band of a transducer 
with a bidirectional range frequently involves the consideration of its 
intercept with the zero-measurand level. The simplest reference line is 
a theoretical slope or a terminal line, or a theoretical curve if the output 
is not intended to be linear. Figure 5 illustrates an actual example of a 
static error band referred to a terminal line. If a straight line between 
actual end points is used, tolerances must be established for the output at 
zero measurand as well as for the end points. Any reference line can be 
used equally well for transducers with bidirectional output and with uni
directional output. A stepped static error band, narrower near zero measurand 
than near the end points, has been found useful for some of the more special
ized measurement requirements. 

The error band concept can also be applied to temperature effects on a 
transducer's calibration curve. It is well known that the output-vs-measurand 
characteristics of a transducer are subject to change due to use of the transducer 
at various points of the specified operating temperature range. 

The operating temperature range of a transducer is the range of environmental 
temperatures over which it must perform within specified error limits. When 
returned to and stabilized at room temperature after exposure to any temperature 
in this range, the transducer must again perform within original static error 
limits. Temperature errors are always determined after stabilization at the 
new temperature, usually at one of the extremes of the operating temperature 
range so that maximum errors can be measured. 

In many types of transducers temperature effects will cause primarily a parallel 
displacement of the calibration curve, the thermal zero shift, and a change in 
the slope of this curve, the thermal sensitivity shift. These shifts are .. shown 
separately in Figure 6. They are usually stated in percent of full-scale-output 
per degree Fahrenheit or Celsius. Knowledge of these individual errors is useful 
when the environmental temperature is known while a measurement is being made 
and when suitable corrections can be made to final reduced data. 

When this environmental temperature is not known (except for the fact that it 
is within a known operating temperature range) and when changes in other charac
teristics such as hysteresis, repeatability, and friction error must also be 
considered, it is more useful to state total thermal effects as temperature error 
or as the temperature error band. Temperature error is the maximum change in 
output, at any measurand level within the range, when the tranducer•s temperature 
is changed from room temperature to either of the two extremes of the operating 
temperature range (see Figure 7). 

The temperature error band is the error band applicable over the operating 
temperature range. It includes all static errors, their increases or decreases 
due to thermal effects, and all calibration curve shifts (see Figure 8). All 
errors are referred to the same reference line used to establish the static 
error band. For most transducer applications the use of the temperature error 
band in specifications and for performance verification is probably the simplest 
way to define temperature effects; it also makes data reduction easier. 
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Similarly, error bands applicable under various other environmental conditions 
can be specified. Some of these, however, especially the vibration error band, 
have been found much less useful than the static and temperature error bands. 
Acceleration error and vibration error have been found more conventent tp verify 
than the acceleration and vibration error bands. ~ 

The error band concept originated in the aerospace industry. Specifications 1n 
terms of error bands have since come into widespread use. Many transQucer users 
have analyzed the nature of their measurements, their measurement accuracy 
requirements, and the overall accuracy of their measurement system, arid have 
concluded that error band specifications would best serve their purposes in a 
majority of applications. 

All illustrations used in this paper brief, by the way, are taken from the 
author•s 11 Handbook of Transducers for Electronic Measuring Systems, .. published 
by Prentice-Hall, Inc., in 1969. 

END 

NOTE: This paper brief was prepared for presentation at the Range Commanders 
Council, Telemetry Group, 7th Transducer Workshop (Albuquerque, N. M., 
4-6 April 1972). 
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DISCUSSION SUMMARY 

SESSION V 

Highlights of the Discussion Period: 

1. Q Is reliability in.formation data normally furnished by the transducer manufacturer? 

A The manufacturer identifies the effects of such things as temperature, vibration, 
shock, etc., as they may influence a given performance specification. These often do not aid 
you in trying to correct your data. 

You have to design your measurement system to be within the tolerance band 
required to produce meaningful experimental data without having to attempt sophisticated 
operations on the raw data. 

2. Comment 

Specifications often state 1/2 percent accuracy. This is really a misstatement. What is 
really wanted is 99.5 percent accuracy. This should be clarified for all users of transducers and 
their related systems. 

3. Q When inquiring about error band, do you accept the band as defined by the 
manufacturer or that of the experiment? 

A We would determine the specific performance over the noted parameters. 

4. Q Would the error band be determined over the parameters individually or 
collectively? 

A Normally, the evaluation would be done on an individual basis unless specified to be 
evaluated on a collective basis. This should be established prior to the preparation of the 
specification. 

5. Q What techniques are available for on-line calibration and what are some of the 
problems related to them? 

A One technique used in gas turbine testing is operating the system on two different 
levels of steady-state conditions which encompass the extremes of the planned experiment. 
The transducers used to evaluate the dynamics of the 12,000 Hz system operating at 300°F 
were a quartz type. 

As the blade would pass the transducer, which was mounted in the shroud, there was a 
small volume change. This set up a vibration with the same basic repetition rate; namely, 
12,000 Hz. Since crystal transducers are very good vibration pickups, differentiating the 
pressure information from the vibratory noise can be a problem. 
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Comment 

The manufacturer should provide the pressure/volume relationship for the quartz 
crystal transducer. You also have to know the size of the crystal and the rigidity of the 
support. 

6. Q Do you tell the manufacturer exactly how he is to calibrate his transducer to meet 
your specifications? 

A Where paramount, you would have to give him some sort of guidance in your test 
specification. 

7. Q What is the relation of the error band that you set up in the specifications to the 
actual measurement? Example: You may not have the transducer stability at a particular 
temperature. How do you add these things in? 

A Whatever errors creep in for any type of specification, if you specify them 
individually which has been the norm, you then have the problem of how to combine them. 
By specifying an error band, you are asking the manufacturer to guarantee you will not have a 
point out of that band. 

8. Q Are any of the manufacturers using the error band concept? 

A Only in response to the customer's requirements. It is not in widespread use. I do 
not think that the error band concept is one to lump everything into. It is applicable for 70 to 
80 percent of the various parameters or particulars. However, there are other parameters which 
you should stipulate individually. 

Comment 

Several SAE Committees have new specifications which utilize the error band concept. 

I think there may be a built-in trap in the error band concept. In its application, you 
have the tendency to lump your errors and thereby lose sight of what they are. 

Encouraging the use of the error band concept saves time but in the long run, may 
compromise or extend the experiment. The process of defining what the parametric error 
limits are and how they may influence the experiment is very worthwhile and aides in 
becoming familiar with the hardware. 

I agree in two areas: ( 1) you get the largest error where you want the highest 
accuracy and (2) you should estimate the degree of uncertainty. 

9. Q The use of voltage insertion is fine, but if a particular model is in the test 
environment for a period of time, you might have a natural mechanical breakdown. How can 
this be detected? 

A If you cannot get to your transducer and cannot introduce a known change in the 
parameter which is being measured, you do have a problem. 

348 



Where possible, we have put the whole system in the simulated test environment in an 
effort to establish the error band and changes in it as a function of time or test cycle. 

10. 0 Is is possible to design transducers with built-in test? 

A We have given this subject a great deal of thought. In some cases, it is technically 
feasible but costly. In other cases, you may have to compromise performance. 

The complexity of design may introduce more problems than are solved by using an 
on-site calibration feature built into the transducer. 

The use of two transducers at the same location may be less costly and complex than 
trying to develop a transducer with built-in calibration. 

Comment 

The use of two transducers to measure one experimental variable does solve the 
problem when you get an output from both, but they do not agree. 

One technique used for built-in pressure calibration is back pressure or negative 
calibration, which can be returned to ambient conditions just prior to testing. However, with 
the crystal transducer, you may get the crystal breaking away from the front surface thereby 
altering its performance in the normal test mode. 

11. Q Since the community would like inexpensive transducers and mass production is 
the only way to keep cost of a given item down, would the transducer user agree to the 
increase in costs if built-in calibration were incorporated in all transducers? 

A I would rather go with the cost. We are fooling ourselves if we try to cut a few 
dollars off the cost of transducers. I would prefer a quality transducer. We are much better off 
with the more expensive item if it provides a related improvement in reliability. 

Comment 

If you go to the financial statement of all transducer manufacturers, you would find 
the industry has a problem. It is just not profitable to do all the things you are asking. The 
transducer you buy has 5 to 6 hours of direct labor not including engineer, etc. 

We are shipping 2,000 aircraft instrument transducers worth between $500 and 
$1 ,000. In this case (large quantity), we agree to supply instruments with identical 
performance characteristics as defined by the specifications. Thus, it is possible 
(technologically) to meet some demands if the user is willing to pay. 

12. Q The experimenter or user has to sell his management. Does the technical 
contracting official have a comment? 

A It is always a tough fight in dollars and cents. The experimenter must be more 
specific in indicating why he needs a given performance so the contracting official can be of 
greater assistance. 
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Comment 

In experimental programs, the cost of the instrumentation is not a major cost item. 
However, unless the cost factors are broken down, management is not in a position to make 
the proper decision. It is a lack of communications between the experimentalist and his 
management, the scientist and his procurement specialist, the user and the manufacturer. 

13. Comment 

Certain standards call for electrical calibrations (or "R" cal) before and after tests. 
This would check the bridge circuit but would not determine that the diaphram was missing on 
a pressure transducer. 

Using a differential pressure transducer, one may listen to the output (audio). You can 
usually identify static (random noise). 

14. Q How do you use the audio technique when you have 400 gauges? 

A Listen to the important channels. 

14. Q Listening is good. What do you do when you bury the transducer in the ground? 

A ? 

16. Comment 

In the field of medicine, there is a real educational job in getting the profession to 
accept transducers. You get tissue build up which changes the sensitivity; thus, there must be a 
means of determining the sensitivity from time to time. 

On-line calibration is a desirable feature, but it does not eliminate the need to know 
your system. 

17. Q What is the cost for built-in calibration? Is it an optional feature? 

A Many manufacturers have optical extra-cost features listed for transducers. However, 
the catalogs are not all inclusive. Therefore, it may be necessary to inquire about a given 
option separately. 

Comment 

There is a problem with built-in calibration for airborne tests. Some vehicles are so 
space limited that there is not room for another switch. Thus, built-in calibration could rule 
out the use of a certain transducer. 
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18. Comment 

The bulk of our problem has not been with the transducer. The limited dynamic range 
of the rest of the system, system weight and costs are more of a problem. 

The mechanical and electrical characteristics of the transducers are usually quite good. 
The occasional mechanical failure of the transducer under critical test conditions is our biggest 
problem source. 
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SESSION VI 

NEEDS AND PLANS FOR ACTION 

Mr. Patrick Walter, Chairman, Transducer Committee 

353 





DISCUSSION SUMMARY 

SESSION VI 

Highlights of the Discussion Period: 

Session VI was entirely a discussion session chaired by Mr. Pat Walter, Chairman, 
Transducer Committee. The following are specific areas where attendees agreed that the 
Transducer Committee should direct its efforts (listed essentially as they were developed - no 
priority intended): 

1. Standardization 

a. Test equipment and procedures including statistical measures and methods for 
use in both specification sheets and in test reports. 

b. Dynamic Test and Evaluation Equipment and Procedures 

c. Parameters to be listed on Specification Sheets 

d. Terminology 

e. Procedures and "Fly Sheet" requirement for Acceptance and Reliability 
Testing. 

2. Compendium Type Listing of Transducers 

a. General Parameters (e.g., ISA Compendium) 

b. Specific Parameters (e.g., T.I.C. Type Service) 

3. Improve Communications 

a. Test Results 

b. Experience 

c. Consultation 

d. Applications Traps (Boo Boos- See Appendix) 

4. Objective Identification of User Needs for Research, Development, New Products, 
etc. 

5. Integration of Capabilities of User, Manufacturer, Government, and University 
Groups (A periodic news letter was one suggestion.) 
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6. Quantitative Determination of Pyroelectric Effects 

7. Prepare "Recommended Practices" for: 

a. Measurement Systems Design 

b. Experiment Design 

c. Reporting Results 

8. Lobby for Needed R&D 

9. Increase recognition by management that measurements can no longer be taken for 
granted as routine "off-the-shelf" capability. 

10. Develop and publicize methods for analysis and design of total measurement 
systems for guaranteed accuracy of results. 

The Transducer Committee agreed to consider these suggestions, assign priorities, and 
undertake as many as can be attempted within our membership's capability. 
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APPENDIX 1 

A COLLECTION OF "BOO-BOO'S" 

Compiled by: W. G. James, Workshop General Chairman 
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BOO BOOs 

INTRODUCT.ORY COMMENTS 

The Transducer Committee decided to experiment with the 
inclusion of Boo Boos in this Workshop described as a brief 
description of a measurement attempt which resulted in large 
errors in spite of the use of precision equipment. These are 
submitted anonymously and form a collection of non-recommended 
non-practices or application traps for the unwary. 

Some of these Boo Boos were read aloud during the meeting 
which typically resulted in much knowing nodding of heads and 
in the sharing of other similar experiences. It appeared 
evident that such occurrences are not uncommon although not 
publicized. 

An attempt to group these Boo Boos by similarity was 
abandoned in that each write-up contains segments of commonality 
with all write-ups. The Boo Boos submitted are reproduced in the 
following pages without comment. 
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BOO BOO 

Carrier type strain gage amplifiers had been used for years 
on airborne vehicles using an r.f. link to telemeter the data. 

One manufacturer came up with a d.c. amplifier which looked 
promising. Some were purchased and immediately we began having 
trouble with r.f. interference. The r.f. signal got into the 
strain gage channels with the result that the data was worthless. 

On subsequent orders it was necessary to specify thorough 
r.f. filtering and shielding. This in turn gave the manufacturers 
many headaches until the problem was licked. 

BOO BOO 

When measuring the diode leakage from a diffused strain gage 
pattern to the substrate, there are two pit-falls which can make 
difficulty when the unwary person tries to check previously run 
data. They can both cause sizable errors. 

A. The diode formed between gage pattern and substrate is 
like any other silicon diode and is photo sensitive. It must be 
measured in the dark if true diode leakage is to be measured. 

B. The diode leakage measured from P type gage to N type 
substrate is different than diode leakage measured from P type 
gage to N type substrate to another P type area thus making a PNP 
diode system. It is similar to the comparison between IcBQ and 
IcEO for a transistor. IcEo/IcBO can be from one to a max1mum of 
hfe· We have observed in our case a range of 2 to 10 for this 
ratio. 

BOO BOO 

In the dynamic calibration of a low frequency accelerometer, 
experimentally measured values of phase shift did not agree with 
theoretical ones. Phase shift was measured on the screen of an 
oscilloscope with a dual trace preamplifier which displayed the 
accelerometer output and a reference signal. Careful checking 
of the setup revealed the input switch setting for one channel of 
the preamplifier was for 11 DC 11 coupling, the other one for 11 AC 11 

coupling. When both were set to 11 0C 11 coupling, phase shift 
measurements were as predicted by theory. 
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BOO BOO 

transducer/source 

Standard 
Instrumentation y System 

Slstem: The above configuration was chosen. The RC network 
decoup es the nominal 18 volts riding on the input line. The 
required time constant forced the selection of 10 pf and lMn, 
yielding a time constant of 10 seconds. The op amp has very high 
impedance in this configuration (Zsystem = z

988
p x open loop gain). 

Zsystem = 10 Mn X 100,000 = 1,000,000 M. 

This is 1,000,000 times larger than the lMO of the RC, and will 
look like a good match. 

Dilemma: When the circuit is connected, e0 rises to 2 volts 
without exciting the transducer. 

The Culfrit: Op amps draw bias current, a small current which 
must be supp ied at all times. The op amp chosen had a bipolar 
input requiring 2pa bias. The 2pa came through the lMO, causing 
a drop of: 6 6 

E = IR = (2 X 10- ) X (1 X 10 ) = 2 volts. 

Solution: Use an FET input op amp. Bias currents of 2na are 
common. Now this current supplied through the lMo is: 

E = IR = (2 x 10-9) x (1 X 106) = 2mV. 

The 2mV can be trimmed handily on many op amps. If that isn't good 
enough, some of the newer FET op amps have bias currents in the 
low picoampere range. 
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BOO BOO 

A few years ago rocket powered flight vehicles were having 
problems when one stage completed burning and separation from the 
next stage took place. A simulated separation was set up at a · 
ground test facility to investigate this problem. This was to be 
a one shot test so the data could be used to determine whether to 
proceed with a vehicle already on the launch pad. 

At the start of this set up there were a large number of 
measurements to be made. This number rapidly increased. The 
normal capabilities of the test facility was quickly reached and 
just as quickly exceeded. The final number was more than twice 
as many as the facility was designed to accommodate. Temporary 
systems were located and moved in and set up in hallways and 
darkrooms and in machine shop areas. The "rats nest" of 
interconnecting cables was massive. 

We anticipated trouble. To reduce the trouble causes we set 
up each system individually and took special care to prevent 
ground loops. We calibrated the pressure gages with deadweight 
testers through the entire system. This assured reliable total 
system check. We deadweight calibrated the load cell systems the 
same way. We calibrated thermocouple systems with voltage 
insertion and then applied heat to each channel as a sure 
polarity check. We laboratory calibrated accelerometer systems 
and after final installation hammered the area to insure system 
response. All systems were finally rated OK. Each one in turn 
had been checked one channel at a time. 

The automatic. sequencer was started: 

T minus 60 seconds - Camera lights on low 
T minus 40 seconds - Slow speed chart recorders on and 

final calibrates taken 
T minus 35 seconds - Camera lights on high 
T minus 30 seconds -Mag tapes on and final calibrates 

taken 
T minus 15 seconds - Slow speed cameras on 
T minus 10 seconds ~ Final siren blast 
T minus 5 seconds - Firing circuit armed 
T minus 3 seconds - High speed recorders on 
T 0 - Firing signal applied to 7 seconds time delay squib 

T plus 1 second - All systems have green 1 ight "OK" 

T plus 2 seconds - Main circuit breaker trips due to 
overload, all instrument systems go 
dead!!!! 
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T plus 3 seconds 
T plus 4 seconds 
T plus 5 seconds 
T plus 6 seconds 

UNORGANIZED PANIC! 

T plus 7 seconds - Ignition 

T plus 8 seconds through T + many days ~ ORGANIZED PANIC 

BOO BOO 

During a rocket motor firing a potentiometer was mounted so 
as to measure the deflection of the rocket motor case while it was 
pressurized. The case at the measurement point had a spherical 
curvature and the potentiometer was positioned with a ball tip 
and was spring loaded to push against the case. Motion was 
anticipated to be one dimensional and parallel to the potentiometer 
shaft. 

Due to unexpected forces, the case motion became two dimensional 
and the potentiometer shaft end slid along the case curvature 
resulting in a large measurement error. 

On subsequent tests, a one inch square flat Teflon coated 
plate was mounted at the measurement point on the case perpendicular 
to the potentiometer shaft. The potentiometer shaft end rested 
on the Tef1on surface and although the case motion was lateral, the 
potentiometer shaft maintained a true position. 

BOO BOO 

After having calibrated 12 channels of pressure gages. we 
fired an 8 charge. Looking at the acquired data, one channel showed 
a positive dynamic cal and a positive electrical cal but a negative 
pressure time history. 

Upon examination we found that the station was calibrated for 
the wrong pressure and the mag-tape recorder when saturated with 
the shock wave input gave a very good negative pressure-time history, 
when other checks showed everything was normal. 

BOO BOO 

Amplifiers operating at high gain being saturated due to presence 
of transducer zero measurand output greater than saturation voltage 
djvided by gain. 
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BOO BOO 

Input impedance of a DVM changing drastically when it ranges 
from one sensitivity to another can load a resistive type 
transducer. 

BOO BOO 

Being a professional, a real expert, as most of us are, I 
never make a technical error; however, there is one mistake I make 
repeatedly: believing what I see or read or hear and not personally 
verifying it. About a year ago we were doing a flight test 
instrumentation job on an aircraft that had a data acquisition 
system aboard built by a major aircraft company. We were assured 
by the aircraft company people that all it took to convert their 
signal conditioning for bridge type transducers was to plug in 
their bridge type card in the right slot. So, at about midnight 
with the test scheduled for 0400 take off, we found that the 
reason our bridges wouldn't balance was a missing wire in the 
patch cables which had been left out because it wasn't used with 
the cards they had been using. These were hard wired AN connectors, 
about a dozen of them that had to be rewired. Result: Test 
delayed by instrumentation for 24 hours. My mistake, believing 
what I was told about the system and not checking it out for myself. 

BOO BOO 

Several years ago, we ran some shock tube tests of various 
mounting configurations for a new high pressure transducer. 
Although the transducer was rated for 70 KPSI, the tests were run 
at 2 KPSI because of shock tube limitations. After finding 
considerable oscillation of the mounting cavity when fi 11 ed with 
either air or grease, we decided to try other materials. One 
particular mixture gave unexpectedly good results, nearly square 
step response with neither loss of risetime nor objectionable 
overshoot. Tests at 500 and 1000 PSI g~ve comparable results, so 
we started using the material for all tests. It was some months 
before peoples complaints about unlikely data prodded us into 
doing something we had intended to do at the beginning, including 
the material in static calibrations to full pressure. It was then. 
painfully obvious that the "ideal" material at 2 KPSI became 
pretty stiff at 20 KPSI and down right rigid at 50 KPSI "and the 
truth was not in it." 
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BOO BOO 

Two high stability strain gage pressure transducers with a 
manufacturers value of +0.05% FS maximum 11 non-repeatability 11 

showed differences in sensitivity of 0.16% FS and 0.3% FS between 
two calibrations. Prior to the second calibration, the transducers 
with integral male flare pressure fittings had been disconnected 
from the pressure manifold and then reconnected carefully to 
assure a leak-tight connection with the minimum tightening torque. 
Additional calibrations, made without further disturbance of the 
pressure connection, but following long periods of storage and 
pressure cycling, showed transducer performance to be within 
manufacturers• specifications. This suggests desirability of in
place system calibration of 11 high-accuracy .. transducers. 

BOO BOO 

Test program required facilities to load sample parachute 
risers to 5000# in tension under dynamic conditions. The test 
configuration and instrumentation consisted of a 50 1 drop tower 
and a strain gage link installed in series with the snubbing cable. 
The parachute harness was installed on a 250 pound torso test dummy. 
Test item was raised to a height that normally would produce a peak 
loading force of 5000# and then released. The force recorded was 
less than 2500#. Immediate reaction was to increase the drop 
height. This was done until finally the strain link broke. Post 
investigation disclosed that only half of the bridge output was 
being recorded and in actuality the first reading was very close 
to 5000#. 

If there is any lesson to be learned from this situation, it 
is a lesson in 11 keeping your cool . 11 Don•t always jump at the 
easiest solution to an instrumentation problem. Take 11 time out to 
think ... 

BOO BOO 

Setting the gain on a charge amplifier such that the feedback 
capacitor is less than the transducer capacity. The amplifier 
output will be distorted. 

BOO BOO 

On transducer conditioning power supplies, the output voltage 
momentarily going to power supply limit when switching voltage 
ranges, because the make-before-break contacts were not making up. 
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BOO BOO 

I was playing visiting expert to another installation during 
firing tests of a prototype weapon. One requirement was 
measurement of hydraulic pressure and flow. Neither the host nor 
I had much experience with hydraulics, but use of the strain gage 
flowmeter seemed straight forward. The records looked lovely, 
but somehow we kept getting flow rates entirely too low for either 
the predicted or measured operation of the system. After checking 
every aspect of the recording system from calibration resistors 
to cable connections to amplifier gains to recorder channels, we 
sent the meters back for recalibration. They were reported to 
follow their original calibrations. Only after a couple more 
days of panic and head scratching did we realize that we had been 
using linear scaling of the single calibration step, and the 
flowmeter characteristic was logarithmic. 

BOO BOO 

We were trying to measure 50-100 psi region from a steel 
cased cylinder of explosive detonated about 6 feet above a 
4"-thick steel plate. 

The signals were quite erratic, and the waveshapes were quite 
irreproducible. To try to salvage something from the data, we 
at least would like to .know the shock arrival time at the first 
two gage positions (100 and 50 psi); however, within the capability 
of the recording system, the 11 disturbance 11 arrived at both positions 
simultaneously---quite impossible for an air-shock. 

It turns out that what we thought were the pressure-time 
signals produced by the transducers by the shock wave were actually 
electrical noise, produced by the interaction and collision of the 
case/explosion products with the steel plate. The noise was an 
order of magnitude larger than the expected pressure signals. 

BOO BOO 

A manufacturer of p·iezoelectric accelerometers supplied a 
special raised mounting stud with each instrument to be used with 
rough surfaces, on which it would be difficult to properly mount the 
accelerometers with full base contact. He pointed out that the use 
of this special stud would change the accelerometer systems resonant 
frequency. This was confirmed during testing, however it was also 
found that the overall sensitivity of the accelerometer was about 
20% different when it was mounted on the special stud, compared with 
being mounted with. the entire accelerometer base flat on the 
mounting surface. 
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BOO BOO 

The measurement of vibrations on the reflector of a radar 
dish was desired while the vehicle on which the dish was mounted 
traversed rough terrain. Accordingly an aluminum cube 1 x 1 x 1 
inch was welded to the thin (1/16 in.) reflector's aluminum skin 
and three piezoelectric accelerometers attached to three faces of 
the cube. Measurements made with this system totally ignored the 
influence of the newly created mass-spring system (accelerometer 
block-skin compliance} on the data taken, thus likely leading to 
serious errors. 

BOO BOO 

A different laboratory created a similar error-prone system 
by mounting a piezoelectric accelerometer at the end of a cantilever 
bracket. This accelerometer was to sense high frequency longitudinal 
vibrations in the nose cone of a small, high speed rocket. Again 
the accelerometer-cantilever beam combination resulted in an 
additional mass-spring system, which could adversely affect the 
data sought. 

BOO BOO 

Watching a routine static calibration of a telemetry pressure 
transducer, I noticed that the technician carefully ~xercised the 
dial gage which indicated the applied pressure by applying the full 
scale pressure ten times in succession. He then proceeded to do 
the same to the transducer to be calibrated. When I pointed out 
that such exercise of the transducer prior to calibration would 
result in a set of calibration data indicating unrealistically low 
values of hysteresis, he showed me the printed step-by-step 
calibration procedure he had to follow. It stated that all pressure 
transducers were to be exercised before calibration. --- . 

BOO BOO 

I was calibrating an accelerometer on a dual centrifuge in 
the 2 to 10 Hz region. The procedure was to compare the known 
output of the thermocouple voltmeter with the unknown output of 
the transducer using a vacuum tube voltmeter as an indicator. The 
frequency of the oscillator being used as a power source for the 
thermocouple voltmeter was being matched to the transducer 
frequency to within 0.1 Hz. It turned out that the low frequency 
roll off of the vacuum tube voltmeter was sufficiently steep at 
2 or 3Hz that a mismatch in frequencies of 0.1 Hz caused an 
error of over 1%. 
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BOO BOO 

An experiment was organized to measure the rate of ablation 
and shape change of t~e tip of a reentry vehicle during reentry. 
The tip was put into a· radioactive condition so that various 
Gamma radiation detectors would see quantity of tip material as 
a function of Gamma rate through collimated holes through high Z 
Gamma absorbing materials. Extensive ground testing established 
the quantity of material along various rays as a function of Gamma 
count rate. The calibration signal would naturally reduce \'lith 
reduced radioactive material. 

During actual flight two unexpected things happened. First, 
the count rate, shortly after the start of vehicle reentry, was 
much larger than anticipated and second, the count rate kept 
building up instead of reducing as expected. The signal actually 
reached a value an order of magnitude higher than expected, 
thereby rendering a 11 one shot" experiment useless. 

What happened? The eroded radioactive tip material, in 
gaseous state, flowed back along the vehicle. The radioactivity 
from this material in transit entered the detecting system which 
was unshielded from the transit direction. 

BOO BOO· 

During testing in the polaris program, it was desirous to 
measure the water impact pressure on the missile as it was ejected 
from below the surface. To assure wide frequency response, 
piezoelectric, flush diaphragm, pressure transducers were used. 
Unexpectedly large pressure transients were recorded. It was 
finally found that these pressure transducers were quite sensitive 
to thermal transients. Much of the 11 pressure 11 signal was 
subsequently found to be caused by the thermal transient seen by 
the pressure transducers as the missile was ejected from the 
ambient environment of the submarine into the cold sea. 

BOO BOO 

A piezoelectric, ring shaped, accelerometer produced sharp 
spikes in its output and displayed distortion during some simple 
vibration testing. The problem was traced to an over-long mounting 
screw which bottomed in its threaded mounting hole, before the 
accelerometer was properly tightened to the mounting surface. The 
final clearance between screw head and accelerometer was so small 
as not to be readily noticeable. Tightening of the screw with the 
proper torque, in this case, did not prevent poor data. 
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BOO BOO 

Two boo boos using dead-weight pressure testers that gave us 
unexplainable pressure calibration error until we finally tracked 
them down. 

1. Calibration of low range pressure transducers (on the 
order of 0 to 5 or 10 psid or psig) using a liquid filled 
dead-weight pressure tester. 

Sensitivity of the pressure transducer for the first increment 
of pressure often seemed to be different than the sensitivity for 
the higher pressures. After much study of the problem, we found 
that this sensitivity difference was due to our having placed the 
transducer inadvertently at some elevation different from the 
elevation of the piston of the dead-weight tester. For precision 
measurements, it is important that the transducer diaphragm and 
the dead-weight tester piston be at exactly the same level. 

2. Calibration of high range pressure transducers (on the 
order of 0 to 3000 or 5000 psig). 

In calibrating high range pressure transducers using a liquid 
filled dead-weight tester, frequently the output of the transducer 
exhibited a transient zero shift that recovered after a few minutes 
time. This shift was later found to be caused by the temperature 
change of the sensor diaphragm, which in turn was caused by the 
compression of some trapped air in the fluid system in the vicinity 
of the diaphragm of the pressure transducer. This error is removed 
by checking the system carefully and eliminating any trapped air 
before making the measurements. 

BOO BOO 

Several years ago I was running a test in a wind tunnel. It 
was customary to have a night shift hook up the equipment so that 
we could get an early start in the morning. 

The next morning I turned on the equipment but nothing worked. 
The test was on an airplane propeller and required bringing leads 
in from the propeller blades through slip rings. 

An inspection showed all wires connected properly to the slip 
ring terminals, but the technician hadn•t removed the insulation 
from the wires! Insulation and wire was neatly wrapped around 
the terminals. 

Note: This technician had been on this type work for at 
least five years. 



BOO BOO 

Using fluid damped accelerometers for low frequency 
measurements in a temperature environment of ~35°F without 
correcting data for increased damping ratio. 

Program Requirements: To measure accelerations from 0 
thru +4.5 G's, 0 to 20 Hz with the overall error not to exceed 
+0.15-G peak. 

Environment: Accelerometers were located in an aircraft 
compartment whose temperature ranged from -30°F to -40°F 
during and approximately 30 minutes prior to acceleration test. 

Accelerometer Used For Test: CEC Model 4-202-0001, +5 G 
with a natural frequency of approximately 300 Hz. -

Accelerometer Environmental Specification: Compensated 
Temperature Range: -656 F to 2506 F; Thermal Zero Shift: 0.003% 
full range/°F; Thermal Coefficient of Sensitivity: 0.015% full 
range/°F; Damping: 0.7 of critical at 77°F and rated excitation. 

Conclusion: Laboratory test of these accelerometers showed 
their output signal (MV/G/V) to be attenuated by an average of 
9% at 4 G's, 18Hz, -35°F from their 77°F reference output signal. 
This attenuation is attributed to the considerable increase in 
the damping ratio (damping fluid viscosity increase) occurring 
with the decrease in temperature from 77°F to -35°F. Correcting 
the flight data by applying the accelerometer in flight base 
temperatures to the family of frequency response/temperature 
calibration curves provided data well within the error band of 
+0.15 G's. 

BOO BOO 

A malfunction of a small rocket engine, resulting from an 
apparent excessive pressure build-up in the combustion chamber 
could not be confirmed from the telemetry record. That record 
showed a double peak of about full scale pressure at the time of 
the malfunction. Further consideration of all system characteristics 
led to the conclusion that the discriminator response was such as to 
turn an excessively large signal with a single peak into a double 
peaked output of much smaller amplitude. 
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BOO BOO 

The use of an oscilloscope and its differential-type plug-in 
preamplifier for displaying transient voltages produced by a 
quartz pressure transducer: The pressure measurements were to be 
made over a total time period of 500 milliseconds. A source 
follower was used as an impedance converter in an attempt to match 
the very high impedance of the transducer. Together with the 
transducer, the source follower provided an RC time-constant of 
100 seconds. In order to maintain this time-constant throughout 
the display system, the oscilloscope preamplifier was operated in 
the DC mode. Since the source follower generated a constant DC 
offset of 10 volts, and the transient pressure-generated voltages 
were only about 50 millivolts in amplitude, it was necessary to 
introduce a 10 volt common-mode voltage into the second channel 
of the differential-type preamplifier. 

Approximately 4 to 5 centimeters of signal deflection on the 
scope graticule were desired. This required a preamplifier 
sensitivity of 10 millivolts per centimeter. Such a sensitivity 
setting could be achieved in one of two ways. One method was to 
set the attenuator, labeled .. millivolts/em, .. in the 111" position, 
and the other control, labeled "mv/cm multiplier," in the "10" 
position. The other method was to reverse the settings of these 
two controls. My experience and familiarity with these pre~ 
amplifiers had been based primarily on single-ended operation. I 
knew that the frequency response and stability of the preamplifier 
improved as the setting of the multiplier control was increased. 
Since, in previous usage of the preamplifier, frequency response 
and stability were of prime concern, requiring the setting of the 
attenuator at "1" and the multiplier at "10," I let an old habit 
influence my actions in this new application. Thus, without 
consulting the instruction manual, I automatically set the 
attenuator at "1" and the multiplier at "10. 11 

To make matters worse, in order to simplify the voltage 
calibration of the preamplifier and scope face, I operated the 
differential-type preamplifier in the single-ended mode. This 
means that I removed both the connection from the source follower 
to the first channel, and the 10 volt bucking voltage from the 
second channel, and then introduced small known DC voltages in the 
first or A channel. Those of you who are familiar with the use of 
the differential-type preamplifier will realize that I had succeeded 
in compounding my errors. 

!twas not until many test runs later that the errors of my 
technique dawned upon me. First, I decided to recheck the 
preamplifier instruction manual. I found that under the particular 
test conditions, I'had no choice in the settings of the attenuator 
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and multiplier controls. The preamplifier is limited to a common
mode voltage of 5 volts when the attenuator is set at the "1" 
position, regardless of the setting of the multiplier. When the 
attenuator is set at "10, 11 the common-mode voltage is limited to 
50 volts. Since the common-mode voltage in my application was 
10 volts, I should have set the attenuator at 11 10 11 and the 
multiplier at "1 ." Even when the preamplifier is operated 
properly, there is still some non-linearity present. To achieve 
greatest accuracy in the pressure measurement, it is necessary to 
obtain a voltage calibration of the preamplifier and scope when 
preamplifier is operating in the differential mode. This requires 
the introduction into channel A of known voltages differing by 
small amounts from the 10 volt level, and the use of a constant 
10 volt bucking voltage in channel B. 

When I made these changes and compared calibrations taken 
before and after the change, I found differences in voltage 
calibration by as much as 30 percent. Thus, the measurement of 
pressure in the earlier runs could have been in error by 30 percent. 

Perhaps the moral of this tale is: 11 Don't rely completely 
on your memory or judgement; always review the manufacturer's 
instruction manual before using equipment in a manner which differs 
from what you have become accustomed." 

BOO BOO 

The requirement was to monitor and record the current being 
drawn by some test equipment. A thermocouple ammeter was being 
used. Thermocouple ammeters will handle very little overcurrent. 
To protect them from damage, the meter has a built-in protective 
shunt which is removed when taking a reading by pushing a push-

. button switch. There is a red line on the meter at about l/4 
full seale and a sign which says, "Do not push button when meter 
reading is above red line." 

The ammeter was set on too low a full scale range so the 
meter always read above the red line. Instead of switching to a 
higher current scale, the test engineer continued to take data 
without pushing the button and removing the protective shunt. 
One problem was that the meter was not calibrated for use with 
the protective shunt. 

BOO BOO 

Charge amplifiers operating in long time-constant may go into 
saturation due to stored charge generated by crystal transducers 
responding to thermal changes. 
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BOO BOO 

Some time ago I was discussing dynamic pressure measurements 
and calibration requirements with a number of technical people 
at one of the military R & D centers. I was especially interested 
in the need for dynamic calibration of pressure transducers at 
the activity. 

I found a number of varied and substantial requirements 
covering a wide range of pressure and frequency/time. One group 
explained that, although they were performing a large number 
of dynamic measurements on a particular development project, they 
had no need for dynamic calibration. Instead, they had selected 
a particular model and manufacture of transducer and were making 
all their measurements with that transducer. The transducer 
selected appeared to be adequate and their results were consistent. 
The consistency of results pleased them and convinced them that 
they had normalized the measurements. 

About a year later I had two visitors from 11 the group without 
any problems ... They eventually had interfaced with another 
organization which made some measurements with a different 
transducer. The results of their tests were quite different and 
they initiated a crash effort to determine the real pressure-time 
relationship. They were, at that point, very interested in having 
these transducers calibrated dynamically. 

BOO BOO 

A series of measurements was recently performed on vibrations 
and noise generated in walls and similar barriers when forced 
entry was attempted by means of various hand and power tools. 
Accelerometers were mounted on the walls, microphones near the 
walls. Data were tape recorded for later analysis. Testing was 
performed on abandoned buildings which were subsequently torn 
down. Data analysis indicated acoustic signals with frequencies 
up to about 40 kHz; vibration levels were only recorded up to 
6 kHz due to tape speed imposed frequency limitations of the 
recorder used for vibration signals. A brief test of vibration 
levels on small metallic barrier panels produced vibration 
frequencies beyond 20 kHz. It is highly likely that important 
vibration data were lost from the original measurements due to 
insufficient band width. 

BOO BOO 

Assuming that an input conditioner was configured for a full 
bridge transducer, when it was really for a half bridge input. 
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BOO BOO 

The requirement was to simply check the vibration 
calibration and frequency response of a +20 g full scale 
accelerometer. Descriptive information supplied was brief, but 
showed how to hook unit up and showed specifications (overrange 
of 100 g and a resonance frequency of about 1000Hz.) Test was 
initiated with vibration level applied at +10 g with output 
measured at discrete frequencies. -

Frequency was increased through the resonance at which point 
the output became intermittent than zero. Inspection of the data 
revealed essentially no damping, and thus with 10 g applied at the 
resonance, the sensor stress was above 1000 g. Internal inspection 
of the unit showed it broken. 

In short, the unit did not survive sinusoidal vibration of 
one-half full scale at the resonance frequency. I suppose the 
literature should have warned me. I suppose one would need to 
protect the unit in application from possibility of such 
vibration exposure. 

BOO BOO 

Using high quality-high input impedance differential input 
strain gage amplifiers. 

Use high quality-low leakage strain gage power supply. 

Connect together---forget to establish ground reference for 
strai'n gage bridge. 

System works fine for a while until random, uncontrolled 
leakage paths cause input circuit to charge up until CMV limit 
is reached. 

Amplifier output starts dipping---Wha happen??? 

BOO BOO 

Miniature accelerometers with integral cables: when renoving 
from its box, the coiled cable can whip the accelerometer against 
the box, bench top, or whatever. Resulting impact shock can be 
disastrous. 
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BOO BOO 

A specification for a charge amplifier was prepared calling 
for the frequency response to be flat within +2% from 10 Hz to 
3500Hz. A contract for a quantity of these amplifiers was 
awarded. Upon delivery the amplifiers were tested and found to 
meet specifications. 

One of these amplifiers and an accelerometer was used on a 
test. Analysis of the data showed a severe resonance at 7 Hz. 

The amplifier was tested again and found to have a sharp 
peak in response at 7 Hz with the gain several times more than 
within the pass band of 10 Hz to 3500 Hz. 

The specification was eventually rewritten calling for the 
response outside the pass band to have no peaks greater than 1.05 
of the response within the pass band. 

BOO BOO 

In an attempt to measure stage separation acceleration of 
a multistage rocket, a piezoresistive accelerometer system was 
chosen because of its steady state response. The accelerometer 
full scale range, amplifier gain and VCO bandwidth were chosen in 
accordance with the expected separation acceleration. VCO 
bandwidth was wide enough to cover the flat response range of the 
accelerometer and rolled off rapidly above that so as to minimize 
distortion due to the accelerometers resonant rise. 

Upon test, the VCO went to band edge at initial separation, 
never to return. Subsequent investigation of the separation 
phenomenon with high g shock accelerometers revealed a very narrow, 
high g pulse coincident with detonation of explosive bolts which 
wiped out the undamped piezoresistive accelerometers before and 
significant low frequency acceleration occurred. 

BOO BOO 

An exciter-demodulator for an LVDT was being used to take 
data well below its frequency roll-off, but error was apparent 
when time correlation was attempted. Use of a constant-amplitude 
filter in the exciter-demodulator output circuit produced a steep 
phase angle change in the LVDT signal . 
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BOO BOO 

The intended measurement was to monitor structure induced 
vibrations of approximately 4 g's, generated by the firing of a 
thruster engine. The equipment purchased was all high quality 
airborne flight instrumentation and no problems were anticipated 
as the approximate g levels were already known. The full scale 
range of the system was well above the expected input level and 
since the amplifier gain was fixed and the accelerometer 
calibrated with the amplifier, no problems of incorrect or 
inadequate range was possible. 

The system was installed and tested prior to actual flight. 
Results -amplifier saturated resulting in a complete loss of 
data. 

After several more test firings, which produced identical 
results, it was decided to make additional measurements using 
strain gages. The results of these tests showed the following 
and explained what was actually happening: 

1. The measured strain was approximately 250 ~strain. 

2. The accelerometer being used had a specific base strain 
sensitivity of 25 equivalent g per 250 ~ strain. 

3. This resulted in an equivalent output of 25 g's, which 
was over 6 times higher than the actual acceleration that was to 
be measured. 

Another accelerometer with 50 times lower base strain 
sensitivity was selected and as an additional precaution, it was 
mounted on an insulated mounting stud. This combination resulted 
in a base strain sensitivity of less than .025 equivalent g per 
250 ~ strain, which was well below the acceleration level to be 
measured. Subsequent firings were made and good valid data was 
gathered. 

BOO BOO 

Making transducer connections to a constant-current power 
supply when it is turned on will subject the transducer to full 
compliance voltage and sometimes burn it out. 
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BOO BOO 

This boo boo consists of trying to extract data from an IRIG 
proportional subcarrier system. During a recent instrumental 
flight, we found that some very important data on some channels was 
in the 0 to 20 mv range. It so happened that this was also the 
internal noise level of the multiplex unit. Laboratory checkout 
indicated that a 5 mv input·output could be realized but during 
full use·anything below 20 mv was lost. 

BOO BOO 

Sometimes it is more difficult to receive transducers in 
working order than it is to calibrate and use them. 

A case in point: an application required several extremely 
low pressure transducers. The user complained that the gages were 
found defective at incoming inspection. A study revealed that the 
diaphragm was broken on many. The problem was traced to a 
protective cap installed by the manufacturer. Pressures generated 
during installation of the cap over the diaphragm generated 
pressures over the burst pressure rating. 

BOO BOO 

A user bought a large quantity of low 11g11 accelerometers on 
several orders. Rejections were running 40% due to inoperative 
gages. The user stated that the devices were removed from their 
boxes and placed in protective tote trays for 11 Safe 11 handling. 
The failures were traced to over ranging due to the impact 
generated when the trays were placed on the production line 
benches. 

BOO BOO 

An attempt was made to measure vibration in a 900 KW 
generator frame. The accelerometer was located in the center of 
a ·loosely attached "J 11 box 1 id. 

An accurate determination of the rather large accelerations 
in the lid of the "J" box resulted. Unfortunately there was no 
detectable relation between these accelerations and the desired 
more moderate vibrations in the heavy generator frame. 
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BOO BOO 

Insidious Long Term Temperature Drift Associated with Low 
Mass Sensors 

In measuring the temperature stability of a low mass semi
conductor pressure transducer the following laboratory apparatus 
was employed: •.. . 

Copper---4,. ·: :-!~'=--Catheter 
Leads fr.! 

~- Pressure Line 

Constant Temperature Bath 

The pressure sensor mounts on the end of a 2rnm-diameter 
catheter which is inserted through a stopper in the mount of an 
Erlenmeyer flask. The tip of the catheter is immersed several 
inches below the surface of the water level within the flask. 
Also extending into the bath alongside the sensor is a thermometer 
for measuring the temperature of the water within which the sensor 
is immersed. A pressure line feeds into the neck of the flask so 
that the pressure above the water can be varied, in turn changing 
the pressure at the catheter tip. The entire assembly, except for 
the mouth and neck of the flask, is immersed in a constant 
temperature bath. 

The purpose of the experiment is to generate a family of 
output vs pressure curves with temperature as a parameter. The 
procedure is as follows: 

1. The temperature of the constant temperature bath is set. 

2. When the thermometer inside the flask shows that the water 
temperature within the flask has reached temperature (that is, that 
it agrees with the temperature of the bath), the first datum point 
is recorded. 
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3. A new pressure is set and a second datum point recorded 
and so on until the complete pressure vs output curve is generated. 

4. The procedure is repeated at a new temperature, always 
waiting until the thermometer reading agr.ees with the bath 
temperature. 

Results of this calibration procedure show severe conflicts 
with the expected temperature behavior. 

After much data taking, the following explanation emerged: 
The thermometer reading is not an adequate measure of the sensor 
temperature because the relatively large copper lead wires conduct 
heat away from the small mass, small area sensor or sensor 
package rapidly enough to produce an actual sensor temperature 
somewhat between that of the water and that of the slowly heated 
copper wires. Not until the wires reach the water temperature · 
does the sensor data become reasonable. This model was confirmed 
by routing the copper wires through the bath so that they reached 
temperature rapidly. Anomalous temperature behavior then 
disappeared. 

Moral: When the sensor gets small but the wires don•t, one 
can't always neglect the same things • 
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