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INTRODUCTION 

The Eighth Transducer Workshop was held in Dayton, Ohio, from 

22 to 24 April 1975. It was sponsored by the Transducer Committee of the 

Telemetry Group, Range Commanders Council. The General Chairman was 

Pierre F. Fuselier of Lawrence Livermore Laboratory. 

Workshop logistics were executed by a volunteer crew as follows: 

Patrick L. Walter, Chairman Transducer Committee 
Sandia Laboratories 

Colonel Brien D. Ward, Welcoming Address, Commander 
Air Force Flight Dynamics Laboratory 
Wright Patterson AFB 

Charles E. Thomas, Accommodations and Arrangements 
Host, Wright Patterson AFB 

The res a Hanshaw, Registration 

Jack Schmermund, Audio-Visual; both of Hright Patterson AFB. 

Workshop program duties were also performed by a volunteer crew, as 

fo 11 ows: 

Pierre F. Fuselier, General Chairman, Lawrence Livermore Laboratory 

Dayle E. Fitzgerald, Technical Secretary, Lawrence Livermore Laboratory 

Session Chairmen: 

HenryS. Freynik, Jr., Lawrence Livermore Laboratory 

Garland N. Rollins, NASA Langley Research Center 

Paul S. Lederer, National Bureau of Standards 

Peter K. Stein, Arizona State University 

JohnS. Hilten, National Bureau of Standards 

Patrick L. Walter, Sandia Laboratories. 
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The traditional discussion format was observed. Workshops are just 

what the name says; everyone should come prepared to contribute something 

from his knowledge and experience. In a workshop the attendees become the 

program in the sense that the extent and enthusiasm of their participation 

determine the success of the workshop. 

Participants had the opportunity to hear what their colleagues have 

been doing and how it went; to explore areas of common interest and common 

problems; to offer ideas and suggestions about what 1 s new and what 1
S needed 

in transducers, techniques, and applications. 
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GOALS OF THE WORKSHOP 

To bring together people who use transducers; to air out problems and 

maybe come up with some solutions; to identify areas of common interest; 

and to provide a communication channel among the community of transducer 

users. Some examples are: 

1. Improve coordination of information regarding transducer standards, 

test techniques, evaluations, and application practices among the national 

test ranges, range users, range contractors, other transducer users, and 

transducer manufacturers. 

2. Set up special sessions so that people with measurement problems in 

specific areas can form subgroups and stay on to discuss them after the 

workshop conclusion. 

3. Solicit suggestions and comments on past, present and future 

Transducer Committee efforts, and towards providing some standardization in 

the area of transducer signal conditioning amplifiers. 

4. Provide task definition to the NBS Inter-Agency Transducer Project 

for transducer R & D for FY 76 and 77 supported through NAVAIR and national 

test range funding. 
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TRANSDUCER COMMITTEE OBJECTIVES 

OBJECTIVES: This committee will inform the Telemetry Group (TG) of 

significant progress in the field of telemetry transducers; maintain any 

necessary liaison between the TG and the National Bureau of Standards and 

their transducers program or any other related telemetry transducer efforts; 

coordinate TG activities with other professional technical groups; collect 

and pass on information on techniques of measurement, evaluation, reliability, 

calibration, reporting and manufacturing; and recommend uniform practices 

for calibration, testing and evaluation of telemetry transducers. 
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RECOGNITION OF SPECIAL EFFORT 

For various reasons, such as travel funds restrictions, work schedules 
and other factors, some participants went beyond the usual excellence in 
professional responsibility that marks the Transducer Workshops. This recog
nition is in appreciation of that extra effort. 

Session 1 

Session 2 

Session 3 

Speaker Mills Dean, III, attended at his own expense . 

Session Chairman Garland Rollins retired in February, 
but continued his Workshop duties on his own time. 

Speaker William Callis attended at his own expense. 

Paul Lederer was drafted as Session Chairman just 
2 weeks before the Workshop. 

Speaker William Shay had only 3 days 1 notice to 
condense an extensive test report. 

No doubt there were others on the program and in attendance who also con
tributed an extra measure, and to all of those the rest of us extend our thanks. 
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CHANGES IN AGENDA 

Substitutions, alterations and deletions in the oral presentations were 
caused princ i pal ly by the widespread restrictions on travel funds and by 
impera ti ve duti es at work . 

SESSION ONE : M.A . Hatch, Jr . , spoke on "Stra i n Sensitivity of Pressure 
Trans duce rs ina Dyn amic Envi ron ment. " C. W. 01 sen was deta i ned at work. 

SESS IO N TWO : Lar ry Sires subst itu ted for Larry Joseph s on on "Fuel-Air 
Expl os i ve Bl ast"Mea s uremen t." 

Joseph J . Dol is subst ituted for J . M. Cassanto on 11 R/V Flight Test Pres
su re Instrumentat i on Techn iques. 11 

W. Paulson and J . Nuhfer were unable to secure travel approval. Session 
Chainnan Garland Rollins summarized their paper, "Collection of Environmental 
Data for the HARPOON Miss il e Program in USS PEGASUS (PHM-1). " 

SESSION THREE: Paul Lederer took over as Session Chainnan for Joe Haden, 
who was unable to secure travel approval. 

Murray Rosenbluth was unable to secure travel approval. Paul Lederer 
summarized his paper, "Telemetry Instrumentation for Acceleration Track Test 
System." 

James Morrison experienced two test schedule revisions in the week before 
the vJorkshop, so that his paper, "An Instrumentation System for t·1aking Measure
ments in a High Explosive Environment," was not given, but he was present. 

William Shay presented his paper, "HSM, a Measurements Engineering Chal
lenge," on very short notice due to the circumstances just related. 

SESSION FOUR and SESSION FIVE went as planned. 

SESSION SIX was so badly riddled by loss of personnel unable to secure 
travel approvar-that the complete revised list of participants is given here 
and in the Minutes of Session 6. The Session Chairman and the subject matter 
remained as shown on the original agenda. 

Paul Lederer, National Bureau of Standards (NBS), 
I RIG 106, "Transducer Standards" 

Wi l liam Anderson , Naval Air Test Center (NATC), 
!RIG 118, "Transducer Based System Calibration" 

"Proposed Standard Terminology for Telemetry Transducer Amplifiers," 
Patrick Walter and Frederick Schelby, Sandia Laboratories 
vJill i am Anderson, NATC 

William Anderson, NATC 
"Directory of Transducer Users, July 1973" 

xi 



Paul Lederer, NBS 
11 Interagency Transducer Project Acti viti es 11 

Charles Thomas, Wright - Patterson Air Force Base 
''Future Task Definition for NBS" 

Xll 
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AGENDA 

EIGHTH 
TRANSDUCER 

WORKSHOP 

SPONSORED BY: 

Transducer Committee of 
the Telemetry Group, 

Range Commanders Council 

22-24 April 1975 

Definition of the Transducer Workshop 

History: 

The Workshop is sponsored by the Transducer 
Committee of the Telemetry Group, an 
Inter-Range Instrumentation Group (I RIG) of 
the Range Commanders Council. The seven 
previous meet ings, beginning in 1960, were he ld 
at 1- to 3- year intervals at various U.S. 
Government installatio ns around the country. 

People: 

Attendees are working-level hardware peo ple 
who must so lve real-life pro blems and are 
stro ngl y oriented to the practical approach . 
Their f ield is making measurements of physical 
parameters using transducers. Test and project 
engineers should attend for education on the 
true complexity of transducer selection. 

Subjects : 

These include practical applicatio ns of 
transdu cers, co nditioners and readouts, 
considered separate ly and in systems. 
Engineering tests, laboratory calibrations, 
deve lopment and evaluation all are potential 
applicatio ns involving present problems. Test 
contro ls and experimental methods used to 
assure va lid data are essential elements in these 
applications. Measurands include force, 
pressure, fl ow, acceleration, velocity, 
displ acement, temperature and o thers. 

Emphasis : 

I. The practical approach. 

2. Stro ngl y focused o n transducers and related 
instrumentation used in measurements 
engineering. 

3. Ratio of discussio n papers to presentation is 
high. • 

4. Open and universal d iscussion ; pro blem 
solving through knowledge sharing. Session 
chairmen use speakers as a pane l to st imu late 
discussion. 

Goals: 

To bring toge ther people who use transdu cers; 
to a ir ou t pro blems and may be co me up with 
some solut io ns; to identify areas of common 
interest; and to provide a co mmun ication 
channel amo ng t he commun ity of t ransducer 
users. So me examples are: 

1. Improve coordinat io n of info rmat ion 
regarding t ransdu cer standa rds, test tec hniques, 
evaluations, and application pract ices among 
the natio nal test ranges, range users, range 
contracto rs, o th er transdu cer users, and 
transducer man ufact urers. 

2. Set up specia l sessio ns so that peo ple with 
measuremen t pro blems in specif ic areas can 
form subgroups and stay o n to d iscuss them 
after the wo rksho p co nclusio n. 

3. So lici t suggest io ns and co mments on past, 
presen t and future Transducer Co mm ittee 
effo rts, and towards provid ing some 
standardizat ion in the area of transducer signa l 
cond itioning ampl ifiers. 

4. Provide task defi nitio n to t \ e NBS 
Inte r-Agency Transdu cer Pro ject for t ransdu cer 
R&D for FY 75 and 76 supported thro ugh 
NAVAl R and nat iona l test range fund ing. 
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p. 0730 
< 

0830 

0900 

General Chairman: 

Pierre F. Fuselier, L-115 
Lawre nce Livermore Laboratory 
PO Box 808 
Livermore, CA 94550 

(415) 447-1100 X 8665 

PRELIM INA RY PROGRAM 

Monday, 21 April1975 

Social hour, courtesy of the Transducer 
Committee. A II atte ndees welcome. 

Tuesday, 22 April 1975 

Registrat ion . 

Welcome : Col. Brien D. Ward , Commander, 
Air Force Flight Dynamics Laboratory, 
Wright Patterson AFB 

Introductions : 

Charles Thomas, Dynamics Test Group 
Leader, Wright Patterson AFB. 

Pat Walter, Chairman, Transducer 
Co mmittee of TG , RCC. 

Pierre Fuselier, Chairman, 8th Transducer 
Workshop. 

Sess io n· ] : Transducers- - Their Construction 
and Application. 

Chairman : 

Henry Freynik, Measurements Engineer, 
Lawrence Livermore Laboratory. 

1010 

1020 

1200 

Panel Members and Papers Briefs 
(1 0 minutes each): 

Robert Bunker, Kirtland AFB, 
" Piezoe lectric Polymer 
Instrumentation. " 

Bert Dennis and Billy Todd, Los 
Alamos Scientific Laboratory, 
"Transducer Technology for 
Deep Borehole Geothermal 
Environments." 

Thomas Piper, Aerojet Nuclear, 
"Variable Reluctance Displace
ment Tra nsducer Compensated 
to 650° F." 

Willard Smith, NASA Ames 
"A Six-Component Strai n Gage 
Balance for Helicopter Rotor 
Testing. " 

C. W. Olsen, Lawrence Livermore 
Lab, and M. A. Hatch, Jr. , EG&G, 
"Strain Sensitivity of Pressure 
Transducers in a Dynamic Environ
ment. " 

Mills Dean, Ill , Naval Ship R&D 
Center, " Min iature Pressure Gage 
for Aerodynamic and Hydrodynami c 
Research Investigations." 

Break. 

Session 1 open discussion, with speakers 
sitting as a panel. "Boo-Boos," as time 
permits. 

Lunch. 

1330 

1440 

1450 

Sess ion 2: Transdu cer Measuring Systems 
and Their Calibrat ion. 

Chairman : 

Garland Ro ll ins, NAS A Langley. 

Pane l Members and Papers Br iefs 
(10 minu tes each): 

Larr y Josephson, Naval Weapons 
Center, " F uei-Air Explosive Blast 
Measurement." 

Tom Rodgers and Jerry Wright, 
Eglin AFB, "Transducer App lica
tions in Airborne Instru mentation ." 

J.M. Cassanto , General Electric, 
" R/V Flight Test Pressure I nstru
mentation Techniques." 

W. Paulso n and J. Nuhfer, Naval 
Ship Weapon Systems Engineering 
Station, "Collection of Environ
mental Data for the HARPOON 
Missile Program in USS PEGAS US 
(PHM - 1)." 

Charles Federman, William Walston, 
John Ramboz, of NBS , "Shock 
Calibration of Accelerometers." 

William Callist, Newark AFS, 
"Measure ment System Control 

Th ro ugh Per iodic Correlation." 

Break. 

Session 2 open discussion, with speakers 
sitting as a panel. "Boo-Boos," as time 
permi ts. 



Dale Rockwell, Navy Metrology 
Wednes~ay, 23 April 1975 1930 Session 4: Manufacturers' panel. Engineering Center, "Update on 

Transducer Standards Prepared 
0830 Session 3: Transducer Signal Conditioning. Chairman : Peter K. Stein, Professor Since the Seventh Transducer 

in Measurements Engineering, Arizona Workshop." 
Chai rman: joe Haden, Holloman AFB. State University. 

0900 Session 5: Open discussion, with speakers 
Panel Members and Papers Briefs Panel members: sitting as a panel. 
( 1 0- minu tes each): 

BLH ELECTRONICS 0940 Break 
Frederick Schelby, Sand ia Laboratories, ENDEVCO 
"Min iature Transducer Ampl ifiers KULITE SEMICONDUCTOR 0950 Session 6: Implementation of Workshop 
Deve lopment for Telemetry Appl ications." KAMAN SCIENCES Goals and Transducer Committee Aims. 

NATIONAL SEM ICON DUCT OR 
Darrell Harti ng, Boeing Aerospace, "A SCHAEVITZ ENGINEERING Chairman : Pat Walter, Transducer 
System for Measuri ng Static Strains STATHAM INSTRUMENTS Committee Chairman, Sandia Laboratories. 
to 1500°F." SUNDSTRAND DATA CONTROL 

VALIDYNE ENGINE ERING Panel: Transducer Committee Members. 
Murray ,Rosenblu th, Pi catinny Arsenal, ROSEMOUNT ENGINEERING 

~ 
"Telemetry Instrumentation for KISTLER- MORSE 1000 Charles Thomas, AFF DL, I RIG 106 
Acceleration Track Test System." "Transducer Standards." 

j ames Morrison, Lawrence Livermore 
Thursday, 24 April1975 

1010 Kenneth Cox, NWC, I RIG 118, "Transudcer 
Laboratory, "An Instrumentation Syste m 0830 Session 5: Infor matio n-Uti lization and Based Syste m Cal ibration." 
fo r Maki ng Measurements in a High Sources. 
Explosive En vi ronment." 1025 joe Haden, HAF B, "Proposed Standard 

Chai rman: john Hil ten, National Bureau Terminology for Telemetry Transducer 
P. L. Coleman, Systems, Science and of Standard s. Amplifiers." 
Software, "A Particle-Velocity Gage 
for Ground Motion Stud ies." Panel Members and Papers' Briefs 1040 Paul Davis, NATC, Telemetry Group, 

0940 Break. 
{ 10 minutes each): " Directory of Transducer Users, I uly 1973. 

Peter K. Stei n, Arizo na State University, 1050 Paul Lederer, NBS, " Interagency Transducer 
0950 Session 3 open discussion, with speakers " Informatio n and Infor mation Conver- Project Activities Report." 

sitt ing as a panel. " Boo-Boos," as ti me sion : Some New Thoughts on the 
permits .• Subject for Measurement Eng ineering 1120 Leroy Bates, NSMSES " Fu ture Task 

Purposes." Defin ition for NBS." 
1130 Lunch. 

M. j. Kroll and j. P. Carrico, Bend ix 1200 EI'N D OF WORKSHOP. 
1300 Tour of Air Force Museum. Research Laboratories, "A Tra nsducer 

1800 No-host social hour at hotel. 
Information Center," 

1830 Dinner at hotel. 
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GENERAL INFORMATION 

The Eighth Transducer Workshop will be held 
22, 23 and 24 April 1975 at the Biltmore 
Towers Hotel in the center of Dayton, Ohio. 
The hosting agency is Wright Patterson Air 
Force Base. 

Registration 

The registration fee is in two parts : a written 
"Boo-Boo" of 1 page or less, and $10.00 by 
check, money order, or cash (no purchase 
orders can be accepted). 

A "Boo-Boo" can describe any measurement 
attempt that went astray, with the objective of 
learning from our errors and keeping our feet 
on the ground. It should be something generic, 
rather than common human oversight; 
something that can be learned from. The tone 
should be relaxed and with a sense of humor. 
The "Boo-Boo" should be anonymous and 
must not embarrass any person, organization, 
or company. 

Advance registration is highly desirable. Please 
use the enclosed registration form , include your 
"Boo-Boo" and a check or money order for 
$10.00, payable to the Eighth Transducer 
Workshop, <:nd mail by 4 April 1975. The 
registration fee covers coffee or soda water and 
doughnuts, bus round trip to the Air Force 
Museum, the Wednesday even ing fixed-menu 
dinner at the hotel , and a copy of the minutes 
of the workshop. Late registration will be 
provided at the Workshop registration desk in 
the hotel. Present your " Boo-Boo" at the desk 
also. 

Hotel Accommodations 

The official hotel for the Workshop is the 
Biltmore Towers, 210 North Main Street, 
Dayton, Ohio, 45459. The telephone number is 
(513) 223-2161. 

Special rates have been set for Workshop 
attendees and will apply if you state on the 
enclosed reservation card, or state at time of 
registration in person, that you are attending 
the Eighth Transducer Workshop. Send in your 
reservation card early to be sure of getting a 
room ; the special rates are $12.00 single or 
$14.00 double. Requests for room reservations 
should be mailed by 11 April 1975. 

All sessions will be held in the Cotillion Ball 
Room. 

No formal program will be provided for wives; 
however, they will be most welcome at the 
Social Hour on Monday and on the Air Force 
Museum tour Wednesday. Shopping tours 
should be very convenient, with the downtown 
location of the hotel. 

For mat and Background 

The traditional discussion format will be 
observed. Workshops are just what the name 
says; everyone 'should come prepared to 
contribute something from his knowledge and 
experience. In a workshop the attendees 
become the program in the sense that the 
exte nt and enthusiasm of their participation 
determine the success of the workshop. 

Parti ci pants will have the opportunity to hear 
what their colleagues have been doing and how 

it went; to explore areas of common interest 
and common problems; to offer ideas and 
suggestions about what's new and what's 
needed in transducers, techniques, and 
applications. A few manufacturers, selected to 
represent a fair sampling of transduction 
methods and measurands, have been invited to 
the Eighth Transducer Workshop. Give some 
thought (and write it down!) to the questions, 
comments and topics you want to present to 
them, and make a copy to give the girls at the 
registration desk on Tuesday morning. 

Our final session of Thursday morning is quite 
as important to the attendees as to the panel 
members. Please come prepared to contribute 
your opinions, ideas and recommendations as 
to the past, present and future tasks that these 
groups have accomplished or should undertake. 

We will act as intermediaries to help individuals 
and small groups to get together on Thursday 
afternoon to discuss specific problems in 
measurement · areas uniquely interesting to 
them. 

Additional Information 

May be obtained fro m the General Chairman or: 

Patrick L. Walter 
Division 9486 
Sandia Laboratories 
Albuquerque, New Mexico 87115 
(505) 264-3436 

Charles E. Thomas 
AFFDL/FYT 
Wright Patterson AFB, Ohio 45433 
(513) 255-2543 

Paul S. Lederer 
Division 425 .03 
National Bureau of Standards 
Washington , DC 20234 
(301) 921-3821 
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Eglin AFB, Florida 32542 
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7800 Deering Avenue 
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Validyne Engineering Corporation (213) 886-8488 
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AFWL, Kirtland AFB, 
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TRW Systems 
P.O. Box 10 
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MLLME, Newark Air Force Station 
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Bendix Corporation 
Bendix Research Labs 
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EIGHTH TRANS DUC ER WOR KSHOP 

OPENING REMARKS 

Charles E. Thomas of Wright Patterson Ai r Force Base: 

My name is Charles Thomas and I work in t he Air Force Flig ht Dy nami cs 

Labo ratory out at the Base. At t he pres ent time I am running a Branch of 

t he Laboratory •s Ve hicl e Dynam ics Div is ion- -the Dynami cs Te chnol ogy 

Applicati ons Branch. My Branch i s deeply i nvolved i n i ns t rumentati on tec h

nology , transducers, calibrat ions , data acqui s i t ion, .reduct i on and analysi s. 

I am pl eased tha t I was asked to open our workshop here in Dayton. 

To welcome you to Dayton and to kickoff the Transducer Workshop, we ar e 

fortunate to have with us the Commander of the Flight Dynamics Laboratory, 

Co l onel Bri en D. Ward. Col onel Ward came to us last yea r from the Office 

of the Secretary of Defense in the Pentagon. Pr i or to that ti me he was a 

Depu ty Program Director fo r the A-10 airplane here at the Aeronautical 

Systems Div i sion of the Air Force Systems Command. He was a fighter pilot 

with the 56th Air Commando Wing, stationed in Thailand . He is a graduate 

of West Po i nt, and holds Master •s Degrees in Mathematics and Aeronautical 

Engineering as well as t he Doctorate in Control Systems Engineering from 

UCLA. As we say i n the Laboratory , 11 let•s not kid the Chief. 11 

Gentl emen, Colonel Ward. 

Colonel Brien D. l~ ard, Commander, Air Force Flight Dynamics La boratory, 

Wright Patterson Ai r Force Base: 

Colonel Ward welcomed the participants and stated that Wright Patterson 

Ai r Force Base has many kinds of laboratories and kinds of activities that 

use transducers of all sorts--for instance, almost 1,000 people work on 
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programs which require making measurements on aircraft , mi ssiles , and wind 

tunnel models. 

He remarked that the transducer community worked in severa l areas useful 

to his Agency--development of evaluation and calibration techn iques was one 

example and another one was the standardization of both components and methods . 

He said that maxi mum utilization of all r esources is one of the goa ls, 

resources of all kinds--human, material, and facilities. He po i nted out that 

cost effectiveness had become of paramount importance due to t he effect of 

continued inflation over the years. 

Colonel Ward congratulated us on our agenda and the object i ves of t his 

Workshop. He wished he could join us in some of t he sessions because he 

thinks the transducer business is fascinating. He wished us success and 

hoped that we would remember the Workshop with as much pleasure as Wrigh t 

Patterson Air Force Base takes in acting as host to the Workshop. 

Patrick Walter, Transducer Committee Chairman, Sandia Laboratories: 

Walter filled us in with some background on who sponsors the Wo rksho p: 

what is now called the Range Commanders Council, an association of 13 nat ional 

test ranges formed in 1951. This association has been responsible for es

tablishing standards in telemetry which are universally used . 

Walter outlined the structure of this tri-service organization . The 

chain starts with the Range Commanders Council which is implemented by an 

Executive Committee with delegates from all the ranges . Under it is t he 

Telemetry Group which has several working committees; the Tra nsducer Com

mittee is one. The Telemetry group, among other things , is responsible for 

maintaining currency of documents 106, 11 Telemetry Standards , 11 and document 

118, 11 Test Methods for Telemetry Systems and Subsystems.~~ 
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Most people still call these the IRIG standards. The subcommittee is 

charged with keeping the Telemetry Group posted on developments of transducers, 

especially those useable for telemetry. One way of keeping up is to hold 

Workshops such as this one to get feedback from the transducer community. 

Secondly, the Transducer Committee interacts with the Transducer Projects 

Group at NBS, sets tasks for them and suggests areas of needed inquiry and 

experimentation. Attendees will be asked to contribute their ideas in these 

areas at the Thursday morning session. 

Pierre F. Fuselier, Workshop Chairman, Lawrence Livermore Laboratory: 

Fuselier thanked Col. Ward for his welcoming remarks and Charles Thomas 

for making all the physical arrangements necessary. He also thanked Trans

ducer Committee members and the Session Chairmen for their help in this Work

shop. He solicited comments from the attendees to be given at the Thursday 

morning session to the Transducer Committee and to the NBS Interagency Trans

ducer Projects Group. 

The format is that of a Workshop. We learn from each other and the suc

cess of this meeting depends on participation of everyone here in the dis

cussion that follows after all the talks for the session are given. Partici

pation by manufacturers in the discussion periods is encouraged. Recognition 

was given to those who contributed to the program from a sense of professional 

duty, at their own time and expense in some cases. 
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NOTES ON THE SESSIONS 

The traditional format of the Transducer Workshop was observed. Each 

paper presentation was limited to 10 minutes and all papers in a session were 

given sequentially. 

Authors then sat as a panel to spark the discussions and to answer ques

tions and receive comments on their work. Participation in the discussions 

was extensive and productive. 

The discussion summary reproduced here at the end of each session was 

taken from shorthand notes and tape recordings in an effort to capture the 

interactive spirit of the Workshop. Transcription and editing were done by 

Dayle Fitzgerald, Technical Secretary, and Pierre Fuselier, General Chairman, 

both of Lawrence Livermore Laboratory. 

xxviii 



SESSION I 

TRANSDUCERS _ THEIR CONSTRUCTION AND APPLICATION 

Henry Freynik, Chairman 

1 



PIEZOELECTRIC POLYMER INSTRU~1ENTATION 

Robert B. Bunker 

Air Force Weapons Laboratory 
Kirtland AFB, N. M. 

for 

EIGHTH TRANSDUCER WORKSHOP 
Sponsored by: 

Transducer Committee of 
the Telemetry Group, 

Range Commanders Council 

22-24 April 1975 

2 



AB STRACT 

PIEZOELECTRIC POLYMER INSTRUMENTATION 

Robe rt Bunker 

Ai r Force We apons Laboratory 
Kirtland AFB, N.M . 

A preliminary eva luat i on of a new piezoelectric polymer gage developed 

by the Nati on al Bureau of Standards has been performed. Improvements in 

mate ri als and in polarization techniques have led to the development of 

polymers with sign i ficant piezoelectric activity. These materials can be 

used to make many kinds of instruments for measuring dynamic stress and 
shoc k loading. Piezoelectric sensors consisting of a sandwich of two thin 
polarized polymer sheets have been fabricated. When stress is applied to the 
opposite faces of the sensor, it functions as a stress gage: when an inertial 
mass is added, it functions as an accelerometer. These sensors are not 
brittle and are not likely to be damaged by shock, and are not affected by 
common solvents. Thin ( .002 to .010 in) sheet flexible plastic gages provide 
diameter to thickness ratios greater than 90 which makes them suitable for 
soil stress gage applications. Hydrostatic calibration shows the gage linear 
with applied stress. Dynamic tests performed at room temperature illustrate 
good dynamic performance. Elevated temperature tests show the charge stress 
sensitivity changes with temperature and point to an area of needed improve
ment . Typical stress gage and accelerometer performance records for ground 
motion demonstrate the application and potential value of this material for 
satisfying a significant free field soil measurement need. 

SOIL STRESS AND MOTION 

The conventional approach to the problem of making soil motion 
measurements consists generally of placing a transducer in a canister, placing 

the canister in a drill hole and backfilling with grout. It is apparent that 
regardless of the differences in density, acoustic velocity, modulus, etc., 
between the foreign materials and the native soil, the transducer/canister/grout 

column system will eventually reach an equilibrium velocity with the soil. 
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In comparing the transducer motion with the motion of the undisturbed soi 1 , 

the primary distortion in the transducer motion would occur in the early time 
immediately after stress wave arrival, and would depend upon the severity of 

the mismatch in physical properties and the actual dimensions of the canister 

and grout column. This currently accepted approach in fielding ground motion 

instrumentation is used, not because it is the best approach, but because it 

is a practical way of placing instrumentation at depths greater than a few 

feet below the surface. By taking care in selecting canister and grout 

materials and keeping minimum dimensions on the drill hole diameter, the 
effects of property mismatches with the soil can be maintained at an acceptable 

level. Generally, reasonable matches of density and sound velocity will give 
good results. (l) 

The problem of making stress measurements in soil is altogether different 

because the different modulus of the inclusion (the transducer package) perturbs 

the stress field itself, insuring that the "sensed" stress will be different 

than the undisturbed free field stress . While it might be possible to obtain 

reasonable modulus matches in the elastic range of the soil it would be futile 

to attempt to match the non-linear behavior of the soil at higher stresses. 

One can hope to match only two or three of these properties at a time. It is 

hopeless to try to solve the problem by matching physical properties given the 
inhomogenities of a given soil and the wide range in properties of various 

geologic materials. Analysis of soil stress gage designs indicates that 

overregistration (stress due to the inclusion of the gage in ratio to the true 

stress) is a function of the stiffness of the gage relative to the soil and the 
relative dimensions of the sensitive area of the gage. (2)( 3) From this 

(1) Ingram~ J . K. ; "Development of a Free Field Soil Str ess Gage for 
Static and Dynamic Measurements ." 
(2) Peattie~ K. R. and Sparrow~ R. W.; "The Fundamental Action of Earth 
Pressure Cells~" Journal of Mech & Phys of Solids 1954> Vol 2 ~ pp 141 -
151 ~ Pergamon Press Ltd~ London . 
(3) Monfore~ G. E.; "Analysis of the Stress Distributions In and Near 
Stress Gages Embedded in Elastic Solids~" Structural Research Laboratory 
Report No . SP- 26> June 1950; US Department of the Interior> Bureau of 
Reclamation~ Research and Geology Division~ Denver~ Colorado; Unclassified . 
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analysis, it has been concluded that t he gage should be several times as sti ff 

as the surrounding material and should have a sensit i ve center element that 

measures stress only over 30 to 50 percent of the total area, with a diameter 
to thickness ratio of 20 or better. (4)( 5) If the modulus of the gage i s kept 

high and the diameter to thickness ratio is large, the gage will respond 

linearly even though the modulus of the soil changes. The problem , therefore, 

of variations in soil modulus with stress (elastic-plastic response) , or of 

variations between different geologies, can be overcome simply by designing 
a high modulus, center sensing package, having a large diameter to thickness 
ratio. 

In meeting the design and placement requirement for a suitable soil 
stress gage, it would appear that the criteria for soil motion measurements 
are also satisfied. Meeting the stress gage criteria implies that the stress 
field is minimally perturbed by the presence of the gage; it can be concluded 
that the same approach to gage packaging and placement could be used for both 
soil stress and motion measurements. 

Tests of various gages in sand and clay point to the use of a placement 
technique causing a minimum disturbance of the soil around the gage. This will 
cause minimum overregistration to occur. (6) Probably the best method of place
ment is one requiring no recompaction. However, since even with the best of 
techniques variation in overregistration will occur, it is recommended that 
dynamic calibrations be made using the field placement techniques together with 
as large a sample of the native material as possible.(?) 

( 4) Loh~ Y. C. ; '{Internal Stress Gages f or Cementitious Materials~ 11 

Pr oceedings of the Society of Exper imental Stress Analysis~ Vol II~ 
No . 2 ~ 1954. 
(5) Selig~ E. T. ; "Stress Gageq~ 11 AFWL TR 66- 51~ KAFB~ New Mexico~ 
September 1966. 
(6) Hadala~ P. F.; "The Effects of Pl acement Method on the Response of 
Soil Str ess Gages~" Tech Repor t No . 3- 803~ November 196?; US Army Engineer~ 
Waterways Experimenta l Station~ Vicksburg~ Mi ssi ssippi. 
( ? ) Simmon~ K. B.; "Dynamic Eva l uat ion of Soil Str ess Gages~" AFWL TR 
68-1 4 1~ Univer si ty of New Mexico~ CERF~ February 1969 . 
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STRESS TRANSDUCER SPECIFICATIONS 

Some desirable characteristics for stress transducers are listed: 

• Linearity and hysteresis are desired to be less than 1 percent. 

• Compensated temperature less than 1 percent per 100°F over the 
span of 30° to 85°F. 

• Linear range of operation within 1 percent 0- 5000 psi. 

• Excitation 9 - 15 volts nominal 

• Output 0 - 5 volts 

• Acceleration sensitivity normal to diaphragm not to exceed 
.05 psi/g 

• Natural Frequency >50 kHz 

• Response time (to a step input) <10 x 10-6 sec. 

• Cross axis sensitivity <5 percent of full scale output when 
subjected to a lOOOg dynamic input or 5000 psi static pressure. 

• The gage should be acoustically matched to the medium in which 
it is contained . (The acoustic impedance is the product of the 
density and the acoustic velocity.) 

THE POLYMER AS A SENSOR 

Polymer research has demonstrated that piezoelectric characteristics 
result when a plastic sheet material simultaneously undergoes the application 
of a high intensity electric field and pressure. One of the more energetic 
materials is polyvinylidene fluoride (PVF 2). Sheets of this material are 
poled by being charged between plates of a hot (60°C) press (800 N/m2) while 
simultaneously subjected to an electrical field of 6 x 105 V/cm, and then 

cooling the polymer through the glass transition temperature with the field 
still applied. (8)( 9) Polarization is the process of bringing about a partial 

separation of electrical changes of opposite sign in a body by the superposition 
of an external field. This is a vector quantitY representing the dipole moment 

(8) Cohen~ J .~ Edelman~ S.~ and Vezzetti~ C.F.; "Pyr oelectr ic Effects in 
Polyvinyl Fluoride~ " Nature Phys . Sci 233~ 12 (6 September 1971) . 
(9) Pfister~ G .~ and Ablcowitz ~ M. A.; "Dipole Reorientation in Polyvinyl
i dene Fluoride~" Xerox Rochester Corporation Research Center~ Rochester~ 
New York~ 21 September 1973. 
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pe r unit volume of a dielectric medi um. Pie zoe lectric effects have also been 

shown to be a natural resul t of the rolli ng process for po lyme rs; however, 

large increases in piezoelectric activi ty resu l t by heat ing and applying 
pressure in the presence of a strong electr i c f ie ld . (lO)(l l ) This change in 

properties is somewhat analogous to the change i n magneti c permeability t hat 

occurs when a ferromagnetic ma terial is raised i n t ermperature then cooled 
through the curie point in a strong magnetic field. (l 2) One resea rche r in t hi s 

f i eld feels that the PVF2 can more preci sely be defined as a ferroel ectri c 
polymer. (l 3) 

The piezoelectri c polymer sensors possess potent i al advan t ages over 
piezoelectric ceramics and crystals because they can be made lighte r , t hi nne r 

and cheaper, and are less likely to be damaged by shock since they are not 

brittle. Being somewhat chemically inert they are not affected by oil and 
water or by other common chemical solvents. Sheets of polymer as th i n as . 001 
in. are much thinner than are commonly available with ceramics or crystals . 
Sensors are fabricated from thin poled polymer sheets with evaporated met al 
electrodes on both faces. These sheets are cemented or fused into a sandwich, 
with like charges of the poled sheets placed together so that charges of t he 
same polarity appear on the inner faces. The center conductor of a coaxial 
cable is connected to the evaporated metal electrodes of these inner faces, 

and the shield of the cable is connected to the evaporated metal electrodes 
of the outer faces. Connected in this manner, all exposed surfaces are at 

ground potential and the signal potential inside the sensor is shielded. When 
pre~sure is applied to the surfaces, electrical output will be propdrtional to 
the stress. If an inertial mass is attached to the polymer sandwi ch and the 
gage is accelerated, its response will be as an accelerometer . (l 4) There are a 
variety of applications for this sensor, limited only by the imagainati on and 
ingenuity of the user. 

(10) The Piezoelectric Effects in Polymers~ NBS Technical News Bulletin~ 
January 1972 . 
(11) Bergman~ J . G.~ Jr .~ McFee~ J . H.~ and Crane ~ G. R.; "Pyroelectricity 
and Optical Second Harmonic Generat ion in Polyvi nylidene Fluor ide Films~" 
Appli ed Phys Ltr~ Vol 1 8~ No. 5 ~ 1 Mar ch 1971 . 
(12) Bozarth~ Ri chard M.; Ferro Magnetism~ pp . 1 12- 133~ D. Van Nostrand 
Co .~ Princeton~ New Jersey~ 1951 . 
(1 3) Bergman~ J . G.~ Jr .~ p. 203. 
(14 ) Cohen~ J .~ Edelman~ S .~ p. 233. 
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The National Bureau of Standards provided the Air Force Weapons 

Laboratory with several five inch diameter gages 0.01 inches thick, with 
configurations as shown in Figure 1. These gages consisted of two sheets of 
poled polymer aluminized on their inner and outer surfaces and with positive 

charge bearing faces touching. These gages had capacitances of 0.014 ~F and 
resistance~ > than 100 megohms. Hydrostatic pressure linearity tests were 

run and the charge pressure sensitivity was determined, as shown in Figure 2. 

For these tests and these gages, a charge pressure sensitivity of 184 pC/lb/in2 

was demonstrated to be typical. Figure 3 represents data from dynamic tests 
at ambient temperature . The polymer and the Norwood reference gages compared 
within 3 pet . Data i n Figures 1 through 3 are from CERF conducted tests. (l 5) 

Results of elevated temperature tests by Baum are shown in Figure 4. A 
temperature sensitivity of 0.0167 mv/psi/°C ( .6% change in sensitivity per 
degree centigrade) was found. It should be noted that, after placement, soil 
stress gages in soil do not encounter more than ±5 degree variations in 
temperature . Since calibrations can be made at the expected temperature, gage 
temperature compensation is not required for the configuration tested. 

FIELD TEST OF POLYMER GAGES 

From the above initial test results, it appeared that the polymer gage 
had sufficient potential to warrant further development. Work was therefore, 
initiated to field test three polymer gages: a stress gage, an accelerometer, 
and a pressure gage, in a large scale high explosive test by the AFWL. Because 

of the thinness (.002 and .007 inch) and difficulty in handling it, a thin 

aluminum backplate (5.5 inches diameter by .060 inch thick plate) was used 
to support the sensing elements for the stress and airblast pressure gages. 
The diameter to thickness ratio , even with the backing plate, was 90:1. 

A polymer gage was packaged as an accelerometer by attaching an inertial 

mass (tantalum foil) to one surface of the gage, and bonding the other surface 

to a recessed area in an aluminum plate . A cover plate isolated the polymer 
from the stress field . Motion of the gage package results in a stress-induced 
output proportional to the inertial mass and the magnitude of the acceleration 
encounte red . Because of the low output of the accelerometer, which resulted 
from the use of a much smaller sensor area and a small inertial mass, an 

(15) Bulchram~ R. L.; "Evaluation of Piezoelectric Polymer Soil Stress 
Gage~" CERF Univers -ity of New Mexico~ AFWL TN ?4- 016~ October 19?4 . 
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Intersil Corporation Type ICL8007AC operational amplifier in series with a 
buffer amplifier was used to provide signal amplification. The buffer amplifier 
was required to permit the operational amplifier to operate in a favorable 

gain range of 10 to 20, with the overall design gain being approximately 60. 

The stress gage fielded as an air pressure sensor was submerged in a pharmac

eutical gelatin. The purpose of the gelatine was to provide hydrostatic 

pressure to the sensor while protecting it from debris impact and attenuating 

the high frequency components of explosive loading. 

Results from the large scale field test were discouraging. The acceler
ometer was not fielded because it had excessive output from bending and shear 

even though the anisotropy of the piezoelectric material should normally result 
in little or no shear sensitivity. (l 6)(l?) An investigative work by Baum at the 

CERF, University of New Mexico, indicates that the adhesive used to bond the 

polymer sheets together could introduce significant signals when subjected to 

shear . The blast pressure gage provided an excellent initial waveform; however, 

the peak pressure was high by approximately a factor of two when compared with 

other blast pressure measurements. This amplitude discrepancy may be attribut
able to spurious output due to stretching and/or bending. The soil stress gage 

cable failed just after arrival of the stress pulse . 

FURTHER DEVELOPMENT EFFORTS 

Because of the shortcomings uncovered in our initial design and in the 

field test results, several steps to improve gage performance were taken. The 

first step was to request that the Bureau of Standards review polymer fabrica
tion techniques for eliminating bending effects and shear sensitivity. The 
Bureau was also asked to see if the upper useful temperature limit could be 

increased . The second step taken was to review the methods being used in the 

application of the polymer as a sensor. It was decided that a complete 

understanding of the polymer shear sensitivity probably is not required if 
the gage can be isolated from shear loads. Pure bending of the polymer also 

seems to introduce undesired outputs. Two possible approaches were considered 

for elimination of bending signals. First, the gage was to be isolated in 

such a manner that bending loads could not be transmitted to the sensitive 

(16) Fukada~ E .~ Takshita~ S .; Japan J . AppZ . Phys 8 ~ 960 (1960). 
(1?) Kawai~ H. ; Japan J . AppZ . Phys 8 ~ 9?5 (1969) . 
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element . Secondly, t he polymer gage configuration as manufactured with 

respect to geome t ry and charge generation in bending might be improved so that 

the net charge output f rom the tension element in one half of the gage and the 

compress i on element i n the other half of the gage would be minimi zed. This 

would requ i re t hat the gage be mounted so that i t could bend only about its 

neutral axi s or tha t i t be supported in a manner which would prevent the 

tran~ mi s si on of bending loads, s uch as a foam r ubbe r member in a cavity filled 

wi th a pres sure tra nsmi t t i ng fluid . The gage packagi ng problem is then one of 

providing isola t ion from undesired inputs while maintaining faithful preservation 
and t ransmittal of desired inputs. 

In considering gage packaging the best approach found was to support the 
polymer in a high resistivity, low viscosity fluid contained in a thin flat 

package made up of a stainless steel ring and two thin sheets of stainless 

steel. A small, 3 inch diameter polymer with the same voltage sensitivity 
as the larger gages was used. The fluid in which the polymer was immersed was 
to provide isolation from all loads except the hydrostatic fluid pressure which 
would be the same as the soil pressure if the package was thin and flat with 
a diameter to thickness ratio at least of 20. 

A major concern in any system designed for field use is with the field 
calibration of the end-to-end system. For field calibration purposes the use 
of the reciprocity technique is recommended. (lB)(lg) In applying this technique, 

an additional polymer element can be bonded to the stress sensing polymer and 
driven by an amplified signal from an oscillator . This results in a charge
induced mechanical input into the polymer. The output signa1 can be related to 
the amplitude of the known input calibration signal and to a known stress level 
through laboratory calibration of the gage. Two soil stress transducers 
designed by Bolt Beranek & Newman Inc. (BBN) of Cambridge, Massachusetts were 
acqu i red by AFWL for evaluation. The first gage tested was l/8 inch thick 

and 5 inches in diameter . The polymer was suspended between stainless steel 

plates on neoprene sheets to isolate the polymer from bending and shear inputs. 

(18) Bouche~ R. R.~ and Ensor~ L. C.; '~ccelerometer Calibration with 
Reciprocity Standards~" Measurements and Data~ July - August 1970. 
(19) Trent~ H. M.; "The Absolute Calibration of Electromechanical 
Pickups~" Journal of Applied Mechanics~ 15 pp 49- 52 (1948 ). 
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The gage provided a linear output with stress. The impulse response obtained 
indicated a rise time on the order of 10 to 20 ~s (see Figure 5) . The 
frequency spectrum of this impulse response function has its 3 db point at 
approximately 16.5 kHz (Figure 6). The reciprocity technique, i ncorporated 
into the gage utilizing a ceramic crystal driver, functioned well and, t hus , 
provides the capability for in-place calibration. Additional testing is 

currently underway at the AFWL. 

CONCLUSIONS 

The polyvinylidene fluoride polymer shows considerable potential for use 
as the active sensing element in a variety of ground motion and stress measu r
ing transducers. Work is continuing at the AFWL to develop, particularly , a 
soil stress gage which is not sensitive to bending or shear stresses. A 

number of design concepts which appear capable of satisfying all objectives 
are being explored. 
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TRANSDUCER TECHNOLOGY FOR DEEP BOREHOLE 
GEOTHERMAL ENVIRONMENTS 

by 

Bert R. Dennis 
Billy E. Todd 

ABSTRACT 

Hydraulic-fracturing experiments, as a part of the Los Alamos 

Dry Hot Rock Geothermal Energy Program, were conducted in the Jemez 

Mountains 40 miles (60 km) west of Los Alamos, New Mexico on the 

western rim of the Valles Caldera. Pressurization was accomplished 

in a 2040-m-deep borehole in the Precambrian basement rock at a 

bottomhole temperature of 145°C. Instrumentation was designed to 

measure breakdown and crack-extension parameters in the borehole. 

In situ measurements of pressure, temperature, and acoustic veloc-

ities required brute-force techniques in the high-pressure, high-

temperature environment during long-term tests of up to 12 hours. 

Special armored logging cable of high-temperature Tefzel, enclos-

ing shielded pairs, provided communication between a downhole 

instrumentation sonde and a recording facility at the surface. 

Lack of suitable downhole signal conditioning limited the number 

of data channels that could be employed for the in situ measure-

ments. 
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INTRODUCTION 

Research in fundamental geophysics at the Los Alamos Scientific 

Laboratory (LASL) is directed toward an understanding of the nature 

and physical behavior of geothermal reservoirs through studies 

conducted at the Fenton Hill test site on the Jemez Plateau as 

part of the LASL Dry Hot Rock Geothermal Energy Program. 1 A deep 

exploratory hole (GT-2) has been drilled to an intermediate depth 

of 2042 m (6700 ft) where the bottomhole temperature is 147°C . 

Extensive studies were made during drilling to evaluate and improve 

the drilling program in a variety of geological formations for 

future geothermal-energy systems. 

In addition to drilling and coring studies during the drilling 

phase of GT-2, a series of borehole thermal measurements was planned 

to study temperature gradients and heat flow in a region of abnor

mally high geothermal gradient due to the recent volcanic activity 

in the Jemez Mountains. Extensive thermal measurements were con

ducted in a previous exploratory hole (GT-1) over a period of approx

imately 1 year, and indicated that the region was one of high 

temperature gradient and heat flow, and that rock temperatures 

above 200°C could be expected at depths less than 3048 m (10,000 

ft). The temperature-logging program initiated for GT-2 was planned 

to investigate anomalous changes in apparent heat flow as a function 

of depth, and periodic variations in temperature which might result 

from formation of convective cells in water-filled holes. 

Temperature-measuring techniques, including both experimental 

and analytical methods, were developed to achieve optimum bottomhole 

20 



thermal measurements. 2 It was necessary to obtain a realistic 

bottomhole temperature in a reasonably short period of time in 

a borehole that had recently been perturbed by drilling. Experi

mental field use of various types of geophysical apparatus and 

techniques for making measurements in a deep geothermal well, at 

high temperatures and hydrostatic fluid pressures, was undertaken. 

Downhole sensors housed in sondes capable of withstanding the 

temperature and pressure were designed to insure maximum accuracy 

and resolution of measured parameters. 

Upon completion of the drilling phase of GT-2, a series of 

hydraulic-fracturing experiments was conducted in the open (uncased) 

portions of the borehole extending 1165 m (3821 ft) into the crys

talline rock. Development, field testing, and application of 

improved downhole pressure- and acoustic-sensing equipment were 

pursued for spatial delineation and energy characterization of 

cracking events associated with hydraulic fracturing. Investiga

tion of rock-parameter changes produced by changing stress condi

tions in the granitic crystalline rock during pressurization, 

fracturing, and relaxation events was conducted to determine 

original stress conditions and subsequent stress variations. 

Instrumentation was designed to measure breakdown pressure of the 

rock, crack-extension pressure, and shut-in pressure for each 

fracture. Measurements were made to determine the principal 

tectonic stress and the leak-off rate of the fracturing fluid. 

High-temperature downhole geophones, properly coupled to the rock 

formation, were intended to monitor acoustic signals generated by 
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the cracking events and to determine the feasibility of mapping 

the crack as it formed. The development of techniques to field 

the borehole transducer array and achieve competent low-level 

signal reception at a surface recording station required high-

temperature, properly-shielded instrumentation cable capable of 

withstanding the fracturing pressure and preventing the hydraulic 

fluid from penetrating the steel armor and leaking from the pres-

surized system. The high temperatures encountered in the fracture 

zones prohibited the use of downhole electronic packages. Infor-

mation from the downhole instrumentation array was complemented 

with a series of surface measurements to insure complete coverage 

of the hydraulic-system parameters. 

Following the series of hydraulic fractures in the 1828-m 

(6000-ft) zone, a second drilling phase was begun to deepen the 

hole to 2895 m (9500 ft), reaching temperatures in excess of 190°C. 

Future experiments at this depth and temperature will challenge 

the state-of-the-art measurement techniques. 

IN SITU BOREHOLE TEMPERATURE MEASUREMENTS 

The drilling program initiated for Geothermal Test Hole No. 2 

(GT-2) allowed for extensive coring in the Precambrian granitic 

rock followed by in situ temperature measurements in the air-

drilled dry borehole. An integral part of the temperature meas-

urement program was to optimize the time interval (at depth) 

required to extrapolate to an accurate and realistic bottomhole 

temperature. Since the least thermally disturbed region of rock 



at any time duri ng the drilling operation would be at the bottom 

of the borehole, a temperature sonde was designed and fabricated 

that would allow a thermistor probe to be positioned over the 

core stub left at the bottom of the hole following core recovery 

(Fig. 1). The sonde would be lowered through the center of the 

drill string and the core bit raised 3.05 m (10 ft) off the bottom. 

The thermistor probe, mounted in a spring-loaded thermally insulated 

collar, would come to rest on top of the 100-mm-long core stub. 

The Teflon collar was designed to tak e up the weight of the probe 

and cable and gently bring the fragile thermistor assembly into 

intimate contact with the rock surface (Fig. 2). The sonde was 

lowered into the hole employing a seven-conductor (NO. 20 AWG) 

Tefzel-insulated, armored well-logging cable. The temperature was 

measured by recording the thermistor resistance (including line 

resistance) directly on a digital data-logging system outputting 

on a teletype printer (Fig. 3). The digital ohms converter employed 

a six-digit readout with an accuracy of +0.02 % of full scale or 

+0.004% of the actual reading. Corrections were made for line 

resistance and the data converted to temperature using the follow-

ing thermistor-calibration equation. 

Therm Assembly No. 151: Temp °C 2152.9 
=log 38.97(R-156) - 300 · 

The borehole was cased through the sediments and volcanics to 

a depth of 772.7 m (2535 ft), so that the casing e xtended 45.7 m 

(150ft) into the Precambrian granitic rock. 3 The first bottomhole 
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Fig. 3. Digita l data-logging system. 



temperature measurements were made at a depth of 789.4 m (2590 ft). 

Once the probe was on bottom the temperature was read continuously 

in order to observe the approach i:o the equilibrium state that 

would eventually be reached. It was not practical to allow the 

temperature sonde to remain on-bottom for extended periods of time 

waiting for all effects of drilling perturbations to subside because 

of the high cost of an idle drilling rig and crew on location. 

Three subsequent measurements were made at depths of 866.8 m 

(2844 ft), 964.4 m (3164 ft), and 1055.8 m (3464 ft). The data 

are shown in Fig. 4, where the bottomhole temperature is plotted 

vs the time that the probe was on bottom. It is quite obvious 

from the first set of measurements that 1 hour of data was not 

sufficient for extrapolating to a realistic bottomhole temperature. 

The third set of bottomhole measurements, at 964.4 m (3164 ft), 

led to the suspicion that moisture was condensing on the massive 

probe, forming a pool on the bottom of the hole, and starting to 

boil. It appeared that water was seeping into the borehole, and 

this suspicion was confirmed by the next set of measurements at 

1055.8 m (3464 ft), when the hole was found to contain large 

amounts of water at the boiling point. Subsequent logging of the 

borehole revealed the presence of aquifers in the granitic zones 

that communicated with a water-bearing zone in the Madera Formation 

above the granite. Attempts were made to cement these zones but 

were only partially successful in sealing off the large water 

' 3 source. Therefore, the air-drilling (dry-hole) program was 

abandoned, and drilling was resumed using water and mud, as had 

previously been done in the volcanics and sediments. 
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A new probe was designed to log temperature in the fluid-filled 

hole and measure the bottomhole temperature. This new probe required 

a much longer residence time at the bottom of the hole because the 

fragile thermistor probe, protected in a metal cage, did not come 

into intimate contact with the bottomhole rock (Fig. 5). Prior to 

each temperature run, the borehole was circulated for at least 1 hour 

with clean water to remove all mud and drill cuttings that could 

settle to the bottom and insulate the instrument from the rock 

surface. During the sonde insertion, the thermistor probe was 

switched into one leg of a four-arm bridge circuit and the output 

plotted on a strip-chart recorder as a function of depth. The 

resistance span of the bridge was calculated to minimize non-

linear characteristics of the thermistor. This resulted in the 

temperature interval (~T) being restricted to ranges of 50°C. A 

maximum error of 4 % at the high end of the interval was realized 

using this technique. However, the concern at this time was to 

detect anomalies rather than to measure absolute temperature. As 

the sonde approached the drilled depth it was stopped at several 

points and allowed to come to thermal equilibrium before touching 

bottom. This technique greatly reduced the temperature perturba

tion when the massive probe finally reached the bottomhole rock 

surface. During this phase of the log, the thermistor was switched 

back to the digital ohms converter for maximum accuracy and 

resolution. 

The results of the borehole temperature logging are shown in 

Fig. 6. The effects of the aquifers are clearly shown on the 
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initial logs. As hoped, the perturbations from these zones 

dimished with time. Thermal recovery of the borehole is shown by 

the continuing increase in temperature for each successive logging 

run and with the elapsed time between the logging run and the 

termination of circulation prior to that run (e.g., Runs No. 1 and 

2 and Runs 5 and 6). Information concerning each logging run is 

given in Table I. 

TABLE I 

BOREHOLE TEMPERATURE-MEASUREMENT PARAMETERS 

Ci rculation Time on Extrapolated* 
Bottomhole Depth Ti me Lapse Bottom Temperatures 

Run Date (ft) (m) (h) (h) (OC) 

1 6-9 4551 1387 12 21 113.58 

2 6-13 4835 1474 6 30 117.78 

3 6-19 5233 1595 6 48 125.66 

4 6-25 5480 1670 10 32 128.35 

5 7-3 5988 1825 19 36 135.63 

6 7-6 6156 1876 10 48 138.57 

7 9-2 6485 1977 10 17 142.9 

*Reference 2. 

The continuous temperature log was terminated at least 100 ft 

above the bottom of the hole to allow the probe to reach thermal 

equilibrium at that point. The upswing in temperature near the 

end of each run as the sonde approached the bottom of the borehole 
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results from the fact that this part of the hole was the least 

disturbed thermally by circulation of the drilling fluid. The 

method used to determine the extrapolated bottomhole temperatures 

(plotted in top right-hand corner of Fig. 6) is described in Ref. 2. 

Several temperature logs were recorded in the volcanics as well as 

in the Precambrian rock. Note the change in thermal gradient 

(slope) when the probe entered the granitic rock at 732 m (2404 ft). 

One more thermal study is of interest. Following this first 

drilling phase in GT-2 a series of hydraulic-fracturing experiments 

took place. Various openhole packers from several manufacturers 

were employed to seal off designated areas in the open hole for 

pressurization in predetermined zones. All of the packers failed 

in one manner or another during the fracturing attempts. The use 

of packers in the open hole was finally discarded and plans were 

made to cement a section of pipe in the borehole which would accept 

a hook-wall (casing) packer and thus isolate the desired zone. 

Previous experience with costly cementing jobs in the upper sections 

of the borehole 3 prompted a careful examination of the thermal 

propert i es of the selected zone between the 1920-m (6300-ft) and 

1981-m (6500-ft) levels where the section of pipe was to be 

cemented. The temperature probe was lowered to 1951 m (6400 ft) 

and the temperature recorded during a 5-hour circulation period 

with a flow of water of 9 bbl/min or 1438 liters/min (380 gpm). 

During this cooling period, the temperature was reduced from 126.9°C 

to 92.7°C (Fig. 7), for a 6T of 34.2°C. ~t this time the flow 

was terminated and thermal recovery was measured for an additional 
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4.5 ho rs. The information was most beneficial in determining the 

proper cement mix to be used as well as describing additional ther

mal properties of the borehole. 

HYDRAULIC-FRACTURE EXPERIMENTS 

Following the dri l ling and logging operations in GT-2, a series 

of hydrology experiments was performed to determine the prefrac

ture permeability of the Precambrian rock in the open-hole section 

of the borehole.
4 

The rate of fluid loss from a dry-rock geother

mal energy system is l argely dependent on the permeability of the 

rock that contains the system. Results from these hydrology 

studies confirmed the low permeability of the granitic rock, and 

preparations were made to carry out hydraulic-fracturing experi

ments i n the open hole. The fracturing experiments were designed 

to determine fracture-initiation (breakdown) pressure, fracture 

orientation, fracture-extension pressure, and fluid leak-off rates 

and to measure the least component of earth stress. The first 

series of fracture experiments was conducted in six different 

zones selected from the results of the hydrology studies and the 

information obtained from the various logs. The zones were selected 

primarily on the basis of low permeability and few pre-existing 

fractures. 

A straddle-packer assembly was lowered into place in the zone 

of interest by a high-pressure line (drill pipe) extending to the 

surface. The packers were "locked" into the open hole formation 

to seal off the zone to be pressurized. A downhole instrumentation 
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package was lowered inside the drill string via a special armored 

instrumentation cable. The instrumentation sonde was equipped 

with a mule shoe (Fig. 8) which mated with a receptacle attached 

to the upper straddle packer and oriented the sonde. The downhole 

package (Fig. 9) housed high-temperature instruments including a 

strain-gauge pressure transducer, 0 to 517.1 bars (7500 psi) , 

compensated over the temperature range of 50 to 200°C. A tr i -axis 

geophone assembly (Fig. 10) was provided to determine fracture 

orientation, with the two horizontal instruments providing azimuthal 

information and the vertical component providing vertical location 

of fracture events. The geophones were designed with a natural 

frequency of 8 Hz and a coil resistance of 730 ohms. The intrinsic 

sensitivity was 0.72 V/in./s with 70% damping. A solenoid-actuated 

water-sample bottle would collect a fluid sample in the fractured 

zone, and a ball-release solenoid would allow inflation of a n 

impression packer. The impression packer was employed as a back

up system to confirm fracture orientation. 

Previous experience with instrumentation cable in geothermal 

boreholes 5 led to the development of a logging cable fabricated 

specifically for this application. The cable contained 11 twisted 

pair (22 conductors) of No. 20 AWG copper i n sulated with 10 mils 

of high-temperature Tefzel 260°C (500°F) and wrapped with a Mylar 

aluminum shield including a drain wire. Each pair was blocked 

with a silicone compound to maintain cable integrity in the high

temperature, high-pressure environment. The entire conductor 

assembly was jacketed with a 30-mil Tefzel belt and a nylon braid. 
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The inner armor was constructed of 36/0.051 special galvanized 

plow steel and the outer armor of 36/0.058 wire of the same material. 

Both armors were blocked with a silicone compound (Kalax) to prevent 

pressurized fluid from extruding into the wire armor and leaking 

at the surface above a Regan pack off. The cable weight was 460.4 

kg (1015 lbs)pe r 1000 ft (304.8 m), with a breaking strength of 

14,968 kg (33,000 lbs). The cable diameter averaged 820 mils. 

Conductor de resistance was 10 ohrns/1000 ft and capacitance was 

35 x 10- 9 fd/1000 ft conductor to mate. Insulation resistance was 

greater than 1000 megohrns/1000 ft. The cable was lowered and raised 

in the borehole employing the off-shore cable hoist shown in Fig. 11. 

The first series of pressurization experiments was designed to 

create relatively small fractures at low pumping rates. The pres

surization system (Fig. 12) employed air-pressurized accumulator 

tanks holding approximately 38 liters (10 gal) of water at a pres

sure of 344.74 bars (5000 psi). An electropneumatic control valve 

controlled the fluid flow rates from 4 to 76 liters/min (1 to 20 

gpm). During the pressurization test all surface equipment, with 

the exception of a data-acquisition trailer powered from a nearby 

power line, was shut down to insure a quiet test location. The 

reduced surface noise would enhance the reception of downhole 

acoustic and surface seismic signals generated during the fracture 

initiation and extension events. 

Flow rate during pressurization was measured with a low-velocity, 

8 to 76 liters/min (2 to 20 gpm) turbine flowmeter, and total flow 

was obtained by counting total turbine ~otations. Surface pressure 
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Fig. 11. Instrumentation cable hoist. 
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was meas ured wi th a s trai n-gaug e br i dge-type pressure transducer, 

344.74 bars (0 to 5000 ps i) . A sensitive pressure gauge, 0 to 

1 .034 ba rs (0 to 15 psia) , was l owe red i n the a nnulus around the 

drill p i pe to measure water level. This measurement became most 

important when problems were e ncount ered in seating the packers in 

the open hole. Rapid rise in annulus water level during pressuri

zation t ests was a positive indication that the pressurized fluid 

was leaking around the packers. 

Fol l owing fracture-initiation and fracture-extension experi

ments, t he flow system was shut in and pressure monitored for 

several hours to establish fluid leak-off rates. The system was 

then ven ted and return fluid measured in a weighing tank instru

mented with load cells to determine the amount of water recovered 

from the collapsed fracture. 

Signals from the surface and downhole transducers (as well as 

from a surface seismic array) were conditioned and fm multiplexed 

for recording on magnetic tape in an instrumentation trailer 

(Fig. 13). An online playback system (Fig. 14) was used to dis

play pertinent information during the fracture e xperiments as a 

guide in carrying out experimental plans. The data-acquisition 

equipment employed floating, differential, and guarded techniques 

to max imize rejection of common-mode signals and improve signal

to-noise ratios. This conditioning technique was necessary to 

insure transmission of low-level transducer output signals over 

long lines. 
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Fig. 13. Data acquisition system. 
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Fig. 14. Online playback station. 
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EXPERIMENTAL RESULTS 

Fracture experiments were carried on in the six zones with a 

variety of packers from several oil tool companies. All packers 

failed to satisfactorily seal the open hole during the pressuriza

tion tests, as confirmed by the rapid rise in annulus water level. 

Pressures ranging from 34.45 to 110.32 bars (500 to 1600 psi) above 

hydrostatic were measured prior to leakage around the packers. 

Following this frustrating series of experiments it was decided to 

drill the hole to a depth of 2042 m (6700 ft). A number of diag

nostic logs were run in the new section of the hole, including a 

temperature log extrapolating to a bottomhole temperature of 147°C. 

Hydrology tests were also made in the new section of hole to deter

mine permeability. At this point, due to the failure of packers 

to hold in the open hole, it became necessary to cement a liner in 

place to conduct meaningful fracture experiments. Zone 7 was 

chosen, between 1981 and 2042 m (6498 and 6701 ft). A high-volume 

truck-mounted pump was employed to pressurize this zone with pres

sures up to 172.37 bars (2500 psi) and flow-injection rates of up 

to 682 liters/min (180 gpm). 

Data from the initial pressurization test in Zone 7 are shown 

in Fig. 15, upper left-hand corner. A total of 398 liters (105 

gal) of water was injected into the openhole section in 1 min . 

The surface pressure increased to 172.37 bars (2500 psi) and 

leveled off, at which time the system was shut in and the fluid 

allowed to permeate the rock around the open crack. The system 

was then vented and fluid recovered. A comparison of the surface 
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pressure and the pressure recorded from the downhole gauge is shown 

in Fig. 16. The downhole pressure transducer recorded a hydrostatic 

pressure of 185.1 bars (2850 psi) prior to the pressurization 

experiment. This is in good agreement (0.5%) with a calculated 

value of 1860 bars (2864 psi) using an overall average water temper

ature of 50°C. 

Following the fracture initiation, several pressurization tests 

were conducted at low flow rates to reopen the small fracture (162 

bars, 2350 psi,and 151.7 bars, 2200 psi), Fig. 15. A series of 

hydrological flow tests was conducted to study permeation effects 

in the fractured system (bottom plots, Fig. 15). The small fracture 

was extended by pumping water into the initial fracture at a maximum 

pressure of 237 bars (2500 psi) and maximum flow rate of 606 liters/ 

min (160 gpm). A total of 266,625 liters (67,160 gal) of water was 

pumped into the fracture. The fracture was then propped open with 

a sand-gel mix. 

To complete the fracture experiments in the existing borehole, 

a designated Zone 8 was chosen in the liner in the interval 1941.6 

to 1944.6 m (6370 to 6380 ft). The casing was perforated, the 

zone pressurized to a maximum pressure of 134.4 bars (1950 psi), 

and the system shut in. Several experiments were performed to 

determine the possibility of communication between the fractures 

in Zones 7 and 8. Preliminary analyses of the data indicate t hat 

two separate cracks existed, offset from each other and separated 

by unfractured rock. 
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The fracture experiments were terminated and operations began 

to deepen the borehole to 2750 m (9000 ft) in order to achieve 

a bottomhole temperature approaching 200°C. Additional hydraulic 

fracturing experiments are planned at this depth. 

CONCLUSION 

Detailed analyses of all pertinent data recorded during the 

hydraulic fracture experiments is presently in progress and will 

be the subject of separate reports. In general, the instrumentation 

systems, including downhole instruments, performed well in the zones 

selected. Future experiments at the new depth of 2750 m (9000 ft) 

will impose additional temperature requirements approaching the 

limitations of downhole components. Problems were encountered 

during the long-term bottomhole temperature measurements in main

taining cable integrity as the borehole approached 2042 m (6700 

ft). The combination of hydrostatic pressure and high temperature 

over an extended period of time allowed moisture to eventually 

seep into the cable-head assembly at an interconnecting torpedo 

and resulted in a breakdown of insulation resistance to ground. 

A standard seven-conductor, high-temperature (Tefzel-insulated), 

armored well-logging cable was used for the temperature logs. The 

cable-head assembly and torpedo (Fig. 17)were constructed of "high

temperature" components commonly used by most well-logging service 

companies where severe environments are normally encountered only 

for very short times (approximately 1 hour). The torpedo was 

designed to accommodate a "quick" disconnect of cable heads in the 
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field. The cable head was designed to terminate the wire line in 

a ''fishing-bell" housing where the cable would break in the unfore-

seen event that an instrumentation package should hang up somewhere 

in the borehole. This design allowed the user to retrieve the 

cable from the borehole and "fish" out the disengaged sonde. Viton 

a-rings and insulation boots were employed to maintain a moisture 

proof assembly and additional protection was provided by packing 

the head and torpedo housing with a high-temperature silicone 

grease. 

The cable head is expected to become a major concern during 

the subsequent series of experiments in GT-2 at the 2750 m (9000 

ft) depth, due to the high-temperature environment. Design of a 

cable-head assembly that will eliminate exposure to moisture of 

the signal leads and retain the fishing-bell housing is in progress 

at Los Alamos. 

The primary objectives of the experiments in GT-2 are to in-

vestivate magnitude and direction of the minimum compressive earth 

6 stress (S 3 ) and its variations with depth, to study methods of 

measuring and possibly controlling direction of crack propagation, 

and to determine stability of pressurized fractures. These object-

ives will require the development of downhole instrumentation 

capable of characterizing hydraulic fracture systems. The develop-

ment of the downhole instrumentation must emphasize reliability 

of measuring devices to function properly in high-temperature 

environments as the temperatures of subsequent geothermal boreholes 

approach 250°C and exceed the specifications of presently available 

components. 
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VARIABLE RELUCTANCE DISPLACEMENT TRANSDUCER 
TEMPERATURE COMPENSATED TO 6500F 

T. C. Piper 

Aerojet Nuclear Co. 
Idaho Falls, ID 

Abstract 

A variable reluctance transducer (VRr) for operation to 6500 F in a 
p~ssurized water environment and associated signal conditioning 
electronics are described. Effects such as VRT core hysteresis-loss 
and core permeability-change are discussed with respect to temperature 
compensation. The transducer and electronics were designed as a system 
to yield minimum change in the VRX null and sensitivity with rapid 
thermal transient. Steady-state null and sensitivity changes of ± .5% 
and 1.8% of fUll scale, respectively, were obtained over the 70° F to 
650° F temperature range. With the VRT core locked at null a 6500 F to 
700 F thermal transient amounts to a ± 3% of full scale variation. The 
output signal variation lasts for about two seconds. The VRr utilizes 
a single 1/16-inch diameter, three conductor, sheathed cable. Ceramic 
cement, ceramic insulated wire, and ceramic flame spraying techniques 
allow it to have large nuclear radiation tolerance as well as the noted 
high temperature capability. 
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VARIAB LE RELUCTAN CE DIS PLA CEMENT TRANSDUCER 

TEMPERATURE COMPENSATED TO 650°F 

I. INTRODUCTION 

In pressuri zed wa t er r eactor te st s, compact instruments fo r accurate 
measurement of small disp l acements in a 650°F envi ronment are often required . 
In the case of blowdown tests such as the Loss of Flu i d Test (LOFT) or Semi 
scale comput~r code development tests, not on ly is t he i nitial env i ronment 
water at 650 F and 2200 psi but it undergoes a severe t ransient due to de
pressurization. The pressure drops from 2200 ps i t o a~bient i n a f ew sec
onds and the temperature of the coolant drops from 680 F to 212°F . The trans
ducer temperature then heads toward either about 400 F (the vessel temperature 
after blowdown) or room temperature if emergency core coolant is used. Since 
the LOFT and Semiscale tests are run just for the purpose of obtaining data 
during the depressurization, instruments used to obtain the data must not 
give false outputs ind~ced by the change in environment. Figures 1 and 2 show, 
respectivel~ a LOFT pv probe and a Semiscale drag disk; each utilizes a 
variable reluctance transducer (VRT) such as described in this paper for in
dication of the drag-disk location and a torsion bar for drag-disk restoring 
force. The VRT, in addition to being thermally gain and null offset stable, 
is fabricated from materials known to be resistant to large nuclear radiation 
ley71s and has successfully passed a fast neutron radiat i on test of 2.7 x 
10 nvt without failure. 

II . THEORY OF OPERATION 

A VRT, being somewhat different than an LVDT (linear variable differ
ential transformer), consists of only two, series connected, cylindrically 
wound coils . A magnetic core placed on the cylinder axis serves to vary the 
self and mutual inductances of the two coils which electronically form two 
legs of a four-arm bridge as shown in basic form in Figure 3. Because thin 
sections of austenitic stainless steel have little effect on the coil magnetic 
flux distribution at the drive frequency of 3 kHz, the coil region of the 
transducer can be hermetically sealed from the environment in which the core 
of the unit resides. 

The theory related to obtaining constant sensitivity and low null -
drift versus temperature can be summarized as follows : The transducer 1

S 
magnetic core hysteresis loss decreases with temperature increase (see 
Appendix A). For constant current through the transducer, the decrease in 
hysteresis loss would cause an increase in transducer sensitivity with temp
erature. By winding the transducer with wire having a l arge resistance temp
erature coefficient and shunting this with the appropriate constant ohmage 
bridge completion resistance (see Figure 3), the increase in sensitivity due 
to core behavior can be canceled by the decrease in current through the trans
ducer. The shunt resistance effectively bypasses a portion of the constant 
ac drive current from the drive transformer T1 (see Appendices A and B for 
details). Pushbutton switch Swl al l ows the transducer bridge to be resistively 
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imbalanced so that the reference to the demodulator can be set to that phase 
where no de output change occurs when the button is pushed. This makes the 
output insensitive to thermal - induced resistive imbalances. Because re
sistive changes are the primary source of bridge imbalance with temperature 
and parti'cularly of thermal transients, this technique of setting the refer
ence to the demodulator maximizes transducer null-drift stability. Trans
former T1 must be selected to approach ideal transformer characteristics (low 
ser1es impedance and high shunt impedance) so that it does not introduce phase 
angle changes or act as a variable shunt on the constant ac current being 
supplied to the four-arm bridge. 

III. MECHANICAL DESIGN 

The VRT coil bobbin is shown in Figure 4 with the coil in place. To 
accomplish this: The 304 stainless steel bobbin is first vacuum annealed to 
1800°F to remove any trace of magnetic permeability induced by work hardening 
in fabrication. The bobbin is next sand blasted and immediately flame sprayed 
with ceramic to serve as an undercoat for the coil (BHL 215020-H Al 01 rod is 
used). Platinum wire with ceramic insulation is used for the coil ~ire. The 
wire with insulation is .0088 11 diameter and the bare wire is .007 11 diameter 
and is supplied by Secon Metals Corp. of White Plains, New York. Secon Metals 
Corp. supplies the wire with their type E insulation. The coils are wound 
on the flame sprayed bobbin in a sense such that the mutual inductance aids the 
self-inductances when the two center leads are connected together to form the 
VRT common lead. The ends of the coils are secured in place with Aremco 503 
ceramic cement (Briarcliff Manor, New York) as shown in Figure 4, and the coil 
fired in air to 1500°F to cure the ceramic. After the leads have been gently 
folded into the hole of Conetic B magnetic shield (Perfection Mica Company, 
Chicago, Illinois) that is spot welded to the ridge at each end of the bobbin, 
it is slid into position in the transducer body. The leads are then fished 
out through a lead connection hole and brazed to the sheathed cable leads 
which also protrude into the lead connection hole. With the finished connections 
tucked neatly back into the lead connection hole and cemented into place away 
from metallic parts with a small amount of Saureisen #8 ceramic cement (Pitts~ 
burgh, Pa. ), a seal cover is welded into place on the lead connection hole 
after the cement has cured. 

IV. RESULTS 

Results of thermal cycling and transient tests on the completed ±0.100~ 
ince stroke VRT are as follows: Sensitivity change from room temperature to 
650 F was 1.8% or 0. 003%/°F . Zero null r0mains fixed to within ±0.5% of 
full scale in the room temperature to 650 F range . Wi~h core locked at null 
and unit plunged horizontally into 70°F water from 650 F heat, transient output 
variations of about two seconds duration and of ±3% of full scale occurred. 
Failure to vacuum anneal a VRT bobbin has occurred once or twice and has led 
to irratic behavior of the VRT versus temperature because the work hardening 
from machining the bobbin leaves the bobbin with a magnetic permeability 
greater than unity. 
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APPENDIX A 

EFFECT OF VARIATION IN HYSTERESIS LOSS 

The equivalent circuit of Figure Al can be used to approximate the behavior 
of a single side of the VRT coil with core in place. Resistance R increases 
as the hysteres i s loss of the core decreases with i ncreasing tempefature*. 
R1 and X are the coil resistance and reactance for the core in some fixed po
Sltion. The simple theory outlined in Appendix C shows that moderate changes 
in core permeabi lity, ~ , with temperature do not change X significantly. 
However, the change in R? with temperature results in an effective change in 
the coil reactive component, Xin' 

R2jX R x2 R2x 
z = R + jX. = Rl + = Rl + 

2 + j 2 
1n R2+jX R2+x2 R2+x2 

2 2 
(A-1) 

This leads to 

~X . 2X2 ~R2 1n = -x-.- R2+x2 R2 1n 2 
(A-2) 

For a 17-4 PH core heat treated H-1100, ~Xin/Xin has been foung, by measure
ment, to 0qual + 0.068 for a temperature change from 75 to 650 F. This ~ = 
0.068/575 F = 0.00012/°F, of course, agrees with the increase in sensitivity 
experienced if a constant current bridge drive is used with no current shunt
ing resistor. Other core materials such as 410 stainless and Remendur were 
tested and found to have ~Xin/Xin values as large as +0.095 for the same 
temperature change. 

*Actually> R2 would vary with variations in either hyseresis or eddy
current losses . But for the design presently being described> it was 
determined (by using slit cores and cores of nonmagnetic 300 series 
stainless) that eddy- current losses are constant or are insignificant 
enough that they cause no variat ion of R2 with termperature . 
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APPENDIX B 

MATHEMATICAL FORMULATION OF VRT TEMPERATURE cm~PENSATION 

Referring to Figure 3 of the text and being informed that at 3 kHz the total 
transducer imaginary impedance component is only about 3 ohms while the room 
temperature real impedance component is 30 ohms, analysis of current flow 
through the shunt and transducer can be done fairly accurately using only re
sistances. 

Let ic be the constant current from T1, V be the voltage across T1 ,i 2 be the 
current through the transducer, R0 (l+a~T) be the resistance of the transducer 
coils, and R1 the constant resist1ve shunt placed across T1 . a is, of course, 
the temperature coefficient of resistance for the wire usea in the transducer. 

Then 

or 

Thus 

= icR1 R0 (l+a~T) 
R1 +R

0 
( 1 +a~ T) 

The sensitivity, S, of the system will be 

S = Ki 2 (l+s~T) 

( B- 1) 

(B-2) 

(B-3) 

(B-4) 

where B is the temperature coefficient of the coil inductance caused by chang
ing core hysteresis loss. Let K equal unity. Then, 

(B-5) 

This can be rearranged to give 

(B-6) 
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R 
If ~l+a~T) is a fair amount less than unity in value, the denominator may be 

brought to the numerator using the approximation 1 ly~l-y for y<<. Assuming this 

approximation holds for the R ,R 1 ,a, and ~T involved, 
0 

(B-7) 

Dropping terms quadratic in ~T, 

(B-8) 

Clearly, adjusting the R /R
1 

ratio permits this approximate expression to be 
made independent of ~T. 0 

By Appendix A, B = 0.00012/°F. a , for platinum wire, is 0.002/°F. R = 30 ohms. 
And, the value of R

1 
found experimentally to give minimal change in S

0
with T 

was 500 ohms. 

Checking: 30/500x0.002 = 0.00012. Thus, since this is also the value of B, 
the ~T coefficient is zero with the value of R1 found to give minimal temper
ature sensitivity. Furthermore, 30/500(1+0.002x575) = 0.129 so y is << l, and 
the approximations made in obtaining Equation (B-8) are valid . 

Because of the large temperature coefficient of platinum wire R0 v~ries from 
presence of the 500 ohm shunt across this changes the phase of the current 
through the transducer to vary by only 0.3 degree for the 575°F temperature 
change. Use of coil wire with a smaller temperature coefficient would have 
required a smaller value of R1 and this would then lead to larger changes 
in the phase of the current tnrough the transducer for the given tempera
ture variation. Constancy of the phase of the current passing through the 
transducer is, of course, necessary so that the demodulator reference 
phase need not be adjusted as temperature changes. 
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APPENDIX C 

EFFECT OF VARIATIONS IN CORE U ON 
r 

VRT SENSITIVITY 

Because the demodulator used to process the VRT signal is driven with 
a reference voltage of phase such that the filtered demodulator output is 
insensitive to resistive bridge imbalance, the resultant transducer sensi
tivity is only affected by changes in VRT coil reactance. For a coil with 
a core but having an appreciable air gap, 

L = ).!,N2A 

£-X +h-MX+£ 
~r A 

= ( C-1 ) 

where ~o is the permeability of free space, w~ is the relative permeability 
of the coil core, 2£ is the core length, Q. is the length of the core in each 
coil of the VRT at null, X is the offset of the core from this null position, 
h is the length of each of the two VRT coils, N is the number of turns on 
each coil, A is the effective area of the ID of the coil, and Q.A is a small 
constant, representing the fact that the coil is not actually too long a 
solenoid. See Figure C-1. 

The VRT, of course, consists of two such coils connected as a half bridge 
with X negative of the above in ' the expression for the other coil). 

After separating out the X portion, cross multiplying, and condensing, this 
becomes 

2 
t.L = __ 2 J.l~o~J.l_._r ,.l,,;( J.l..._r _-1-=-')_N~A..,....X_~ 

[ Q. + JJ,: ( h - Q.+ Q. A ] 2-X 2 ( lJr - 1 ) 2 
(C-3) 

Since X is always small compared to h-£, the X2 term in the denominator may be 
dropped. Compared to h-£ both £~ and £/JJr are quite small so Eq(C-3) can be 
written: 

(C-4) 
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Using Eq(C-3) for ~L, the VRT sensitivity is 

S = a(~L) = 2~.~r(~,-l)N 2A{[ t+~i(h- t+ t~)] 2+X 2 ( ~,-1) 2} 
ax {[ £+~i{h- t+£ ~)J2-X2 (~~-l) 2 } 2 (C-5) 

Using h- t >> tA and t/~r or glancing at Eq(C-4) shows that the approximate 
value for S is: 

(C-6) 

Performing dS/a~~ on the expression of Equation(C-5) gives an involved 
expression which reduces, upon using ~r >> 1, h- t >> t A, and h- t >> £ / ~ ~ to: 

25 £ (C- 7) 

This may be rewritten 

~s = 2£ ~~r s (h- £) [~, F (C-8) 

Since a typical value for ~r is 150, a typical value for ~~,l~r is 0.3 for 
the 575°F temperature change involved, and 2£/(h- £) ~ 1.1 

~s 3 
5 = 1.1x; 50 = .002 = .2% (c-9) 

-t-,p 

Thus, changes in ~r do not significantly affect the VRT sensitivity . But, 
as shown in Appendix A, variations in VRT core hysteresis loss do cause 
significant values of ~S/S. 
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A SIX-COMPONENT STRAIN GAGE BALANCE FOR HELICOPTER TESTING 

by Willard G. Smith 

Ames Research Center, NASA 

Moffett Field, California 94035 

Tests of a reversed velocity helicopter rotor in the 12-foot pressure wind 

tunnel at Ames Research Center presented us with some rather unusual requirements 

for a multicomponent force transducer. A new rotor concept that could operate 

at forward speeds in excess of rotational tip speed was to be tested. A good 

description of this high speed helicopter principle is given in ref. 1. In 

addition to the usual collective control and once-per-revolution cyclic 

control, there is a second swash plate that provides a two-per-revolution cyclic 

control in that speed-rpm regime where reversed velocity on the retreating blade 

is a problem. When operating, the two-per-revolution control cycles each blade 

from maximum to zero lift twice per revolution. 

Since the rotor model would be remotely controlled in the tunnel and 

would not always be at the optimum control setting for speed and rotation rate, 

it was clear that large cyclic loads and vibration were to be expected; this 

was borne out in a preliminary test. In this earlier test the entire rotor 

model, including drive motor and control mechanism was mounted on a conventional 

Ames-designed wind tunnel balance. Figure 1 shows the model in the wind tunnel 

with a simple non-metric streamlined fairing covering the drive motor and 

control mechanism. The top spherical fairing is attached to the rotor hub. 

In the main test an additional balance was used to measure only the force 

reactions at the hub of the rotor on the shaft. 
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Fiqure 1. Helicopter rotor model in the 12- foot pressure tunnel. 
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The rotor hub balance is the subject of this paper. The balance was 

attached to the rotor shaft and the rotor hub was then mounted directly on 

the balance. The balance installation is shown in Fig. 2. Vertical thrust, 

shaft torque, X and Y forces, and moments about the X and Y axis were 

measur ed with the electrical signals carried through slip rings on the shaft. 

The reference axis, of course, rotates with the rotor. 

The primary design requirement was a high natural frequency in order to 

7 get valid dynamic data and a fatigue life of 10 cycles at the cyclic loads 

expected. A four-bladed rotor turning at 1680 rpm generates a primary cyclic 

load of 112Hz and a third harmonic of 336Hz. This is the twelfth multiple 

of the rotational frequency. The estimated weight of the hub and blades to 

be supported by the balance was 34 kg (75 lb). The real problem was to design 

measuring elements stiff enough for the required natural frequency yet sensi-

tive to the operating loads. All of this had to be done within a hollow cylin-

drical space with a 4.1 em (1.6 in) I.D., a 7.3 em (2.875 in) O.D. and with a 

length of 17.1 em (6.75 in). Maximum expected loads were to be a steady 2~ kN 

(600 lb) thrust with a dynamic component of ±1J kN (±300 lb), a steady.9 kN 

(200 lb) X or Y force with ±1J kN (±300 lb) dynamic component, and a maximum 

shaft torque of 113 m-N (1,000 in-lb). 

A unique wind tunnel balance design, developed at Ames Research Center 

(ref. 2), was chosen to measure the rotor loads. This design, based on a 

hollow cylinder configuration, is both rugged and exceptionally stiff. The 

balance (Fig . 3) is two concentric cylinders brazed together at both ends 

with the inner cylinder undercut so the inner and outer cylinders are 

non-contacting except for the brazed areas. Slots are cut in the outer 

cylinder adjacent to the brazed areas to form the measuring beams. The heart 

of this balance is the system of eight beams located in t wo parallel planes 
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perpendicular to the longitudinal axis and gaged to measure six components of 

force and moment. This type of balance is called a two-plane balance. The 

arrangement of the beams and two cylinders is shown in the section view and 

cut-away in Fig. 4. The load path is from the rotor hub to the outer 

cylinder, then through the measuring beams to the brazed connection between 

outer and inner cylinder, and then to the supporting shaft. In the section 

view, the non-metric parts are crosshatched; note the hourglass shape of the 

beams. The outer surfaces of the beams were machined on a mill that used a 

fly cutter with the same radius as the bore of the outer cylinder. The 

beams act as symmetrical columns with sufficiently small center sections to 

measure tension and compression stresses yet preserve maximum stiffness in 

bending in the thrust direction. A force in the plus X direction puts Beam 2 

in tension and Beam 4 in compression. Beams 1 and 3 are put in bending but 

the compliance ratio between the tension and bending mode of these beams is 

such that only 5 percent of the load is carried by the beams in bending. 

Beams 2 and 4 are gaged to measure the X component of force. The total X 

force is obtained by summing the output from the X strain gage bridges at the 

two measuring stations and the difference in output times the distance between 

stations is a measure of the moment about theY axis. Similarly, Beams 1 and 3 

are used to measure the Y force and moment about the X axis. 

The two remaining force components are thrust and torque about the 

longitudinal axis. Both are shared equally by all eight measuring beams. 

A thrust force displaces the central part of the outer shell causing all eight 

measuring beams to bend; however, a temperature difference between inner and 

outer shells will also cause bending of the measuring beams due to thermal 

expansion. The temperature induced bending at the two stations is equal but 

of opposite sense and can be cancelled by installing thrust measuring strain 
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on an IBM 360/67 computer and a second order, least square curve fit was 

obtained for the primary sensitivity coefficients and for the interaction 

terms. 

As mentioned earlier, the primary design requirement was for a high 

natural frequency and good fatigue characteristics. The design was compromised 

in that the measuring beams were stiffer with lower operating stresses than 

would be used on a normal six-component wind tunnel balance. The trade-off 

was low output with consequent loss in signal-to-noise ratio. 

The most serious performance deficiency was hysteresis at about 0.3 percent 

of full scale. Source of the hysteresis was probably the braze joints: either 

a joint with less than 100 percent penetration or possibly just the inelastic 

property of the braze material. The hysteresis was a problem because of the 

poor signal-to-noise ratio. A less serious deficiency, because it was 

repeatable, was the non-linear output. Figure 4 shows that the projections 

of the outer shell, which are the supports for the measuring beams, are 

' unsymmetrical relative to the centerline of the beams. A force in the X 

direction, for example, puts Beam 4 in compression and also in bending due 

to deflection of the eccentric end support. The low compressive stress in 

these beams and the hour-glass shape - which concentrated the bending stress 

at the center under the gages - exaggerate th~s second order effect. The 

non-linear part of the output averaged about 1.75 percent for this balance. 

In conclusion, the design for the rotor hub balance was good and the 

balance served its purpose; however, it did not have the accuracy of a 

standard six-component wind tunnel balance. The calculated natural frequency 

of the balance-rotor system was 377 Hz; therefore, depending on damping ratio, 

the dynamic data should be good up to the twelfth multiple of the rotational 

frequency. The balance performed reliably for about 40 hours of operation in 
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a rough wind tunnel test and survived two major model failures. In the last 

failure the rotor blades went into uncontrolled oscillation caused by a broken 

push-rod and the shaft hammered heavily against the stops causing extensive 

damage to the model. The only damage to the balance was the loss of electrical 

s ignal from one component. 
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STRAIN SENSITIVITY OF PRESSURE TRANSDUCERS IN A DYNAMIC ENVIRONMENT* 
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ABSTRACT 

Strain error in pressure measurements is recognized as a troubl e 

source, but seldom is it the major source of error in measurement. In 

experiments at the USERDA 's Nevada Test Site, it has been necessary to 

obtain dynamic pressure data from inside pipes which are subject to an 

initial tensile stres s of about one-half yield which changes rapidly to 

failure in a compress ive mode. 

Static and dynamic data show that representative pressure trans

ducers are subject to s train error and that the error is not only a function 

of stress in the mounting, but is also dependent on the rotational position 

of the transducer (about its own axis) as it is ported into the pipe. 

Schemes for decoupling the transducer from the pipe without seriously 

decreasing the burst capability of the installation have been investigated. 

A mounting using an annular cut-out around the transducer barrel has been 

devised which significantly decreases strain error and has little effect 

on the installation integrity or the response to dynamic gas pressure. 

*Work performed under the ausp&ces of the US Energy Research and Develop
ment Administration. 

86 



INTRODUCTION 

Heasurements of dynamic and static pres sure in line- of-s ight pipes 

coupled to nuclear detonations are required to provide dat a on containment 

of the radioactive debris, to provide design information f or f uture experi

ments, and to allow comparison with calculated behavior. Par amet ers ot her 

than pressure are also measured but are not within the scope of t his paper. 

The line-of-sight pipe on which the transducers are mounted is generally the 

weight-bearing member for most of the experimental hardware. The strain in 

the pipe changes from tension before detonation to compression as the explo

sion generated shock-wave passes, and has been found to be the source of 

considerable error. We will illustrate the type of spurious pressure 

signals observed and outline an investigation and solution of the problem. 

MEASUREHENT DESIGN BACKGROUND 

Early in the containment diagnostics program, stock transducers 

(Figure lA-1) were modified by removing the restricting aperture between 

the transducer diaphragm and the measurand. The threaded fitting was 

removed, and the 1.5-in. o.d. transducer case was threaded, as shown in 

Figure lA-2. This considerably improved the response-time of the trans

ducer. The 1.5-in. threaded transducers, Figures lA-2 and lB, become known 

as the "Golden Gate Bolts." As time passed, newer, generally smaller, 

transducer designs were fitted into the 1.5-in. diameter ports with 

adapters. In a number of instances, the pressure records obtained were 

suspect for various reasons. In several cases the output appeared to 

correlate with accelerometer and velocity-gauge data, but differed from 

normal shock sensitivity. A program of dynamic and static tests has 

been pursued to investigate the strain sensitivity of various pressure 

transducers and mounting adapters, and to formulate means of minimizing 

spurious data. 
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DYNAMIC TEST RESULTS 

Figure 2 shows the layout of instrumentation on a pipe section 

used for dynamic studies on two nuclear tests. In each case three 

pressure transducers and an axial strain-gauge were installed. Table 1 

lists the transducer types for each event, and Figures lB, lC, and lE-4 

show cross-sections of the transducers and mounting details. 

Channel 

1 PR B 

1 PR C 

1 PR E-4 

1 SG 

Channel 

2 PR B 

2 PR c 
2 PR E-4 

2 SG 

Table l. TRANSDUCER TYPES FOR 'lW) NUCLEAR TESTS 

Experiment Number 1 

Manufacturer 

Kulite 

Kulite 

Kulite 

~icro Measurements 

Model 

XTMS-l-1500-3000A CV* 

XCQM-1-250-lOOOA CC ** 
HKS-7-375-3000A CV 

EA-06-250AE-350 

Experiment Number 2 

Manufacturer Model 

Kulite XTMS-l-1500-3000A CV 

Kulite XCQM-1-250-lOOOA CC 

Kulite HKS-7-375-3000A CV 

Micro Measurements EA-06-2SOAE-350 

*Constant voltage four-arm bridge 
**Dual constant current two-arm bridge 

Range 

0 - 207 Bar 

0 - 69 Bar 

0 - 207 Bar 

Range 

0 - 207 Bar 

0 - 69 Bar 

0 - 207 Bar 

Details from the first test show clearly that some designs are very 

susceptible to case strain. 

Figure 3 shows data plots from channels 1 SG, 1 PR B, 1 PR E-4, 

and 1 PR C. All plots have the same time base intervals and are Meant 
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to provide a means for reader comparison. The strain-gauge output 

(Figure 3a) shows a peak compressive strain of -3190 ~E (relative to 

the pre-zero-time level) occurs at 40 milliseconds. 

The signal output from channel 1 PR B is in form quite similar to 

the output of 1 SG. A false peak output of 32 bars was caused by coupling 

the pipe strain onto the active element of the pressure transducer. This 

transducer did not have an isolation gap and was screwed directly into the 

pipe. The change in residual signal output of .6 bars beyond 500 milli

seconds is less than the .8 bars indicated by 1 PR E-4, as discussed below. 

After the transducer has been affected by high levels of strain, it is 

difficult to say which data are good and which are not. 

Some minor strain effects are indicated by 1 PR E-4. The peak output 

due to strain was about .6 bars, and the output returned to the base line. 

The residual output not due to strain, which started at 475 milliseconds, 

was .8 bars. The strain effects are noticeable between 0 and 250 milli

seconds. The strain effects are minor, however, considering the pipe 

strain present. Installation 1 PR E-4 is screwed into an adapter which 

has a 1.12-in. deep annular gap to provide strain isolation. The adapter 

is screwed directly into the pipe as shown in Figure lE-4. 

Data from installation 1 PR C indicates no effects due to pipe 

strain. The transducer also does not indicate the slight pressure increase 

that the other transducers indicate. There is no reason to believe this 

channel did not function (or did function, for that matter). 

The Golden Gate Bolt design of 1 PR B is clearly inappropriate where

ever significant pipe strain can be expected. The strain isolation technique 

used on the 1 PR E-4 type of transducer worked, but should be further developed. 

The XCQM-type transducer and adapter system used as 1 PR C appeared to be 

quite insensitive to strain. 

The second nuclear experiment again shows a definite correlation 

between pipe-strain-induced signals and transducer- strain isolation. The 

strain-gauge output trace is shown in part a of Figure 4. A peak compres s ive 

strain of about -445 ~E (relative to the pre-zero-time level) occurs at 

57 milliseconds and is followed by another compressive strain of about 

-438 ~ E at 231 milliseconds. 
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Part b of Figure 4 is the output trace of the 2 PR B pressure 

transducer and very nearly follows the trace contours of the s train 

gauge. This transducer does not have an isolation gap and is screwed 

directly into the pipe. The output of this transducer i ndicates a 

pressure of 52 bars. This trace pulse shape i s not too confusing, but 

the second pulse caused by the second strain is much harder to differ

entiate from a pressure caused pulse. Without the strain gauge data 

available to help with the analysis, it would be difficult to say what 

happened. Time, costs, and necessary data channel requirements preclude 

the continuous use of strain gauges to validate pressure data, so it is 

necessary to have the transducer elements isolated from pipe strain. 

Figure 4 (part c) is the output trace of 2 PR E-4 which indicates 

a possible but very slight pipe strain effect of - 1.5 bars. The effect 

is temporary and would not normally interfere with analysis. Because 

the strain levels measured are much lower than normally incurred, the 

design will be further te s ted. 

Figure 4 (part d) is the output trace of 2 PR C and indicates no 

strain effects. The XCQM transducer configuration has been specified in 

the past; recent transducer purchases, however, have been of the 2 PR E 

external configuration. Further tests are planned for the 2 PR C type 

of transducer adapter, al t hough a transducer from a different vendor 

(Figure 10-2) will be used to better evaluate the adapter design. 

The Golden Gate Bolt-design transducer used on channel 2 PR B is 

very sensitive to case str ain and should not be used where pipe strain 

is expected. The 2 PR E-4 adapter design may not be adequate to eliminate 

the effects of high pipe strain, hence, a new isolation concept is planned. 

It is important that this transducer type be effectively isolated because 

its use is increasing. The 2 PR C adapter worked well. 

Attention will be given to the transducer-adapter installation in 

future experiments to further evaluate the strain isolation capability 

of the adapter. 

Summarizing, Experiments 1 and 2 clearly point out that the Golden 

Gate Bolt type of transducer should not be used where pipe strain can be 

expected. Although magnitude and polarity depend on orientation, the 
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s t rain s ensit ivity is s t i ll ver y highly i ndependent of orientat i on. 

Data show its use shou ld be severely res tri cted. 

The XCQM-type t rans ducer and adapter comb i nat i ons provide t he 

best s train is olat i on. Furt her t ests of thi s combinat i on are p l anned, 

but there is no reas on to expect any adverse results . 

The HKMS-type t ransducer and the isolat i on gap adapter provide 

a high level of s train isolat i on . The case sensitivity levels ar e 

acceptabl e , but fur ther deve lopment to reduce the sensi t ivi t y is con

t inui ng. 

A new adapter has been des igned which will incorporate the use of 

the HKMS-type transducer, and will employ a hi gh adapter i solation concept. 

Figure l G-1 and l G-2 are cross s ection sketches of this new de s i gn. Pre

sent p l ans are to squeeze-test the adapter and to field an adapter-transducer 

combi nation during the Spring of 1975. 

STATIC TESTS 

Sma ll-Scal e Inves tigation 

Small-sca l e laboratory test s have been made by placing the 1~-in. 

threaded adapter (with transducer installed) between two matching drilled 

and t apped blocks (0.50- i n. thick). These blocks were then loaded directly 

in compression in a 20,000-lb universal test machine. This process yielded 

several re sult s . 

(1) A definite case strain sensit i vity in the designs shown in 

Figure lB through E was found (design A was no longer available for pipe 

tes ts when squeeze testing s tarted). 

(2) A di rect relationship between case load (stress) or hole 

deformation and cas e s ens itive trans ducer output was demonstrated (see 

Figure 5, parts a and b). Thread clearances affect this measurement. 

(3) Transducer rotational orientation relative to the direction 

of the compres sive force was found to effect the response to case loading. 

Tensile effect would be from Poisson compression of the hole 90° from the 

principal load axi s . (See Figure 6, part s a through e.) It s hould be 
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mentioned that "negative pressures" have been seen in nuclear test data 

corresponding with these small-scale data. Also note that a smaller out

put accompanied a larger compressive strain. A comparison of 1 PR B and 

2 PR B maximum outputs is shown in Figure 6, part a. No doubt this is due 

to the difference in orientation of the two units, which unfortunately was 

not recorded. 

(4) The effect of radial clearance is shown in Figure 6, part d. 

Curve 1 shows the outputs with 0.0022-in. radial clearance as on the nuclear 

experiment. The laboratory apparatus could not distort the adapter suffi

ciently to cause detectable output, so two pieces of .002-in. thick shim 

stock were inserted one on each side to help reduce the clearance around 

the diaphragm as shown in Figure lD-1, view A-A. Curve 2 shows the output 

of the unit with 0.0002-in. radial clearance. These data indicate that: 

(a) the 20, 000-lb machine is incapable of providing actual pipe loads on 

the adapter, (b) smaller diaphragms are less susceptible to case sensitivity 

(smaller hole deflection and stouter adapter), and (c) the 0.404-in. to 

0.410-in. i.d. adapter must have deformed in the field experience at least 

.0044 in. on the diameter and in the laboratory at least .0004 in. on the 

diameter. 

(5) A confirmation of the required amount of isolation as shown in 

Figure 6, part e (compare also Figures lE-1 through lE-4). 

It should be noted that these tests become more ineffective as the 

adapters become more rigid and the diaphragms smaller as shown in Figure 6, 

part b. The small-scale tests indicate where a problem may exist, but they 

do not provide nearly the force required to test the design to field condi

tions. 

Full-Scale Investigation 

Because of the uncertainties involved in small-scale testing and 

study of underground nuclear experimental data, a full-scale test has been 

initiated using a universal test machine capable of 3 x 106-lb tension and 

compression. 

The full-scale test is designed to answer questions on the amount 

of interdependence of the following design variables for guidance in new 
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transducer/mounting designs: (1) hole diameter, (2) radial clearance, 

(3) vertical distance of transducer thread from stressed wall, and 

(4) internal transducer design. 

Other questions to be answered are the following: (1) what are 

the strain levels that occur around holes of various size at known loads, 

(2) what is the amount of hole deformation under experimental conditions 

(during routine pull testing of the pipe, the l~-12 UNF class 2 threaded 

holes yield enough to require retapping; the 9/16-UNF-18 class 3 threaded 

holes do not require rework), and (3) what is the amount of deformation 

of the adapter at the inner and outer pipe wall when under actual experi

mental conditions. 

It is planned to install the transducer/adapter combinations 

shown in Figures lB, lC, lD-2, lC-2, lE-4, lF-1, lF-2, lG-1 and lG-2 

in standard 9 5/8-in., .545-in. wall API PliO drill casing. These 

installations will be carefully arranged so that each transducer is 

oriented with its most strain-sensitive axis parallel with the longi

tudinal pipe axis. 

SUMMARY 

In our experience with small and large scale laboratory testing, 

as well as with actual underground nuclear testing, it has been shown 

that the best mounting strain decoupling i<: achieved using the "floating" 

principal shown in Figures lC, lD-1 and lD-2. The non-threaded trans

ducer is firmly clamped in place in an axis vertical to the planes of 

any stresses which could be transmitted to its case. Radial clearance 

must be provided, along with almost total flexibility and sealing in 

the plane of the major stresses. 

It was found that threaded transducers require a deep annular 

groove (depth greater than two times the mounting thickness as shown 

in Figure lE-4). In each of the designs mentioned above, the decoupling 

adapter is complex, and it is difficult to effect a vacuum seal at the 

1~-in. thread. 
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The design shown in Figure lG-1 was provided to overcome the vacuum 

seal problem, to upgrade the pressure capacity, and to reduce the installa

tion cost. The smaller port design should prove to be adequate to decouple 

the transducer from mounting strain. Should the design shown in Figure lG-1 

be inadequate, the de' -~ in Figure lG-2 was devised to provide additional 

decoupling by moving the transducer thread further from the pipe wall. This 

lengthening must be done with caution, however, to keep from introducing 

mechanical shock sensitivity and fluid dynamic effects from high flow, fast 

rise time pressure pulses. If the lG-2 configuration proves inadequate, 

use will be made of a combination of the 9/16-in. lG-1 type pipe port with 

a non-threaded transducer (such as the configuration shown in Figure lC 

and 10). 

Data will be gathered through proper instrumentation of the full scale 

test specimen, which will help in designing effective small scale tests and 

ultimately in designing transducer installations for underground nuclear 

experiments. 

The configurations discussed here can be applied to any situation 

in which a pressure measurement is required under conditions where mounting 

strains may produce erroneous data. 

"Reference to a company or product 
name does not imply approval or 
recommendation of the product by 
the University of California or the U.S. 
Energy Research & Development 
Administration to the exclusion of 
others that may be suitable." 
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ABSTRACT 

A miniture pressure gage has been developed for use in aerodynamic and hydro
dynamic research investigations. The gage is completely waterproofed, has a flush 
diaphragm, and is easily mounted. Its small size allows the gage to be placed at the 
actual measurement site, where full advantage may be made of its high natural 
frequency. 

The gage is manufactured from beryllium copper alloy and consists of a main 
body or housing and a rear cover plate which is cemented in place. A diaphragm 
type strain gage is cemented to the gage's diaphragm area. A "junction box" area is 
created to allow the gage wires to be joined to the leads which connect the gage to 
external instruments. If needed the sensitivity of the gage can be easily increased by 
a type of lapping technique to reduce the thickness of the gage diaphragm (i.e., a gage 
which produces full output for an input pressure of 200 psi can be made to produce 
full output for a 25 psi input). 

INTRODUCTION 

This paper discusses the development of a miniature flush diaphragm pressure gage used in a 

variety of experimental hydrodynamic and aerodynamic tests at the Naval Ship Research and 

Development Center (NSRDC). 

BACKGROUND 

The development of a flush mounting pressure gage evolved from the need to measure bow 

and keel line pressures of ship models slamming in simulated heavy seas. Originally a number of 

commercial miniature pressure gages were purchased. They were very small and flat and seemed 

ideal for the application. However, they were not waterproof. A method of waterproofing and 

mounting was worked out (see Figure 1 a) and used with fair success for a number of years. 

This method consisted of cementing the pressure gage to a small brass coupon the width of the 

gage. Machine or wood screw holes were located on each end of the gage. To flush mount the 

gage the wood hull of a ship model was carefully cut out to fit the pressure gage. The connect

ing lead wires were sealed where they penetrated the hull. 

NEED FOR IMPROVED PRESSURE GAGE 

Over several years of use, some of the failures of the original type of gage were traced to 

cathodic corrosion of the small interconnecting lead wires. The corrosion was due to gradual 
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Figure 1 

Figure la- On the Left is a Non-waterproofed Commercial Pressure Gage. Next to 
It Is a Brass Coupon on Which the Gage Is to be Mounted and Waterproofed. 

This Combination was the Forerunner of the Bikini Gage. 

Figure 1 b - The Intermediate Design Pressure Gage. 

Figure 1 c - The Bikini Gage. 

The Face of the Gage is the Third item from the right . The Two Pieces on the 
Right Form the Housing and Rear Cover Plate. 
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Figure 4 - The Two I /4-lnch-Diameter Cylindrical Chambers are 
Pictured Here in Magnified Form 

(The top photograph shows the foil strain gage elements. The lower views show the 
"Junction Box." The I mil bridge balance wires in lower left corner.) 
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Design variations of pressure gage housings are almost limitless. Figure 5 shows a circular 

housing of tapered cross section. This configuration is used for its streamlined flow 

characteristics. 

CALIBRATION 

Static calibrations show that the BIKINI gage has good linearity and repeatability. 

Figure 6 contains data from the calibration of six 30 psi BIKINI _gages. Figure 7 shows data 

from the same group of gages when calibration pressures in the range 0 to -14 psig were used. 

Dynamic calibration of the BIKINI gages were carried out using a Type D-142 dynamic 

calibrator developed by the Navy Metrology Laboratory, Pomona, Calif. This system creates 

a pressure step change on the face of the gage using helium gas. A 10 psi BIKINI gage has 

been found to have a natural frequency in the range of 10- 15kHz. 

Since BIKINI gages with full scale ranges greater than 10 psi have thicker diaphragms, it 

is expected that these higher range gages will have natural frequencies much higher than 15 kHz. 

However, this could not be verified by using the D-142 calibrator, since this system has an 

upper frequency limit of 15 kHz. 

The gage is satisfactory for ship model impact tests with a one millisecond pressure rise 

time. 

CONCLUSIONS 

The development of the BIKINI pressure gage has led to more accurate and reliable 

pressure measurements in aerodynamic and hydrodynamic research investigations. The 

features of the gage are its: compact size, light weight, moderate cost, high natural frequency , 

and waterproof case. Approximately 150 of these gages have been constructed during the 

past three years. 
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Figure 5 - Elox Machining Allows a Wide Choice of Pressure Gage 
Housing Designs 

(On the left is the face of a tapered cross section gage. It is 14" thick at the center 
and tapers to a circular feather edge. Also pictured is the rear cover plate, top center. 

On the right is a rear view of the chambers.) 
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30 psi Linearity Analysis 
Zero Zero 

Bikini F. S. Maximum Standard Offset Shift 
Gage Output Deviation Deviation Correlation 

Serial Coeff icient 
mV!V Percent of F. S. psi Percent of F. S. Percent of F. S. 

248 2.246 0 .84 0.15 0 .99988290 4.4 0.4 

249 2.457 0 .54 0.09 0.99996343 0.4 0.0 

257 2.292 0 .33 0 .06 0.99998154 3.5 0.5 

258 2.375 0 .21 0 .04 0.99999149 0 .2 0 .1 

259 2.321 0 .26 0 .04 0 .99999149 3.5 0 .6 

260 2.529 0.39 0 .07 0.99997740 1.7 0.6 

Figure 6 - Zero to Plus Thirty PSI Bikini Gage Calibration Data 

-14 psi Linearity Analysis 
Bikin i Zero Zero 

F. S. Maximum Standard Offset Shift Gage Output Deviation Deviation Correlation 
Serial Coefficient 

mV!V Percent of F. S. psi Percent of F. S. Percent of F. S. 

248 - 1.117 0 .30 0 .0249 0 .99998523 10 .6 0.6 

249 - 1.143 0 .11 0.0090 0 .99999805 0 .8 0 .7 

257 - 1.011 0.40 0.0329 0 .99997402 6.1 0.4 

258 - 1.066 0.15 0.0126 0 .99999620 0.0 0 .5 

259 - 1.015 0 .50 0 .0443 0 .99995307 7.7 0 .3 

260 - 1.131 0 .21 0 .0189 0 .99999148 4.6 0 .5 

Figure 7 - Thirty PSI Bikini Gage Calibrated from 0 to - 14 PSIG 
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TERMS USED IN FIGURES 6 AND 7 

1. Let (a) y' = a x + b be the straight line which minimizes the mean square error 

between any straight line and the experimental data points (x , y ). , n n 

(b) n = 1 , . . . , N and 

(c) N be the total number of data points 

2. The standard deviation S , is defined as: 
; y 

N 

I (y~ - Yn)2 

n=l 

N 

3. The sample Correlation Coefficient: 

'Y= 
N 

N 

I x; 
n=l 

is a measure of the quality of the fit of the experimental points to a straight line. If all the 

experimental points fit a straight line 'Y = ± 1. 

4. Zero offset - is the electrical unbalance at zero pressure. The zero offset is ex

pressed in percent of full-scale pressure. 

5. Zero shift - is the shift between the initial zero pressure reading (before the calibra

tion begins) and the zero pressure reading when the calibration has been completed. Zero 

shift is expressed in percent of full-scale pressure. 

6. Maximum Deviation is determined from 

Delta Y = max I y y j max n - n I<n<N 

The maximum deviation is expressed in percent of full-scale pressure. 
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SESS ION I 

DISCUSSION SUMMARY 

Session Chairman: Henry Freynik 

Papers : Bunker, Dennis and Todd, Piper, Sm i th, Ol sen and Hatch, Dean 

DISCUSSION: 

Bruce Wilner, Becton, Dickinson El ectro ni cs: One quest i on fo r two 

speakers, Mr . Bunker and Mr. Piper. Both did not indicate prec i sely what t he 

required time constants were, whether they had to go down to steady state on 

the measurements, and how fast the response had to be on the other hand. 

Robert Bunker, Kirtland AFB: First of all, on soil stress gages we have 

been using a charge amplifier with the device, and the time constant i s around 

40-60 sees. We do like to go that low, and we can calibrate the device under 

hydrostatic pressure. 

Thomas Piper, Aerojet Nuclear Company: The upper limit on my device 

is about 300 Hz with the carrier frequency of 3 kHz. 

Patrick Walter, Sandia Laboratories: I have a question for Mr. Bun ker, 

Mr. Piper, Mr. Smith, and Mr. Dean, at least . Why did you become transducer 

manufacturers yourselves rather than pose the problem to industry? 

Bunker: Basically, in lookin~ at the piezoelectric devices that are on 

the market the Q is quite high. The polymer has some internal frict ion and 

some damping associated with it . It looks like the transduction element 

will be very inexpensive. Many people in the transducer manufacturing busi

ness are not willing to leap into a totally untried and unproven field to 

produce a transducer . As a result of the initial work we have done , we have 

started to deal with some manufacturers, and after seeing the potential, 

they are willing to move in that direction . 
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Another area oftentimes neglected is one of calibration . Starting off 

on our own we could incorporate in a piezoelectric device a down-hole 

calibration scheme using the reciprocity approach. It is possible to use 

another polymer bonded to the first as a driver. You can drive the sensor 

polymer and establish an in-situ kind of calibration. I think the idea and 

the principles must be addressed before you can throw a job out to the 

manufacturers . 

Wi l lard Smith, NASA, Ames: We at Ame s do use commercial wind tunnel 

balances for most of our applications. Sometimes we do specialized tests that 

require a development program to build a balance . In this particular case I 

wanted to experiment with my hour-glass beam. 

Thomas Piper, Aerojet Nuc l ear: In the case of the variable reluctance 

transducer (VRT) it is true there are quite a few vendors. You might have 

noticed in the slides that the VRT is an integral part of the transducer, 

and in some cases the turbine, etc., are all built in. It is very difficult 

to get a vendor to work with you and do the whole thin9 in this sort of effort. 

Furthermore, the VRT manufacturers had not worked out the compensation scheme 

that we used and wh i ch was very important to the operation of the unit. 

Mills Dean, Ill, Naval Ship R & D Center : One reason for our in-house 

work is, of course, we are there. That means a lot to the test engineer . 

Speaking of boo-boos, about 10 years ago our hydrodynamicists decided to go 

to industry and get the one universal, ideal pressure gage that would make 

a 11 their measurements . The contract was a\'Jarded to a \'Jest coast company to 

build this ideal pressure gage. To my surprise, I was invited to go along 

and witness the water tunnel acceptance tests, so we arrived in California, 

and sure enough, there was a nice little sting with a silhouette where the 

pressure gage was mounted, and they said, 11 1S there anything further before 
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we close up the tunnel and fill it with water? 11 I said, 11 Let's just check 

strain direction and make sure everything is \'JOrking. Just press on the 

diaphragm there. 11 They said, 11 But you won't get any output. 11 Dean: 11 But 

isn't it a pressure gage? 11 Them: 11 Yes. 11 Dean: ··~Jell, where's the diaphragm? 11 

They said, 11 0h, that ' s inside the annular hole. 11 Apparently the contract had 

been worked up such that it did not require a flush diaphragm pressure gage. 

We had just bought a pressure gage that we could not use. That's another 

reason why we do in-house work. 

John Carrico, Bendix Research Labs: Mr. Bunker, we are thinking of 

investigating polymer diaphragms. What sort of diameter-to-thickness ratios 

can you make these polymers? 

Bunker: It is possible to cut the polymer in just about any diameter 

you like. We have been working with 2-mil to 10-mil material. It is all 

available. If you like a larger diameter, work with it as big as you like. 

The Navy is considering the possibility of using a polymer on the external 

surface of a submarine sonar device. It hasn't developed to that large a 

state yet, but at least it is one consideration that the Bureau is working on. 

Carrico: I'm thinking of one application as a deflection diaphragm. 

What material is it again? 

Bunker: Polyvinylidene fluoride. It looks like thin mylar sheets, 1-mil 

to 20-mils thick. 

Carrico: How is it mounted? 

Bunker: Epoxy bond in some cases, depending on the application. If you 

don't want to influence the strain sensitivity, you can use different adhesives, 

such as rubber cement, epoxy, etc. It does have strain sensitivity. 

Carrico: You used it in the piezoelectric mode and looked at the piezo

electric phenomenon. Have you ever considered vibrating it and looking at 
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changes in the resonance mode? (Bunker : Yes.) That would change with 

pressure? 

Bunker: It should change with pressure, and if you had an inertial mass, 

it will certainly change considerably. 

Carrico : Have you tried those experiments? 

Bunker: We have tried this with an inertial mass, and we did run into a 

strain sensitivity problem. A thin, flat piece of this material, about 1 em 

in diameter without any diaphragm on it has a 600kHz natural frequency. 

Stra i n compensation is necessary. We are using two pieces of polymer that 

are poled and then fused together at the edges. We bond one half on the under 

side of a plate and the other half on the top side of the plate. Each piece 

of polymer is loaded with an inertial mass. The two pieces of polymer can be 

wired to get compensation and shear sensitivity on the diaphragm and twice 

the output. I might add that the applications are probably limited only by 

the gen i us of the person making the measurement, but you have to give considera

tion to all the factors. 

Henry Freynik, Lawrence Livermore Lab: When you measure pressure in a 

l i ne-of -sight pipe, what fs the working fluid? 

Joh n Kalinowsk i , EG&G : The media immediately surrounding the n~clear 

explosion is vaporized to such an extent that it becomes the pri~cipal constitu

ent of t he gas . Therefore, the gases are generally vapors of silicon dioxide, 

water and iron. Temperature, luminos i ty, and ionization of the gases are also 

measured in addition to the pressure measurements. 

Freyn i k: The designs you are thinking of using have progressively 

longer and longer cavities. Do you anticipate problems of ringing? 

Melton Hatch, EG&G : We had noticed problems with the original de-

signs, and that•s why the 1-l/2 in. size is an adaptation from an old transducer 
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where t he diaphragm was l oca t ed abo ut 3/ 4 i n. up i nto t he t ransducer body 

and sepa rated by a #4 AN f itting. The r equ i rements of ou r measurements 

changed f rom a low speed measurement to a much higher speed measurement, so 

t here was a lot of making do with what we had on hand. We have t ested all 

t he conf igurations shown i n gas guns . We are j us t about r eady t o t est t he 

latest des i gn in a gas gun t o see wha t effe cts we may have f rom ri ng i ng due to 

possible resonant cavit i es . 

Allen Diercks, Endevco: The material you are talking about sounds 

vaguely similar to what some people call Electrets. Can you identify the 

source material? 

Bunker : I think this material probably does not fall in that category. 

I'm not the world's best expert in this line. I suggest, if you really want 

to identify the material and polymer chain and alignment of the dipoles, that 

you contact Seymour Edelman at the Bureau of Standards. I do feel he is proba

bly most familiar with that particular material. 

Diercks: We made a study of Electret materials and discovered that the 

sensitivity decayed relatively rapidly with time. Did you experience the 

same effect with your material? 

Bunker: No. The material after poling does drop off slightly, but after 

a short period remains constant. It has been observed over a period of a year 

or so and it is constant over that period of time. 

Terry Trumble, Wright-Patterson AFB: About 2-l/2 years ago we had a 

contract with Seymour Edelman to develo~ piezoelectric sensors. There will 

be a report forthcoming and will be available for the attendees as soon as 

released by NBS. Edelman did a tremendous amount of work on that particular 

material which turned out to be the most stable. He was able to stabilize it 
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to 450°F without any appreciable change in properties. We developed the 

material for the purpose of fire detection. We found out that it was an ex

tremely fine piezoelectric device. It was very sensitive to the opening and 

closing of doors, so we had to hermetically seal the device. Anyone interested 

in the report can send me his name and I will send him a copy. 

Wilner: On the frequency response of your small sensors you said that 

these sensors had been tested in a helium shock tube or shock tube equivalent. 

Isn•t that going to be wildly different than the frequency response in a water 

environment where the water loads the diaphragm? 

Dean: About a factor of three different. The hydrodynamicists feel that 

in slamming studies it is really an air block on the hull, not so much water. 

Wilner: Of course with a lot of white water you•re getting more into 

measurements on white water, which is a complete mix. 

Dean: You•re looking at foam. 

Wilner: Those are complex problems. 

Dean: Yes, it does alter the characteristics, but I don•t know anyone 

who has built a calibrator. Paul Lederer, do you know of anyone who has tried 

to calibrate the gage in the mix? (Lederer: No.) 

Freynik: I have a question for Bert Dennis on the actual temperature 

measurement. I had an opportunity to read your paper, and you push a thermister 

against the bottom of the hole. You had rather long time constants of hours, 

and I was wondering how the heat was conducted into the thermister. Were you 

losing heat down the thermister leads? How did you get the thermister up to 

the temperature of the rock? Did you depend on conduction from the rock at 

the tip? Or did you have a convection process going on from the sides of the 

hole that heat up several feet of the length of the probe? 
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Bert Dennis, Los Alamos Scientific Laboratory: We designed the probe 

initially to put the thermister in as intimate contact with the rock surface 

as possible. We did use a little foil that pressed on the core stub. This 

core stub stuck up 10 em off the bottom of the hole. The hole bottom is the 

least thermally disturbed area during the drilling phase. Before the tempera

ture measurement was made we circulated water in the hole for one hour to get 

rid of drilling chips and sediments on the bottom. We found that sometimes 

it would take 30 hours after starting the measurement before we could extrapo

late a ~ood temperature off the rock. 

' Walter: I have a question on strain sensicivity of pressure transducers. 

There is a strain sensitivity test for accelerometers, and there is always a 

question of what it really means or how it equates to the real world, but at 

least there is a comparison there that manufacturers can specify to. We have 

no such thing for strain gage transducers, although there are indications that 

some designs are much more sensitive than others. I would be interested in 

comments on this subject, 

Lederer: The base strain sensitivity test in !SA standards refers to · 

piezoelectric accelerometers, not strain gage accelerometers. We have not 

done anything on strain sensitivity in regard to strain gage based pressure 

or acceleration transducers. It never really occurred to any of us or to the 

• people we are dealing with that there was really a problem. Steve Rogero, 

any comment? (Rogero: No.) 

Peter Stein, Arizona State University: I think that the work done by 

the group Mr. Hatch represents is perhaps more significant th~n it might appear. 

If strains in the pipe are apparently reflected in changes in diaphragm strain, 

the calibration of the transducer should also change. Have you done any work 

on that? It wouldn 1 t really much matter if it were a piezoelectric 
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transducer or a resistance strain gage transducer. Both would be strain 

sensitive but by different amounts. We ran across similar problems for vibra

tion sensitivity of pressure transducers sometime ago. 

We have always buried a transducer next to the one doing the measuring, 

but only part way through the pipe wall, simply as a record to find out whether 

or not we were recording something extraneous to the problem. In your case 

limited channel capacity will not let you do that. I think the strain relief 

annulus is a simple, ingenious type of solution that really ought to be sold 

as an accessory to all pressure transducers for measurements in environments 

where large strains are present. 

Hatch: The adapter incorporating the annular groove is rather expensive. 

In our case anything put down-hole is a one-shot deal, so the expense is of 

some importance. As Pete Stein mentioned, the solution of putting strain gages 

on the pipe next to every transducer is soo1ething we can•t do everytime because 

of wire-cost and channel-cost consideration . I think in any test design one 

has to evaluate the total situation to be sure you are not picking up some 

undesired signals. In our case we have to be careful that we don•t get any 

resonance frequencies due to the annular groove or any extraneous problems 

due to a shock coming off the edge of that groove. 

This is both a static and a dynamic pressure measurement we are attempt

ing to do here. Therefore, we do shock tube testing of the transducer in

stallation . I favor the floating design somewhat over the annular groove. 

The cost of the adapter with a deep annular groove is around $50-$70. The 

cost of the floating adapter is about $50-$70 also because it is in two 

pieces. The cheaper version of the floating adapter, the last one shown, cost 

about $5 in production. 
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Richard Taylor, Wright Patterson AFB: Mr . Dean, is your pressure trans

ducer a strain gage type i n a bridge configuration? 

Dean : Yes, i t i s a standard gage made by Micro Measurements . BLH has 

a comparable unit with four act i ve arms designed to pi ck up the highest bend

ing moments of diaphragm deflection. We use the smallest gage made that has 

a four-arm Wheatstone br idge . I have a sample here. 

Joseph Delis, General Electric : In your presentation you talked exten~ 

sively about temperature environments of 160-250°C. What was the pressure 

environment at those levels? 

Dennis: The hydrostatic pressure was 1200 psi at 6700 feet. To initiate 

fracture in the rock, we pressurize an additional 2000 psi. Once fracture 

was initiated we could reopen the fracture with a pressure of about 1800 psi. 

Fuselier, Lawrence Livermore Laboratory: ~J ere the different components 

of the balance read out as single active gages or completed as full bridge? 

Smith: All four legs were complete bridges. 

Fuselier: Is that kind of instrumentation ca l led a' sting balance? 

Smith ; It is a variation, but looks very much- like. a sting balance. 

This particular design could be used in several -ways. In this case it really 

wasn't a sting balance. It went over a shaft rather than mounting on the end 

of a sting. 

Fuselier: Is it called a sting balance because it mounts on a projec

tion into the wind tunnel air stream? 

Smith: The sting is mounted typically on supersonic airplane models. 

The model of this particular jet airplane has a tail pipe hole. It is very 

convenient to mount the model with the sting extending i nto the tail pipe . 

The balance rotates on the end of the sting, and you have a valid aerodynamic 

model with no strut interference . 
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Fuselier: Three questions I'll ask all at once. Are the transducers 

still being manufactured in-house or by a commercial supplier? The other 

two: How do you calibrate transducers basically and also for temperature 
"' 

effects? ( 

Piper: We are still manufacturing transducers in-house. It has been a 

very short period of ti me since we started . Usually we start looking for 

vendors as soon as we see that there is a fairly sizeable quantity require-

ment. Commercial vendors are not l i kely to become involved in small require-

ments. I guess the question centers on whether we could implement a commercial 

vendor's VRT into this fairly distinct type of instrument. Making the leads 

integral is fairly difficult to do. The vendor would have to do the whole 

job and for a limited quantity that's not likely. 

The actual calibration of drag disks is done in-place where they are used 

in experiments. ~le usually know the flow path in the steady state and we 

make velocity-versus-output recordings and also drift-down measurements in 

the flow to see that operation is normal and to get zero offset in output 

ve.rsus flo\'J. Temperature sensitivity is tested before delivery to the cus-

tomer. The unit is mounted in the top of an autoclave, subjected to the 

2200 psi pressure, brought up to 650°F and the output observed. If anything 

abnormal is seen, the unit would be rebuilt or the trouble found and 

corrected. 

I didn't get a chance to state the results we achieved with this unit. 

We had the sensitivity remain constant from room temperature to 650°F with 

in 1 .8% of full -scale or 0.003%/°F. Zero null remained fixed within+ 0.5% 

of full scale in the same temperature range. The unit withstood plunging 

it from 650°F into 70°F water with a+ 3% of full-scale output occurring 

during this extreme shock. 
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Stein to Hatch: Have you tried to calibrate the transducer as it is 

being squeezed in the test fixture? 

Hatch : No, we haven't done that. The only thing I can say is that I 

assume the transducer has been compromised. You can never tell because some 

transducers in some orientations in the pipe produce no response from the 

squeezing. That doesn't mean that the diaphragm hasn't been affected in some 

way such that it does not respond to pressure as it normally would. 

Bunker: I have a question about the application of your transducer in 

that environment. The question is associated with the content of the thing 

you're trying to measure. Is it possible that you have a loading of the 

diaphragm with other than a gas? That is, the density of the material could 

run from dust particles to fiberized iron or whatever. What does that pres-

sure represent when you read it? 

Hatch: First of all, the pressures are side-w~Tl pressures. We can't 

get into looking at total or stagnation pressures. In all case~, as far as 

we know, they are all gas pressures. John, would you like to make any com

ments on that? 
I 

Kalinowski: We usually are talking about natural gases such as carbon 

monoxide and carbon dioxide. The iron fibers normally stay high enough up 

in a region where those fibers are cooled down and we don't have a deposition 

problem on the diaphragm. We do use shields to help protect from debris of 

any sort impinging on the diaphragm. As Mel mentioned, we are in a side wall 

and recessed 0.02 inch so we don't get any reflection into the diaphragm. So 

you can say we are working from a low density to a not too high density of 

material. 

We use other types of instrumentation--ion gages and others--to tell us 

what the gas is and whether it is in an ionized or a plasma state. We use 
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thermocouples to tell us the temperature. We use photocells to tell us the 

luminosity to compare that with temperature. So we have a good idea what 

the gas looks like and what it is, but we usually stay up in a region where we 

don•t have to worry about direct device debris. 

Phil Coleman, Systems, Science and Software: Have you observed any 

zero-shift in polymers? 

Bunker: No. Basically, if you de coupled and if you looked at long 

time constants, you should be able to see that sort of effect. In the applica

tions we have made we didn•t observe measurable changes in de output. Con

sidering that the time constants are in the period of 40-60 sees, we did 

fairly well. 

Coleman: What was the level, 10% or 1%? 

Bunker: It is difficult for me to put a number on that, but I would say 

within a few percent. 

Darrel Harting, Boeing Aerospace, to Dennis: Have you made enough 

measurements to conclude what the lifetime of power stations might be? 

Dennis: As I mentioned when I showed the slide of the LASL concept, 

theoretically cooling of the rock near the injection well would set up thermal 

stresses and crack the rock perpetually. The cracks would extend into the 

formation of deeper and hotter rock. If this is the case, then a thermal well 

will last 100 years. If thermal stress cracking does not take place, life of 

the well will probably be 20 years. One feature I might point out is that 

if the well had a 20-year life, it would be relatively simple to move to the 

other side of the power plant and sink another well and continue operation with 

the same surface facility. Then, by the time the second well had cooled down 

to where it was inefficient, you could go back to the original well which 

would have heated up again during the 20-year rest period. 
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Eldine Cole, Kaman Sciences : What useful range of stress levels do 

you anticipate that your devices are good for? 

Bunker: When we observed strain sensitivity of the material, we had 

it fastened to a di ap hrag m. The diaphragm had a sensit i ve area about 3 in. 

in di ameter. We were looki ng at bending of the di ap hragm. I don 1 t recall 

exac tl y the numbers t o use. I think it was about 40 microin. of def l ection 

per 1000 ps i be i ng appl ied . You wi ll have t o convert t hat yourself. 

Freyn ik: I would li ke to ask Willard Smith to discuss the metal selected 

for hi s balance- -why he chose that particular metal and how he machines and 

heat treats it. 

Smith: We used 15-5 stainless steel for the metal . We chose it because 

it has good elastic properties and a simple heat treatment that is essentially 

distortion free. It is interesting you should ask about heat treatment. This 

particular balance is brazed together so that it acts like a solid balance. 

That theoretically eliminates the hysteresis you would get in a compound 

balance with mechanical joints. We didn 1 t quite eliminate hysteresis in this 

balance . The purpose of the brazing was to eliminate any mechanical motion. 

Heat treatment and brazing were done in one operation. We nickel plated 

ar eas to be brazed, used a copper braze, brought the balance to 1900°F braze 

temperature (this also anneals 15-5), cooled to room temperature, then brought 

it back to 900°F for 1 hour, then cooled to room temperature. This H-900 

heat treatment produces 180,000 psi yield strength. It was a very simple, 

neat, combined heat treatment and braze. 

Wilner: What is the response of your balance to thermal gradients? 

It is a couple of inches long, and the heat source and sinks are separated. 

How does it respond to heating in the middle and cooling on the outside 

surfaces? 
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Smith: That is a good question and an astute observation. The way the 

strain gage bridges are hooked up we have to have pairs of gages on opposite 

sides of the balance. Fortunately, there is axial symmetry in the balance 

so we don•t need to consider gradients across the balance. There very well 

may be a temperature gradient where the inner cylinder and outer cylinder 

could be at different temperatures. That should not affect X or Y output 

nor should it affect shaft torque output. It would directly affect the thrust 

output. We gaged both measuring stations, then we added the two outputs in 

parallel . The thermal gradient effect on one bridge at one measuring station 

would be equal and opposite to the thermal gradient effect on the other measur

ing station. Therefore the signal would cancel. 

Howard Grant, Pratt and Whitney Aircraft: What was the purpose of the 
. 

soil stress measurement you were making? 

Bunker: In the testing work that we are doing \'.Je are trying to simulate 

nuclear environments with high explosives to test missile systems. It is 

necessary to know the stress-strain relationships that occur under dynamic 

conditions. We also measure ground motion accelerations and velocities. 

The session concluded with the reading of selected boo-boos and an 

anecdote from the magazine 11 Sound and Vibration 11 editorial. 
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FU!L-AIR ·EXPLOSIVE BLAST MEASURm-fENT 

Larry H. Josephson 

Naval Weapons C~nt~r 
China Lake, CA 

Abstract 

During the d~v~lopm~nt of Fuel-Air Explosiv~ (FAE) weapons, it is 
necessary to measure their blast output in order to evaluate their 
effectiveness and to determine the influence of design changes. A 
brief description of the FAE blast environment is given and the re
quirements this places on the measuring syst~m in order to obtain 
ad~quate data for weapon d~velopment. The system that has evolved at 
the Naval Weapons Center for measuring F~ blast is descri~d. Th~ 
topics covered include transducer selection, transducer mounts and 
signal conditioning. Some of the problems that hav~ been encountered 
over the years are discussed as well as th~ solutions that have been 
implement~d. 

A new blast arena has ~en installed on one of the aircraft ranges in 
order to measure the blast performance of FAE weapons und~r realistic 
operational conditions. The incorporation of design f~atures bas~d 
on previous experience are discussed. 
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FUEL-AIR EXPIDSIVE BlAST MEASUREMENT 

Introduction 

by 

Larry H. Josephson 
Naval weapons center 

China Lake, California 

The use of Fuel-Air Explosives (FAE) in free air is a relatively recent 
development. A distinction needs to be made between an explosion caused by 
the ignition of a flammable fuel-air mixture in a confined space and a free 
air FAE. Most accidental fuel-air explosions are deflagrations, although 
they may accelerate to a detonation under proper conditions of confinement. 
FAE, as defined here, is a reaction that is initiated as a detonation and the 
detonation propagates throughout the fuel-air mixture. Because the reaction 
is initiated as a detonation, confinement is not required and operation in 
free air is feasible. This mechanism has been weaponized. 

In order to evaluate the effectiveness of FAE weapons it is necessary to 
measure the blast overpressures both inside the detonating fuel-air mixture 
and in the blast decay region outside the detonable region. The FAE \veapons 
currently under development or already in the inventory all rely on explos ive 
dispersion of a liquid hydrocarbon fuel to form the fuel-air mixture. As a 
result of this process most of the fuel is still in the liquid phase rather 
than the vapor phase and the fuel-air mixture that is detonated is actually an 
aerosol of fuel droplets in air. Detonation of this aerosol cloud is 
initiated by a separate high explosive charge which is usually positioned 
within the aerosol or FAE cloud, as it is called. 

The FAE Blast Environment 

The detonation pressures obtained from all the hydrocarbon fuels tested 
to date have varied between 250 psi and 350 psi. The positive phase duration 
is determined largely by the physical size of the FAE cloud, or rather , the 
distance the relief wave has to travel to relieve the pressure. The longest 
positive phase durations measured to date within the FAE cloud have been about 
25 msec. Longer durations have been measured well outside the FAE cloud. 

Because the aerosol clouds are not homogeneous it is difficult to predict 
the direction the detonation wave will be traveling at any given transducer 
location. Thus the actual peak pressures measured within the detonating 
cloud will range from the side-on pressure (~300 psi) to the pressure obtain
ed on normal reflection(~ 2,000 psi). The local perturbations in the detona
tion front that result from the cloud inhomogeneities disappear rapidly in the 
blast wave that is transmitted into the air outside the aerosol cloud. Thus 
the direction of the blast wave outside the fuel-air cloud can be predicted 
with good accuracy. 
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Transducers positioned within the detonating cloud are subjected to a 
large heat pulse, both radiative and convective. If the transducers being 
used inside the cloud require thermal shielding, precautions must be taken to 
insure that the shielding is not removed by the relatively high velocity flow 
that follows the detonation front. 

By their design, FAE weapons produce few metal fragments and, therefore, 
judicious placement of the transducers will usually eliminate any need to 
shield them from fragments. 

Measurement System Requirements - Transducer 

As stated above, maximum pressures on 
encountered on within-cloud measurements . 
with a 2,000 psi capability are required. 
the transducers are mounted flush with the 

the order of 2,000 psi can be 
This would imply that transducers 
In actual practice, however , when 
surface and the FAE clouds are 

formed in contact with the surface, peak pressures in excess of 1,000 psi are 
seldom observed. Thus transducers with a lower pressure range are often 
acceptable and may in fact be preferred, depending on the type of data 
desired. It has been observed that pressure pulses in excess of 500 psi are 
usually spikes. That is, the amount of time that the pressure is above 500 
psi is very short, usually less than 0.1 msec. If one is ·evaluating the 
military effectiveness of a weapon the measure of interest is usually the 
impulse, or the area under the pressure-time curve. If a ,2,000 psi pressure 
transducer is used to insure catching any pressure spikes, the resolution 
of pressures below the 100 psi level is usually reduced, yet most of the 
impulse is obtained from that portion of the pressure-time curve that lies 
below 100 psi. Therefore, less error is usually introduced into the measure 
of interest, i.e., impulse, by using a measuring system designed for 1 , 000 
psi, or even 500 psi, in order to obtain better resolution of the lower 
pressures and accept any inaccuracies in the measurement of the peak pressure . 
Two precautions have to be observed) however, if this is done . One is to 
insure that the transducer will not be damaged by the maximum pressures it 
can be exposed to. The other is to insure that none of the signal processin g 
equipment is driven into saturation by a high peak pressure, or, if it is, 
that the recovery time is short enough that the data is not biased signifi
cantly. 

Following the same rationale, i.e., impulse rather than peak pressure is 
the primary measure of interest, the FAE working party of the JTCG/MD has 
recommended a minimum system frequency response of 20 KHz for measuring FAE 
blasts. This is not fast enough to give good resolution of the narrow 
pressure spikes mentioned above but does give good resolution of the remainder 
of the pressure time history. In order to give a faithful reproduction at 
20 KHz the lowest natural frequency of the transducer should be on the order of 
100KHz or higher. Systems with higher frequency responses have been used 
but the ratio of 5:1 between transducer natural frequency and desired system 
response should be maintained. 

Since pressure pulse durations on the order of 50 msec have been recorded 
outside the cloud the measuring system needs to have good low frequency 
response. It is recommended that the low frequency roll-off be no higher than 
2 Hz with 1 Hz or lower being desired. 
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Two other characte ristic s o f the transduc er that are always desirable 
in blast measurement are low thermal s ensitivity and low accelerat i on sensi
tivity, although proper shielding and mounting can do much to minimize 
perturbations due to these effe cts. 

Measurement System Requirements - Transduc er Mounts 

The transducer mount is as importa nt in obtaining good blast data as 
selecting the right transducer. The primary function of the mount, of course, 
is to hold the tra nsduc er in the prope r position. 

In order to m~n~m~ze displaceme nt of the mount by blast loading a large 
mass is desirable. Also, a good rigid coupliug to the mass is de sirable to 
minimize vibrations. Other desirable features of a transducer mount are that 
it provide electrical isolation, protec t the cables l e ading to the transducer, 
and minimize distortions of the blast wave. 

Figures 1, 2 and 3 show examples of transducer mounts that have been used 
at the Naval Weapons Center (NWC) . Most measurements have been made with the 
flush mounts shown in Figures 1 and 2. The lead bricks with the Teflon 
inserts have been found to provide good electrical isolation and excelle nt 
vibration dampening. Care has to be taken when mounting pencil probes to 
insure that the -mount does not provide a reflecting surface for the blast wave. 
This is why the probe is projected we ll in front of the basic mount in Figure 3 . 
The pencil probes are typically used only outside the cloud where the blast wave 
direction is known and thus the peak pressures are usually below 100 psi. 

Measurement System Requirements - Signal Conditioning 

The frequency response requirements for the signal conditioning portion 
of the measurement system are the same as listed above under transducers. 
That is: a high frequency capability of at least 20 KHz and a low frequency 
roll-off below 2 Hz. One system used for blast measurement at ~C has a 
frequency response of 100KHz, yet a transducer with a natural frequency of 
250 KHz is used on most tests. To maintain the proper relationship between 
system frequency response and transducer natural frequency a low pass filter 
is used on playback. 

On most test setups it is desirable to be able to adjust the gain of the 
signal conditioning equipment so that the expected pressure will give close 
to full scale response. 

Another factor that must be considered is the capability of r ecording 
pressures over fairly long lines. Line lengths used at NWC have varied 
between 500 and 1200 ft. Two basic types of instrumentation systems are 
currently being used at NWC to measure FAE blasts. Both use piezoelectric 
transducers. One system uses charge amplifiers which are located at the 
instrumentation bunker; the other system uses piezoelectric transducers with 
built in impedance converters with just the power supply located at the 
instrumentation bunker. Both give satisfactory performance although the 
charge amplifier system, because it is a high impedance system, requires 
that more care be taken during test setup. The charge amplifiers

1
however, 

137 



1--' 
w 
co 

TRANSDUCER 
TEFLON BUSHING 

TRANSDUCER MOUNT 

Figure 1. Transducer Mount for Static Test Site. 

INSTRUMENTATION 
TROUGH IN 
CONCRETE PAD 



I-' 
w 
1..0 

LEAD BRICK 

1/2 · 55 GAL. DRUM 
FILLED WITH CONCRETE 

TEFLON BUSHING 

MOUNTING STUD HOLES 

CONDUIT 

Figure 2. Transducer Mount for Field Use . 

TRANSDUCER 



w 
a: 
;:) 
t-g 
a: 
t; 
w 
a. 
0:: 

+-l 
t:: 
;::l z 
0 

N ~ .... 
H 
Cl.l 

... 
I ... u 

;::l 

w~ 'tl 
C/J t;z ~ 
(\) a:_ 
H ~t- E-< 

8~ Cl.l 
,.0 
0 
H 

p... 

.-i 
·rl 
u 
~ 
Cl.l 

w 
a. 
a. p... 

z 
(") 

Cl.l 
H 
;::l 
()!) 
·rl 
~ 

140 



provi d e gr ea t er flexibility in matching the gain to the a n tic ipated s ignal 
level tha n does t he impedance converter system . 

The c harge a mplifier sys t em is u sed a t a perma n ent stat ic t es t si t e that 
has a con c r ete t est pad (Figure 4). Gr ea t flexib ility i n the signa l con
ditioning s yst em is required at this site b ecau se of the l arge var ie t y in the 
t es t s conduc t e d t here . The i mpedance conve r ter sys t em is used on a n a ir 
drop b las t t es t aren a (Figu re 5). Th e i n accuracies i nvolve d i n de live ring a 
weapon t o the t arge t require t hat each channel in the syste m b e s e t up to 
measure the maximum expected pressure , s o little flexibili ty is r e quired, 
a lthou gh a l arge dynamic ran ge is desir ab l e . 

Whe n evalu a t i n g weapon ef f ec t i v e n ess it is f r e que nt ly neces s a ry to take 
the blas t r a n ge to the target rather than t he target t o the b l a s t r a nge . 
Since the basic ins t r umentation is read i l y portabl e , i . e ., c ha r ge ampl i fi e r s 
o r power supplies a nd t ape recorde r s , a ll that i s nee de d to make a portable 
syste m i s an i n s t r umenta t ion v a n to mount the e qui pme nt in and porta ble 
transducer mount s . 

Operational Se que n c e 

The same ope rat i ona l sequence is use d with portable syste ms a s with the 
sys t em a t the perma n ent t e st s i t e. First, the transducers are s c r e ened on a 
shock tube . Thi s is not a calibra t ion but a c h eck to see that the transduce r 
is f unctioning prope rly. The most common fault de t ec t e d is ringing well 
below the state d natural fre quency . Othe r faults detec ted are slow rise 
time s or r a pid dro p o f f of the s i gnal. Th i s type of screening i s c onducted 
with all n e w transduc ers a nd periodically thereafter. 

The pressure calibra tions a r e done with the transduc er c onnec t e d to the 
appropr i ate in s trume nt channe l. In this wa y the comple t e channe l is calibrated, 
not just the tra nsduce r. I t would b e desirable to do all calibrations with a 
shoc k tube so tha t the trans ducer is e xpose d to a pre ssure pulse that has the 
same rise time a s the pressures to b e me asure d exper i mentally. A prac tica l way 
to do this with a po rtable s yste m h a s not been found. Several dif fe r e nt 
cal i bra tor design s h a v e b een used a t NWC in a n a ttempt to simulate a s c losely 
a s possible the desire d pres s ure r ise . The cal i bra tors curre ntly used at NWC 
are b a sically rapid op e n i ng v a lve s givi ng pressure pulse s wi th a few milli
s econd s rise time . Pulses with th i s r i s e time do not excite the ringing modes 
d e t ec t e d with a shoc k tube a nd the r efore th i s t ype of c a libration cannot b e 
de pe nde d upon fo r d e t ectin g faulty t ran s ducers . 

Whe n the tra ns duce r s a r e in s t a lle d in thei r mounts three precautions must 
b e obse rved. The tra n s ducers mu s t b e tight in their mounts so tha t they do 
not vibra te inde pe nde nt ly o f the mount, all electrica l c onne ctions must b e 
c l ean, a nd all electr ical conn ec t i ons must b e tight. Loose and/or dirty 
elec trica l c onnec tions a r e a c ommon source o f noisy signals. Clean c onnec 
tions a r e p a rtic ula rly i mp ortant wi th charge amplifie r sys tems. The oil from 
a thumb print can measureab ly d e grade the s ignal with the se high impedance 
syst ems . 
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The wires should always be positioned away from the blast source, that 
is, the blast wave should reach the transducer first. All movement of the 
wires should be prevented if possible. 

After the transducers are installed in their mounts the thermal shielding 
should be applied. Black plastic electricians tape is used for most applica
tions at NWC. For within cloud measurements on the larger devices an addi
tional layer of tape is used along with a spray coating of reflective paint. 
Silicone grease and RTV rubber have been used by others with good success. 
However, experience at NWC indicates that an opaque layer is required to 
eliminate any radiative effects below the shielding layer. 

Just prior to the actual test shot the functioning of each channel is 
verified by tapping lightly on each transducer. Never use a hard object 
such as a screwdriver to do this. Even though the transducer is tapped 
lightly, extremely high local stresses are developed at the point of contact 
and a cracked crystal can result. Tapping with the index finger or some 
other soft object works fine. 

Summary 

In summary, the following statements can be made: 

1. Select a transducer based on the parameter of most interest. 
2. Make sure the signal processing system is compatible with the trans-

ducer. 
3. Calibrate the complete system. 
4. Use solid mounts. 
s. Make sure all connections are clean and tight. 
6. Use adequate thermal shielding. 
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TRANSOOCER APPLICATIONS IN AIRBORNE INSTRUMENTATION 

Tom Rodgers & Jqrry Wright 

Armament Development and Test Center 
Eglin AFB, FL 

Abstract 

The development of modern airborne weapon systems requires constant 
attention to numerous factors having an effect upon flight safety and 
ordinance delivery accuracy. Th~ evolution of higher speed aircraft, 
with increased ordinance carrying capability and more diverse ordinance 
shapes, has c~ated the requirement for more precise analytical and 
empirical description of the store separation phenomp,na. Inflight 
measurements must be made to realistically account for hardware dynamics 
and aerodynamic loading effects on stores which cannot be simulated. 

Several syst~s have been designed and fabricated by the Airborne Instru
mentation Branch, Engineering Division, ADTC,to obtain the pertinent 
physical paramet~rs that affect stores upon their separation from an 
aircraft. 

These systems have requirP.d the unique application of standard types of 
transducers and the manufacture of some unique transducers to obtain some 
standard measurements. Various modes of signal conditioning and recording 
have been utilized: low level signal amplification, large signal buffering, 
time division multiplexing, frequency multiplexing, airborne magn~tic re
cording and telemetry. The complexity of the transducer applications is 
compounded by the rigors of collP.cting data in the airborne ~nvironment . 
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TRANSDUCER APPLICATIONS IN AIRBORNE INSTRUMENTATION 

INTRODUCTION: Prior t o the development of high perfor mance jet airc r aft t he 

separation of a mun i tion f r om an aircr a ft was not of gr eat compl exity . The 

slower ai r craft of yesterday , combined with the s cenario of relatively high 

alt i tude , f or mation f l i ght munitions rel ease caus ed f ew pr oblems during the 

actual separ at i on of t he munition . 

Today' s modern fighte r t ype aircraft, however, att empt t o delive r muni

tions at hi gh speeds (whi ch approach and occasionally exceed the speed of 

sound) while performing vari ous maneuvers . As a result, the s afe release of 

munitions from an airborne vehicle becomes a subject of significant interest 

and study. Thi s concern is not confined solely to the unguided or "dumb" 

bomb but also incl udes the newer guided or "smart" bomb. In the past a very 

l imited body of data has been available on the magnitude and variations of 

f orces and delays inherent in an aircraft/weapon release system under dynamic 

conditions. This data must be available before the extent of associated 

weapon delivery errors and their contribution to system accuracy and weapon 

effectiveness can be determined. 

Thus instrumentation has been developed to determine the quantitative 

history of critical parameters during the release of munitions from various 

f i ghter type aircraft. 

BACKGROUND: Munitions are carried aboard aircraft by attaching them to mech-

anisms known as racks. These racks serve the purpose of stabili zing the 

munition while the aircraft is in flight and releasing the munition at the 

r eceipt of a command. The munition is secured by movable "hooks" inside the 

rack that are inserted in "lugs" on the munition. Stabilization is accom-

pl ished by rack appendages known as "sway brace pads" (Fig 1 & 2 ), which 

contact the munition at f our points. 

The release of a muniti on fr om an aircraft is accomplished by the firing of 
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an explosive, gas - generating charge within this rack. This gas enters a cyl

inder where a piston driven mechanism removes the retaining hooks from the 

munition lugs and "simultaneously" pushes the munition away from the aircraft 

(Fig 3). Variations in the burn rate of this charge affect all release func

tions of rack. 

The munition separation characteristics (displacement and attitude) are 

determined by the forces acting upon the munition before and during the sepa

ration phase. The reaction to these forces determines not only the safe 

separation but also influences the ballistic trajectory of the unguided muni

tion. 

THE INSTRUMENTATION: 

THE TRANSDUCERS - The basic measurements being made are pressure, strain, 

displacement (linear and digital) and force. Common and unique applications 

of transducers are utilized to obtain the required data. 

The following types of racks have been instrumented and will be refer-

enced throughout the paper: 

MAU-12B/A- A single munition capability (Fig 1 & 4). 

TER-9 (Triple Ejector Rack) -A three munition capacity (Fig 2 & 5). 

MER-lO (Multiple Ejector Rack) -A six munition capacity (Fig 6). The 

first instrumentation was installed in a TER-9 rack during Nov - Dec 1970 and 

has been continually upgraded. Additional units of these racks are now being 

fabricated to satisfy the test requirement demands that have been levied 

against them. 

PRESSURE MEASUREMENTS - The pressure profile developed within the ejector 

foot cylinder by the exploding charge is obtained by modifying the top of the 

cylinder t o accept a piezoelectric pressure transducer . (Each rack is indi

vidually machined to accept the transducers into the cylinder and to allow 

clearance f or e l ectrical connection.) 
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Typical val ue s f or peak pressure is 6000 psi us i ng an ARD 863-l cartridge 

while ejecting a 250 pound s t or e (Fig 7). Cylinder volume is not s i gnifi

cantly affected by the transducer as a virtually flus h mounting i s achieved 

(Fig 8). 

Difficulties were initial ly encountered in obtaining t h i s pres sure data. 

Heating caused by the hot gases in the cylinder caused erroneous outputs 

unt il an acceptable ablative coating could be found . Pressure profiles ob

t ained after applying black electrical tape as ablative coatings a r e as shown 

in Fig 7. The pressure transducers now being used are supplied with an 

ablative coating of GE Type 580 silicon rubber already on the sensing surfa ce. 

STRAIN MEASUREMENTS - Initially strain measurements on the various racks 

were taken on the hooks and sway brace arms. The purpose of the strain gauges 

on the sway brace arms was t o indirectly determine the l oading placed on the 

munit i ons by the pads . This met hod has now been replaced by the use of load 

cells as the pads themselves (Fi g l & 2). This configurati on of the load cell 

was specially developed for use on these bomb racks . The intended e ffect is 

t o exactly replace the normal sway brace pad with the load cell such that 

direct reaction f orces between the pads and the bomb may be read with mi nimal 

influence on the data by the instrumentation . Reaction forces obt ained with 

the load cells i s shown in Fig 11 . 

The strai n gauges on the hooks are oriented t o obtain the l oading of the 

hooks by the bomb during carriage and release. Data can b e obtained during 

aircraft maneuvers to determine rack structural loading limitations in certain 

muniti on deli very modes (Fig 9) . Typical data obtained from these gauges is 

shown in Fig 10 . 

DISPLACEMENT Motion measurements are made on the vari ous racks t o 

determine the time history of the mechanical component operation. Micro

switches are installed to detect the first motion of the linkage which 
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di s engages t he rack hooks fr om the bomb lugs. Switches are also ins talled 

which gi ve i ndi cation as t o the moment of the f irs t downward motion of the 

bomb r e l ative t o the rack (Fi g 5 & 9). Special machine work had t o be ac com

plished t o mount t hes e sensing switches t o obta in the required data without 

i nterfering with normal rack operation. 

Linear potentiometers are attached t o the e jector pi s t on f oot t o give an 

anal og recor d of it s motion (Fi g 2 , 8, 12 & 1 3). Precise machining and mount

i ng techniques were necessary to allow the mounting of this potentiometer. 

Any slight vari ances in ali gnment of the potentiometer and the ejector piston 

arm will cause destruction of the potentiometer or interfere with proper 

operation of the ejector f oot mechanism. 

FORCE - In an attempt t o determine the actual f orce being delivered t o the 

bomb by the rack ejector f oot a piezoelectric l oad cell was mounted on the 

base of the fo ot (Fig 2 & 12). This rather unique application presented some 

mechanical and electrical interface problems. 

The mounting method and size of the l oad cell was chosen so as to preserve 

the structural integrity of the ejector f oot and to duplicate the shape and 

magnitude of the surface area which actually contacte d the b omb and delivered 

the ejection force. Obviously s ome means of delivering the electrical signal 

from the transducer t o the signal conditioning was necessary. Experiments 

with vari ous schemes finally resulted in a l oop of conductor being used which 

is l ong enough to allow full travel of the ejector foot. While the ejector 

f oot is in the "UP" position the excess wire forms a bow in the wind stream 

and presents no operational problems (Fi g 2 & 12). 

THE SIGNAL CONDITIONING, MULTIPLEXING NETWORKS AND RECORDING MEDIA - 0n 

t he single store rack, MAU-12B/A, all of the previously mentioned data is 

gathered for the one mechanism, is conditioned and telemetered to a ground 
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receiving site. A FM/FM system is employed utilizing constant bandwidth 

oscillators, IRIG Channels lA- 13A. All low level signals are amplified uti-

lizing operational amplifiers. All high level logic is scaled as necessary 

(Fig 4 & 14). The composite signal is recorded at the test range site with 

real time of day being recorded on a separate channel. "Quick-look" capa-

bility is utilized at the range site to assure proper system operation. Total 

demultiplexing is accomplished within the ADTC Mathematical Laboratory and all 

parameters are quantized against the time of day. 

For the multiple station racks (TER-9A and MER- lOA) a time multiplexing 

scheme was utilized to prevent the duplication of signal conditioning net-

works. Logic circuitry within the racks is monitored to determine which of 

the various bomb stations will be functioned . The multiplexers are then con-

figured t o allow data from the individual sensors on that station to be r outed 

to the signal conditioning networks. As each successive station is prepa ed 

for bomb jettison, the multiplexers switch to accept that station's senso~s' 

outputs. 

In an early configuration of the MER and TER systems, an on-board tap, 

recorder was utilized t o store the data for eventual reduction (Fig 6 & 1~). 

This approach was taken to allow use of the instrumented racks where ground 

telemetry receiving sites were non-existent or had limited capability. A 

disadvantage of this approach was that the recording system was housed ins ide 

a "durnrny bomb" on one of the rack stations , thus preventing the carriage of a 

full load of jettisonable muniti ons. 

The current confi guration replaces the on-boar d recorder with a FM/FM 

telemetry system, which is contained entirely within the main- frame of the 

rack (Fi g 4 & 14). Extensive telemetry receiving capability within the ADTC 

test ranges allow data acquisition with this system in all projected system 

use profiles. 
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T .E DATA AND ITS USE - Several efforts are now in progress at ADTC that 

are u ilizing the data acQuired with these i nstrumentation systems. These 

progr j s are attempting to determine: The safety criteria for release of 

munit"ons; the structural loading of racks during delivery tactics; the defi-

nitio of rack performance characteristics; variations in rack parameters that 

may a feet munition balli stics ; correlation of computer predi ction programs 

f or r lease parameters with those actually obtained in-flight. 

T is assembly of indivi dual transducers into an operational data acQuisi-

tion ystem is a viable example of the continuing use of transducer technology 

in th airborne instrumentation discipline. 
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I. INTRODUCTION 

Flight test pressure data are required to meet Re-entry Vehicle (R/V) mission objecti es. 

The prime purpose of flight test pressure data are to: 

• Determine the inflight pressure distribution to determine and/or verify the predict d 
forebody and base drag components of total drag (steady state forebody and base 
pressure data required) 

• Verify flow field predictions for trajectory regimes of maximum heating or maxim m 
axial/lateral loading (steady state forebody pressure data required) 

• Determine the altitude of onset of boundary layer transition (steady state base pre 
data required) 

• Determine the boundary layer noise level on the frustum for verification of structu al 
analysis (acoustic/fluctuating pressure data required) 

The purpose of this paper is to present a "state-of-the-art" assessment of flight test pressure 

instrumentation techniques currently in use by GE-RESD. This assessment is provide to 

the 8th Transducer Workshop so that other experimenters within the scientific commun ty can 

take advantage of the recent flight and ground test pressure measurement techniques d veloped/ 

evolved at GE-RESD within the past few years. It should be noted that the scope of thi paper 

encompasses the pressure measurement system from the pressure port to the pressur 

transducer. This paper will deal in four basic areas: 

1. Pressure port diameter/ erosion effects 

2. Pressure tubing diameter/ length effects 

3. Pre-flight calibration of pressure transducers 

4. Acoustic (fluctuating pressure) measurement techniques 
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II. RESULTS/DISCUSSION 

, The following section will consist of ground and flight test data that illustrate current flight 

t est problem areas, and recommended solutions/pressure measurement techniques. 

A. PRESSURE PORT DIAMETER/EROSION EFFECTS 

Pressure port diameter for wind tunnel applications has a negligible effect on steady state 

forebody data; however, port diameter has a significant effect on flight test pressure data 

particularly in turbulent flow. Figure 1 shows ground test wind tunnel data on a slender cone 

that illustrates that the measured steady state pressure level is invariant with port diameter 

ranging from 0. 030 to 0. 240 inch. It is lmown, however, that R/V flight vehicles with ablative 

heat shields will experience pressure port erosion in turbulent flow and that port erosion can 

.. cause erroneous pressures to be recorded (Ref. 1). In addition, ground test data on simulated 

pressure port erosion geometries has demonstrated that port erosion effects can lower the 

measured steady state pressure levels by 25 percent with the lowest pressures corresponding 

with the largest erosion area (Fig. 2). 

Rocket exhaust ablation tests at the Malta facility on full sdale frustum heat shields (Fig. 3) 

have indicated that pressure ports that do not erode produce a constant pressure during the 

run while ports that do erode will produce a lower pressure (Figs. 4 and 5). In addition, pressure 

port erosion has been found to be a function of port diameter and heat shield material. It has 

also been found that phenolic and epoxy heat shield materials appear to be more prone to 

pressure port erosion effects than carbon and graphite materials. In general, Malta ground 

test data have indicated that large diameter pressure ports (0. 060 to 0. 120 inch) are more 

prone to experience erosion effects than small diameter ports (0. 025 to 0. 060 inch). 

Recent R/V flight test data on a slightly blunted slender sphere cone R/V configuration have 

tended to support these ground test results. Figure 6 presents flight test pressure data from 

the aft end of the frustum for an R/V with 0. 060 inch diameter pressure ports. The early 

part of the flight (h < h1) represents laminar flow and the flight pressure data can be seen to 

be in good agreement with the predictions. However, the latter part of the flight is represen

tative of turbulent flow (h ~ h1 to h2 ); the measured pressure data start to diverge and are 
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Figure 3. Malta Rocket Test Facility. 
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lo er than predicted by~ 20 percent. This particular R/ V was recovered, and the heat 

s ield subjected to a detailed examination. The pressure ports were clearly eroded (Fig. 7) 

th s supporting the hypothesis derived from ground test experiments that erosion effects will 

p oduce lower pressures. In fact, the previously presented flight and ground test data for 

e oded ports correlate well (Fig. 8). 

F'gure 9 illustrates forebody flight test pressure data in laminar and turbulent flow for an 

R V having 0. 030 inch diameter pressure ports. The data are in good agreement with 

predictions indicating negligible pressure port erosion effects. 

In summary, the smaller the pressure port orifice in the heat shield the better from a port 

sion standpoint. Extremely tiny port diameters are difficult to machine, can clog easily, 

can cause time lag effects at high altitudes. It is considered that ~ 0. 030 inch diameter 

t represents a near optimum design for R/V forebody pressure measurements to :m,inimize 

t erosion effects and not produce a time lag in the measurement. 

B. PRESSURE TUBING EFFECTS 

Pr\essure ports are connected to the pressure transducer by tub~g. It is obvious that the c. 

tul ing length should be minimized to minimize time lag corrections to the flight data. Pres

su e tubing lengths vary anywhere from~ 3 to 12 inches in current R/V designs and tubing 

(I ) diameters range from 0. 055 to 0. 385 inch. 

ssure tubing length and diameter are important when measuring very low pressures 

0 .. 5 psia) and can introduce signifi-cant time lag effects. For pressure > 0. 5 psia time 

la effects are relatively insensitive to tubing geometry. 

.. ) 

level flight test pressures (P < 0. 5 psia) are generally associated with base pressure 

surements to determine onset of boundary layer transition. The detE;rmination of transi

onset from base pressure measurements is a simple techinque (Ref . . 2). The rate of 

ge of base pressure dp/~ increases rapidly from laminar to turbulent flow, due mainly 

to he increase in mixing rates in turbulent flow. This manifests itself in a sharp slope 

chaJllge in the raw flight test pressure data. 

Gr lund tests have been conducted (Ref. 3) to empirically verify the required pressure tubing 

di eter to minimize time lag effects. For these tests, pressure tubing lengths varied from 

12 inches. Tests were conducted on various diameter flight tubing lengths by simulating 
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a b se pre~;sure time history during boundary layer transition for a typical re-entry 

traj ctory. Tests were conducted by placing two identical low range capacitance transducers 

in a bell jar. One transducer was utilized as a standard and had no tubing while the other 

sducer was tested with various tubing lengths and diameters. Typical results on 0. 055 

diameter tubing clearly show that this diameter produces a time lag on the order of 

second, when compared with the standard sensor with no tubing (Fig. lOa). This time 

lag · s acceptable if it is lmown; is repeatable, .and is factored into the flight data analysis. 

Ho ever, a more palatable solution is to increase the tubing diameter to minimize or elimi

time lag effects. The same test was conducted ,using a tubing diameter of 0. 101 inch 

.lOb) and illustrates that the time lag has been eliminated. 

main conclusion to be drawn here is that a pressure tubing diameter of at least 0. 10 inch 

ID · s required for negligible time lag effects for low range 0 to 0. 5 psia base pressure mea

sur ments. Tubing diameter requirements to eliminate time lag effects increase as the 

sure level to be measured decreases. 

C. RE-FLIGHT CALIBRATION OF PRESSURE TRANSDUCERS 

general procedure has been established at GE-RESD of calibrating pressure transducers 

e field while the re-entry vehicle is undergoing the pre-flight checkout phase (Ref. 4). 

is basically because it has been the author's experience that pressure transducers 

ch ge calibration with time. The sensitivity curve, Volts per psi, is constant but has an 

ord'nate or abscissa shift. This is generally due to reference chamber leakage. Even though 

pre sure sensor vendors have a reported shelf life of~ 2 or 3 years, it has been found 

thr ugh experience that it is best to check the calibration of all pressure transducers through 

the R/V telemetry system prior to flight even if the sensor is less than six months old. 

G E RESD has utilized a portable field calibration ring (Fig. 11) consisting of two primary 

sta dard Wallace and Tiernan gages with overlapping ranges, 0 to 200 mmHg and 0 to 800 

m Hg. The calibration is performed by pumping a typical pressure port to a partial vacuum, 

iso ating the pump and observing the leak rate. The "tare" leak rate of the field calibration 

rig varies from~ 0. 005 to 0. 01 mmHg/sec. If the pressure port does not noticeably increase 

the leak rate above the "tare" reading, the calibration proceeds. A calibration point is 

obt ined by pumping the pressure port to a specified partial vacuum, isolating the pump and 

hol ing that pressure until both Wallace and Tiernan gages and the R/V telemetry system 
183 
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settle out to a constant value. The outputs are monitored for at least 15 seconds; at the nd 

of that time period, the telemetry system is interrogated and the precise telemetry coun 

recorded along with the pressure indicated by the Wallace and Tiernan gages. The press re 

port is then vented up to a higher pressure level and the procedure repeated. Typical da a 

for a "pot" type pressure sensor that has a shifted calibration curve from the original ve dor 

calibration data is shown in Figure 12a, Note that it is perfectly legitimate to fly this sen or 

as long as the new calibration curve is used to reduce the flight data. Figure 12b shows 

calibration curve for a different "pot" sensor that has remained constant and matches the 

vendor calibration data. Similar pre-flight calibrations have been performed on solid st 

strain gage sensors (Ref. 5) with similar results (Fig. 13). In summary, pressure tran -

ducers should be re-calibrated in the field prior to flight during the pre-flight check out 

phase and prior to lift off to insure valid flight test data. 

D . . FLUCTUATING PRESSURE MEASUREMENTS/ACOUSTIC DATA 

All of the previous data presented were based on steady state pressure measurement req 

ments. Fluctuating pressure measurements are sometimes required on re-entry vehicle to 

make acoustic measurements of the turbulent boundary layer noise level. This section w ll 

deal with recent GE-RESD measurements of a high frequency pressure measurement syst m 

in conjunction with a telemetry system that had a frequency response of ~ 25 kc. The de 

was made to utilize a Kulite solid state strain gage pressure transducer (Ref. 5) to make he 

measurement based on past shock tunnel and wind tunnel tests which demonstrated that: 

a. The sensor has a high enough frequency response to make the fluctuating pressu e 
measurement 

b. The sensor can measure both steady state and fluctuating pressures simultaneou ly 

Figure 14 shows a schematic of the dual band pressure measurement system and signal 

conditioner that was used to make low frequency steady state pressures and high frequenc 

fluctuating pressure data. High frequency pressure measurements require a short, large 

diameter port to obtain a short rise time. The exact port geometry was a tradeoff betwe 

thermal penetration (which favored a long port) and the high frequency response (which 

favored a short port). One other design constraint was consideration of a protector scree 

for the transducer. The Kulite transducer has a very fragile diaphragm which can be eas ly 

damaged. Accordingly, a protector screen had been designed to make the unit more rugg d 
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and to protect the diaphragm from dirt, etc. Previous step function shock tunnel data at 

very low pressure levels indicated that the screen did not degrade the frequency respons of 

the sensor (Fig. 1~. However, subsequent tests on two high range standard Kulite pres ure 

sensors (0 to 100 psia) with and without a standard protector screen showed that the sere n 

seriously degraded the frequency response at the high step function pressure history exp cted 

in flight (Fig. 16). In addition, a flight geometry screen was fabricated and tested. In a 1 

cases both screens seriously degraded the frequency response of the sensor as shown in 

Figure 17. The flight sensor was specifically designed to maximize frequency response d 

was made available in two designs, with and without a protector screen (Fig. 18). The 

decision was made to eliminate the screen for the flight sensor to maximize the frequenc 

response. 

The effect of port length on rise time (frequency response) was evaluated in step function 

shock tunnel tests (Ref. 6). The frequency response for the pressure measurement syst m 

was found to be independent of port passage length (Fig. 19). Therefore, the exact flight 

port geometry was chosen to make the port diameter as large as possible and port length as 

short as vossible (consistent with thermal constraints) to maximize the frequency respon e 

of the pressure port/sensor. The exact flight port geometry and a flight sensor sans pro ector 

screen was tested in the shock tunnel and demostrated that the rise time of the system is on 

the order of 15 usee (Fig. 20). Calculations from this rise time indicate the flight press re 

port and sensor combination have a frequency response in excess of 25 kc. For informat on 

purposes, the flight sensor mounted flush in the same shock tunnel test is a factor of thr e 

faster("' 80 kc) than the ported configuration (Fig. 21)· Based on these tests, it was co -

eluded that the flight pressure sensor port combination had a frequency response greater 

than 25 kc , the telemetry bandwidth, and an acceptable port design had been demostrated 

for the flight measurement. 

Fluctuating pressure data in the form of a Power Spectral Density (PSD) plot from a typi 

flight vehicle show broad band characteristics with a definite "roll off" for frequencies in 

excess of 10 kc (Fig. 22). This indicates that the pressure port is cutting off at frequenc es 

higher than~ 10 kc. The significance of this is simply that "no flow'' ground test results 

indicated a port design with a 25 kc frequency response while the actual flight data (with ow) 

indicate the port was good to only~ 10 kc. This substantiates that every possible techni ue 
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should be utilized in ground tests to maximize the frequency response of the port - eve 

when the ground test results indicate a given port will meet the flight objectives - all a 

tional modifications to the port that will increase the frequency response should be emp oyed; 

e. g., ports should be as large a diameter as possible and as short as possible. And a 

all, eliminate protector screens. Finally, it is recommended that the conservative ap 

be utilized and every attempt made to obtain a port design from ground tests that provi 

frequency response a factor of 3 to 4 higher than the flight objectives. 
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III. CONCLUDING REMARKS 

Rec nt state-of-the-art R/V flight test pressure techniques in use by GE-RESD have been 

tou ed upon: pressure port diameter/erosion effects, pressure tubing diameter effects, 

pre flight calibrations, and acoustic (fluctuating pressure) measurement techniques. First, 

it h s been found that the larger the pressure port diameter the more likely the port will 

exp rience erosion effects and produce erroneous data. Flight test experience indicates 

that a 0. 030-inch diameter port represents the near optimum port diameter to minimize 

ero ion effects. Second, the tubing geometry connecting the pressure port to the transducer 

is s gnificant and can produce time lags when measuring low pressure levels in flight such 

as ase pressure during transition onset. Ground data have indicated that tubing diameter 

ld be at least 0. 10-inch ID to minimize time lag effects. Third, pressure tranducers 

ten to shift calibration with time due to reference chamber leakage. Accordingly, pre-flight 

rations of all pressure transducers throught the R/V telemetry system during the pre

flig t check out phase of the R/V and prior to lift off will insure that valid flight data will be 

obt ined. Fourth, high frequency acoustic (fluctuating pressure) measurements have been 

rna e in flight with a wide band telemetry system (~ 25 kc). Ground test data have indicated 

that a protector screen on the transducer s ignifi cantly reduces the frequency response of the 

sys em, and it is recommended that protector screens not be utilized. In addition, step 

fun tion pressure tests in a shock tunnel indicated the pressure port design would have a 

fre uency response in excess of 25 kc when, in fact, the flight data indicated the port design 

sta ted to "cut off'' at approximately ~ 10 kc. It is, therefore, recommended that port designs 

cho en from ground t est data be a factor of~ 3 to 4 higher than the flight requirements. 

199 



REFERENCES 

1. Cassanto, J. M. ~ "An Assessment of Pressure Port Erosion Effects, 11 AIAA Pape 
75-150, presented at the AIAA 13th Aerospace Science Meeting, Pasadena, Calif, 
Jan. 20-22, 1975. GE-RESD ALDM #71-108, July 1971. 

2. Cassanto, J. M.; "A Method of Determining Onset of Boundary Layer Transition fr m 
Flight Test Base Pressure Data, 11 GE-RESD ATFM 67-23, Oct. 1967. 

3. Burton, T.; "Unpublished Data, 11 1973. 

4. Cas santo, J. M. ; "Flight Test Pressure Measurement and Analysis Techniques fo 
Hypersonic Re-entry Vehicles, 11 Internal GE Document, Oct. 6, 1970. 

5. Cas santo, J. M., Rogers, D. A., Droms, C. and Robison, A.; "Use of a Miniatur 
Solid State Pressure Transducer for R/ V Flight Test Applications, 11 Paper present d 
at the ISA 20th International Aerospace Instrumentation Conference, Albuquerque, 
New Mexico, June 1974. Also see GE-RESD TIS 73SD251, Dec. 1973. 

6. Maguire, B. L. and Fehl, C.; "Experimental Investigation of Ported Pressure Sen ors, 11 

GE-RESD Report to be published. 

200 



COLLECTION OF ENVIRONMENTAL DATA 
FOR THE HARPOON MISSILE PROGRAM 

IN USS PEGASUS (PHM-1) 

Presented To 

Inter-Range Instrumentation Group 
Eighth Transducer Workshop 

Dayton, Ohio 
22 - 24 April 1975 

by 

W. Paulson 

and 

J. Nuhfer 

Naval Ship Weapon System Engineering Station, (NSWSES) 
Port Hueneme, California 

201 



COLLF;CTION OF ENVIRONMENTAL DATA FOR THE HARPOON MISSILE PROGRAM 
IN USS PEGASUS (PHM-1) 

W. Paulson & J. Nuhfer 

Naval Ship Weapon Systems Engineering Station 
Port Hueneme, CA 

Abstract 

This paper descri~s an instrumentation suite which measures th~ follo ng 
environmAntal parameters: pressure, vibration, temperature, acoustics, 
voltage, current, strain and events. It describes a calibration system 
which enables the operator to calibrate almost 70 channels of informati ,n 
easily, shortly before missile firing, with minimal chance for human er or. 

It gives special emphasis to th8 measure~nt of missile canister deflec ion 
during launch using semiconductive strain gages and a calibration tee que 
developed at NSWSES. The advantage of high passing strain information t 
0.5 Hz for dynamic measurements is described. 

It also describes a NSWSES developed event stacker unit which multiplex s 
event channels. 
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The calibrator has two principal modes ~ data and calibrate . The 
calibrator remains in the 11 data 11 mode unless an operator depresses a spring 
loaded switch which forces the unit to go into the calibrate mode. This pre
vents the operator from inadvertently leaving the switch in the wrong position 
during a missile firing. Figure 3 shows one channel of the calibration unit. 
When the operator depresses the spring loaded calibrate switch, the signal is 
replaced by one of five internally generated voltages. For the example being 
used 0 volts represents 0% full scale and 5 volts represents 100% full scale. 
Voltages representing 25, 50 and 75% full scale are also generated internally. 

All voltages, whether developed by a transducer and associated conditioner 
or by the voltage levels developed within the calibrate box, are passed through 
an operational amplifier. Operational amplifiers normalize the input signal 
by offsetting and amplifying so that the full scale output range (regardless 
of input range) extends between -lOV and +lOV. This considerably simplifies 
Voltage Controlled Oscillator (VCO) calibration (VCO calibration is another 
exercise also performed on the day of the firing, but not discussed here). 

An 11 0Utput select 11 switch selects one of several normalized outputs to be 
made conveniently available at the face of the calibrate unit. 

The calibrator is located at the 11 front end 11 of the system. This eliminates 
the effects of small errors which might exist in downstream elements. The 
calibrator amplifier, the VCO, the tape recorder, the discriminators and the 
data reduction station can all be slightly 11 0Ut of calibration 11 without any 
loss of measurement accuracy. Errors affect the calibrate signal and the data 
si gnal in an identical manner, and are thus eliminated. Error cancellation 
occurs because the signal is being compared with a reference voltage at the 
11 front end 11 of the system. 

The calibrate unit is divided into sections which handle transducers of a 
given type (temperature, voltage, current1 events, vibration). Some channels 
(temperature and events) are not conditioned by normalizing amplifiers within 
the calibration unit since normalization for these classes of signals takes 
place elsewhere. Strain gage channels have a different form (explained later 
in this paper). The diagram for the complete unit is shown in figure 4. 
Figures 5 and 6 show photographs of the calibration unit. 

3. CANISTER DEFLECTION 

The HARPOON missile is usually* housed in and launched from a canister. 
When normally stowed, the canister is unstressed (see figure 7a). During launch, 
the missile shoes (supports) extend to the forward part of the canister. The 
weight of the missile, acting through the shoes, exert s a downward force, de
pressing the cantilevered portion of the canister (shown greatly exaggerated 
in figu r e 7b). This depression would be expected to give the missile a small 
elevation error when the missile initially leaves the canister. 

NSWSES is prepared to measure deflection using strain gages. The canister 
has been instrumented with 10 pairs of strain gages. The instrumented canister 

*The HARPOON missile may also be launched from ASROC Launchers or Mk 26 
Launcher or TARTAR Launcher . 
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is shown schematically in figure 8 (except that only one pai r of strain gages 
is shown). Figure 8a shows the mechanical setup. 

When the canister was in the unstressed state the strain gages (shown in 
figure 8b) presented equal resistances . The machinist's gage (at t he end of 
the canister) indicated "zero" . During calibration 1000 lbs was applied to 
the canister, causing deflection . The top gage was elongated while t he bottom 
gage was compressed, resulting in an output from the circui t shown i n figure 
8b. The output was then correlated with canister deflection as measured by 
the machinists gage (0.066 inch). Calibration involved taking electrical 
measurements from all ten gage pairs at 0 lbs, 500 lbs and 1000 lbs . The 
operation was conducted several times and then averaged together. Piezores i stive 
strain gages were chosen for this exercise because of their high gage factors . 
These gages are poorly compensated, however, for temperature. Since the 
phenomenon being examined is transient, a filter was inserted in each da ta line 
between the strain gage bridge and its associated amplifier. The two pole 
Butterworth highpass filter with Fe @ 0.5Hz was selected. Filters were im
plemented using small, inexpensive IC operational amplifiers. The importance 
of filtering can be seen in figure 9. Figure 9a shows a highly amplified* 
strain signal suffering from the effects of temperature change . 

In the case being depicted, the dynamic event being measured would be above 
the useful upper band of the recording device and would not be recorded . Figure 
9b shows the signal after high pass filtering. Here the signal is properly 
recorded. 

Everything used in this exercise is linear. By comparing the output of 
the strain gages during the missile firing to the calibration data, deflection 
can be inferred. This will enable the data analyst to determine if the small 
elevation error encountered during launch is attributable to this cause. 

4. EVENT STACKER/DISPLAY PANEL 

HARPOON instrumentation in USS PEGASUS (PHM-1) requires a recording system 
capable of recording 24 event signals. The existing recording system lacked 
channel capacity for this many event signals. Recording quality of existing 
channels was, however, high, permitting the recording of octal information. 
The problem was therefore solved by building binary to octal converters (event 
stackers). Twenty-four binary signals into the converter are now reduced to 
8 octal signals out. 

Figure 10 shows how the stacker operates. The heart of the stacker is a 
low cost IC operational amplifier (op amp} used with precision resistors. 
Inputs 1 thru 3 are connected to the op amp summing junction through resistors 
of lOOK, 200K and 400K respectively. The effect on the output (assuming equal 
input levels for all binary channels) is inversely proportional to the input 
resistors. The inputs are therefor weighted in a 4, 2, 1 (octal} fashion. 
The three inputs can be subjected to either a "high" or a "low" voltage. The 

*High ampli f ication is needed to scale a strain signal of a nominal 20p 
strai n to a voltage level high enough to be properly recorded. 
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output will vary from a -lOV to +lOV depending on what levels are presented 
to the inputs. It is restricted to one of eight possible levels (shown in 
figure lOb). 

Optical isolators are inserted between the event source and the operational 
amplifiers. They serve two purposes. They protect the equipment under test 
from even the remote possiblity that an instrumentation problem could feed 
damaging voltage levels back into the equipment under test. They also remove 
the instrumentation ground from the signal ground. Several grounds are employed 
in the equipment under test and therefore isolation is required. 

The binary inputs being monitored are current limited sources. The optical 
isolators receive less than 1 milliamp. They are int~nded to be used at a 
nominal SOma. The output was found to be very small. The small output was 
fed into a darlington transistor amplifier before being presented to the opera
tional amplifier as a solid, binary signal. Actual implementation of the 
11 Stacker 11 includes light emitting diodes on the front panel to enable the opera
tor to easily verify event status during launch and pre-launch operations. 

The complete diagram is shown as figure 11. Stacker photographs .are included 
(figure 12 and 13). 

5. TEMPERATURE MEASUREMENT 

Eight temperature measurements (some expected to be approx.imately 3500°F) 
are required. All temperature measurements are made by thermocouples. The 
thermocouples dedicated to the measurement of the HARPOON rocket blast tempera
tures are designed by NSWSES (see figure 14). The thermocouple transducers 
are made of Tungsten/Rhenium (good to approximately 4200°F). The transducers 
are surrounded by a ceramic insulator which is in turn surrounded by a stainless 
steel sheath for support against the rocket blast. The thermocouple junction 
is exposed for quick response time needed for the electrical output to 
accurately reflect the very transient nature of the rocket blast. 

The thermocouples are electrically connected to their associated amplifiers 
in a nove 1 manner dictated by the requirement to run only one thermocouple 
cable to support the eight measurements and to use spare (copper) conductors 
available in a multi conductor general purpose instrumentation cable (see 
figure 15 for Block Diagram). The temperature indicated by the thermocouples 
is the temperature at the active junction less the temperature of the 
thermocouple/copper junction (the temperature of the connector terminating the 
general purpose instrumentation cable near the launcher). The active junction 
of the reference thermocouple is mounted within the same connector which 
serves as a thermocouple to copper transition for the other thermocouples, and 
can thereby be assumed to be at the same temperature. The temperature of the 
active junction can thereby be inferred by adding the indicated temperature to 
the reference temperature to get true launcher temperature. 

Figure 16 describes the data analysis technique for developing true tempera
ture from indicated temperature and reference temperature. 
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6. ACOUSTIC MEASUREMENT 

An extremely unusual acoustic measurement requirement has been presented to 
NSWSES for determining acoustic sound levels in the firing canister during launch. 
The complexity of this measurement becomes evident when the physics of the over
pressure condition within the canister is considered as shown in figure 17a. 
This over-pressure atmosphere would saturate or over-range any conventional 
acoustic sensor by at least a factor of 10. Therefore, a 60 dB range system 
has been incorporated (see figure 17b). 

The acoustic system provides the necessary filtering required to separate 
the acoustical data from the over-pressure, resulting in acoustic data in the 
frequency range from 10 Hz to 15 kHz {see properly scaled acoustic data in 
figure 17c). Proper scaling of acoustic data is seen to result in greatly 
amplifying the high frequency perturbations of the pressure function (acoustic 
data) while rejecting the gross pressure buildup caused by the rocket blast. 
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SHOCK CALI BRATI ON OF ACC ELEROMETERS 

by 

Cha rl es Fede rma n, Wi 1 I i am H. Wa l s t on* , an d Jo hn D. Ra mb oz 
Na ti ona l Burea u of Standa rd s 

Was hingt o n, n. C. 

ABSTRACT 

A mea ns to ca li bra t e mec ha ni ca l s hoc k acce le rometers by a comp a ri son method 
has been deve loped . De t a il ed proced ures a nd eq ui pme nt used to ge ne ra t e 
mec ha ni ca l s hoc k pul ses , co ll ect da t a , a nd a na lyze th e res ults a r e disc ussed. 
Three pi ezoe lectri c acce le romete rs we r e s ubj ect ed t o have r s ine acce le rati on
ti me pul ses of 50 , 500, 900 a nd 1500 g pea k amplitudes a nd t ime durati ons 
o f 8 . 5, I . 2 , I .0, a nd 0. 7 ms , res pective ly. Both time- a nd freq ue ncy-
doma i n ca li brati ons we r e pe r fo rmed . The s hock ca librati ons ag r eed with 
s i nuso ida l ca librat ion va lues t o within a f ew pe rcent. In a ddi t ion t o 
t he se ns itivity ca lc ul ati ons whi c h invo lve th e mag nitu des o f the pul ses~ 
phase re lati ons hi ps between th e acce le romet e r s a re di sc ussed. 

The f r eq ue ncy doma in a na lys i s uti I izes a f ast Fouri e r tra ns f o rm CFFT) 
a lgo rithm ext e ns ive ly . Ce rta in fund ame nta l problems a ri se wh e n us ing th e 
FFT in s hock ca li brati on methods. Suc h problems d i scussed a r e sampling 
ra t e a nd pul se shape . A method, previ ous ly publi s hed by oth e r a utho r s , 
fo r th e ca lc ul ati on of trans fo rm va lues at pre-sel ect ed freq ue nc ies is 
presented a long with a Fo rtra n prog ram fo r it s im p lementa ti on. 

I NTRODUCTI O~ 

Measu r eme nt of mecha ni ca l s hoc k has led t o ma ny probl ems , one o f wh ic h 
i s t he ina bi I it y to eva l ua t e a nd ca li brat e s hoc k measuri ng sys t ems in th e 
f r eq ue ncy doma in. Fo r in s t a nce , th e method o f meas urin g th e pea k response 
of acce le romet e r s t o s hock exc itati on does not a l low meas urement o f the 
respo nse of th e acce le romete r s as a fun cti on of frequ ency . Tha t is, no 
attempt i s made to det e rmi ne how th e ene rgy o f moti on i s di s tributed ove r 
the freq uenc y range . In s t ea d, onl y t he lumped respo nse integ rat ed ove r 
the tota l e ne rgy spectrum i s measu red. Anoth e r ca librati on method i nvo lves 
the measu reme nt o f th e o utp ut o f shock acce leromete r s t o s i nuso ida l 
exc itati on a t seve ra l d i sc ret e freq ue nc ies . If t he acce le romet e r i s I inea r 
wi t h amp l it ude , i ts respo nse t o a shock ca n be sy nthes i zed f rom th e 
measureme nts of its out put t o s i nuso ida l moti on. Although t h i s app roac h 
may res ult in good acc uracy , it i s ti me co ns uming an d s ubj ect s th e 
acce le romet e r s t o inte nse , s t ea dy- s t at e , s in uso ida l moti on whi c h may be 
damag in g t o t he acce le romet e r s . 

*Add ress 
Mechani ca l Eng i neer i ng De pa rtment 
Uni ve rs ity of Ma ry l and 
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An investigation by the Nationa l Bureau of Standards has been made to 
study and verify the performance of selected shock accelerometers and to 
develop a general calibration technique. The transfer functions of these 
standards were determined when used under various conditions of pulse 
height, pulse width, and overal I mot io n environment. This information is 
required in order to determine uncertainties in impact measurement. The 
accelerometers used were piezoelectric types, but others, such as the 
piezoresistive type, pose no special problems. Two of the accelerometers 
were of the same manufacturer and model, and of a "single-ended, top
connector" shear design. A third accelerometer was a "piggy-back" comparison 
standard of the compression design. Charge sensing was used throughout. 
Shock pulses were generated by a pneumatic shock test machine. 

Comparison measurements were made in both the time and frequency domains. 
For the time domain analyses, comparisons were made by the peak ratio, 
the area ratio, and instantaneous ratio methods. These methods yielded 
only a single sensitivity value for each of the accelerometers. 

For the frequency domain analysis, the accelerometer's response is 
transformed from the time domain to the frequency domain through the use 
of a fast Fourier transform (FFT) algorithm. Ratios of transforms lead to 
the comparison calibration of one accelerometer in terms of another. The 
frequency domain analysis yields the solution in complex terms, i.e., 
amp I itude and phase angle. Certain fundamental problems, such as sampling 
rate and pulse shape, were encountered when using the FFT in shock 
calibrations. Techniques, including both hardware and software, were 
implemented for the treatment of these problems. A previously published 
method [I] for the calculation of transform values at pre-selected frequen
cies wa3 I inked to the FFT program to present the output data in a more 
manageable and presentable form. 

DESCRIPTION OF EQUIPMENT 

The laboratory equipment consists of four main items: (I) a mechanical 
shock generating machine, (2) acceleration measuring transducers, (3) a 
data transfer system, and (4) a minicomputer for data storage and manip
ulation. These items provide a means for transient data generation, data 
collection and reduction, and calibration of test accelerometers. 

Mechanical shock pulses are generated in the laboratory with the use of 
a pneumatically control led and actuated shock test machine, as shown in 
figure I. 

[I] Numerals ~n brackets refer to references at the end of this paper. 
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FIGURE I. Mechanical Shock Generating Machine. 

This device can be adjusted to produce those pu lse shapes ca l led ou t in 
establis hed spec ifi cations [2-4], with the capab i I ity of produc ing a 
variety of shock pulses up to 10,000 g . Shock pulse leve l s ca n be set 
rap idly by a s imp le adjustment of an air pressure regulator. The princ iple 
of operat ion i s t o suddenly drive a car ri age into a spr i ng e lement whi c h 
decelerates the car ri age, and then rebounds in the oppos ite direction. 
The shock amp litudes , durations and shapes are contro l led by the impacting 
medium, a ir pressu re, and drop height. For a lI the tests in this pa pe r, 
on ly e lastomer pads were used. Ini tia l height and a ir pr essure we r e 
adjusted to trim the shock pu l se to the desired amp I i tude and durat ion. 

The acce le rati on measuring transducers inc lu ded a reference system a nd 
two test acce leromet ers. The reference system consists of a re ference 
acce le romete r and a matched so lid-state charge amp lifi e r. Beca use the 
acce leromet er i s of the "piggy-back" conf iguration , other test acce lerometers 
can be flush mounted to its top without the requirement of an add iti ona l 
fixture (see f igure 2). This perm its ca li brat ion by the compa ri son method, 
where the e lect ri cal outputs of the reference acce le rometer a nd test 
acce leromet er are compared , while both are subjected to the same mot ion . 
The accu racy of this method is directly dependent on the accu racy of the 
ca librated reference. Use of a piezoe lectric element in th e refe re nce 
acce le romete r permits a flat temperature r espo nse and sta bi I ity with time . 
This acce leromet e r-amp! ifi er reference system was ca li bra t ed a t the 
National Bu r eau of St a ndards. Both rec iproc ity-based s i nuso ida l and laser 
interfe romet ri c methods were used. 



FIGURE 2 . "Piggy - Back" Con fi gurati on of Re fe rence St anda r d and Test 
Acce leromet ers , with Sing le Test Acce le rometer Mounted Behind. 

Two i denti ca l, h i gh resonance freq uency , s hock acce le rometers were used as 
the test acce le rometers . The i r sma l I size , compact constructi on , s t ab le 
operat i on , and h i gh resonance freq uency (app rox imately 80 , 000 Hz) makes 
them usef ul dev ices fo r meas uri ng shock t r ans ie nts . The manufact urer ' s 
specif i ca t ions for the two acce le romet ers c la im a measurement capab i I i ty 
of 20 , 000 g . They are se lf-ge nerat ing , shear des i gn , piezoe lect r ic acce lero
mete rs. 

The ana log- to- di g i ta l conve rte r and interface contro l system CADC- ICS) serves 
as an interface betwee n t he data ge ne rati on and dat a co ll ecti on cyc les. Figure 
3 shows a b lock di ag ram of the eq ui pment used . Dat a, i n the fo rm of ana log 
vo ltages , are converted and transfe r red v ia t he ADC-I CS , f rom the acce le romet e r 
systems to a mi nicomput e r . An ope rato r contro l led init iati on sw itch , on t he 
front pane l o f the ADC-I CS , act i vates the uni t and t urns on a ready status I ight. 
It then wa its unt i I i t i s t riggered before the next co l lection cyc le beg i ns . An 
externa l osci ll ator , f unct ioning as a dr iver, i s used to c lock t he samp le- and
ho ld circ uit and the ana log- to- dig ita l converte r. High - speed and h igh accuracy 
are comb i ned , through the use of compact so l id - state e lect ron i cs i n t he ADC, to 
convert an ana log i nput signa l to an equiva lent 14-b i t p l us s ign ou t put d ig i tal 
word . Although th is digita l wo r d len gth of 14 bits is ava il ab le , on ly 10 bits 
of the wo r d are norma ll y used for the ca lcu lat ions . A comb i ned pa ra l lei-decision/ 
ser i a l-correct ion techn ique i s used as the method of convers ion. Convers ion 
rates of up to 250 ,000 conver i s ions per second a re obta i ned using this techn ique . 
The ICS sect ion prov i des a lI the signa ls requ i red by the ADC to convert the 
ana log i nput vo ltage to a di gita l output . An updated 16- bit add ress word is 
generated fo r each convers ion . This address is used to ind icate i n wh ich 
memory add ress the data word is to be stored . During the data co l lection cyc le, 
t wo mu l t i p lexed channe ls are outputed to the minicomputer. This puts a restr iction 
on the data i n that points from each channe l a re not time co i ncident . Thus , a 
dig iti zation phase erro r i s produced wh i ch i s co r rect ed for i n the f i na l ana lys i s. 
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FIGURE 3. Block Di ag ram of Shock Pul se Dat a Gene rat ion, Retri eva l, and 
An a lys is . 

A 64 k- byt e co re memory mi n i computer i s necessary fo r the da t a co llect ion 
seq uence of t he ca li b rati on process . The memo ry i s directl y addressabl e wi t h 
t he prima ry in s tructi on word . Si xt een ge ne ra l reg is t e rs of 16 b its each ca n 
be us ed as index reg i s t ers o r accumulat o rs . Shoc k da t a i s sent by th e ADC-I CS 
t hrough the direct-me mo ry- access port o f th e compute r. Thi s method ins ures 
th at a lI the trans ie nt dat a ca n be captured a nd sto red in th e co re memo ry . 
Afte r a b lock of data fo r a s ing le run i s s t o red in memo ry, it ca n be wr itte n 
on e ithe r pape r or mag net i c t ape fo r future t ra ns mi ss ion t o a la rge r compute r 
for ana lys is. Th e ana lys i s may a lso be done by the minicompute r, but this 
met hod can be mo re ti me cons umi ng if the mini comput e r has only softw a re a rithmeti c 
f uncti ons . 

A tran s ient recorde r, s hown In fi gure 3, is use d to capture transient data. 
Because thi s device i s limited by an 8-blt data word and s mall memory storage, 
th e captured tran s ient Information is not used numerically, but is displayed 
on an osc i I loscope t o s how a vi s ual presentati on of the s hoc k pul s es . Another 
de vi ce used, the peak-holdin g met e r, gi ves an approx imate accel e rati on leve l 
fo r e ach set of data. The re adings from this meter are not use d in any of the 
ca lcu lati ons . 
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SHOCK PULSE CHARACTERISTICS 

A perfect ly elast ic impact onto a I inear spring would ge nerate an i deal 
ha l f-s ine acce le ration wave shape . However, because of nonlinear it ies and 
losses , the pul ses generat ed in t he labo ratory take on the cha racteristics 
of a deg raded half- sine and appear similar to a haversine f unct ion . Tho ugh 
the desc ri ption of wave shape is qualitatively ca l led ha vers i ne , t here a re subtle 
di ffere nces in the time domain between a haversine and other s imil ar shapes 
s uch as ha lf-s ine o r Gauss i an pu lses . Idea ll y, the acce le romet e r ca li bration 
process sho ul d not be critica ll y a ff ect ed by the wave shape , a lthough t here 
are prob lems i n the analysis for ce rtain wave shapes . 

Typ i ca l shock pulses shown in figure 4 are from one channel of the two used 
fo r test data . These are samples from the 50 g, 500 g, 900 g , and 1500 g peak 
acce I e rat i ons . 
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FI GURE 4. Typ i ca l Shock Pul ses from Acce le romet e r B. 
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Three acceleromete rs were used in these tests. For purposes of this paper, 
the acce lerometers are identified as A, B, and R. Units A and Bare nominally 
identica l wh il e unit R is conside red as a compar i son reference . Laborat ory 
measurements were made by compa ring A toR, B t oR, and A to B. This g ives 
three basic acce lerometer combinations . 

TABLE I. ACCELERATION AMPLITUDES AND DURATIONS 

Nomina I Shock Mean Amp I i tude 
Pu I se Parameters Amp I i tude Ra nge 

50 g , 8 . 5 ms 52.4 g 49 . 4-55 . 8 g 

500 g , 1. 2 ms 517.5 g 488-560 g 

900 g , I . 0 ms 894 g 864-927 g 

1500 g , 0 .7 ms 14 19 g 1346-1524 g 

The nom i na l amp litudes and durat ions of the pulses a re s hown in Tab le I . 
Fo r any one set of cond iti ons , the re were five repeated shock pulses made. 
In a lI, the re were 60 pulses produced , 15 for each of the fo ur shock con
dit ions , five fo r each o f the acce le romete r combinations. The measured 
amp litu des were within +15 pe rcent o f the nom ina l va lues . Beca use the 
calib rati on resu lts are-not a c riti ca l funct ion of the shock amp! itude, no 
spec i a l care was taken to ma inta in better contro l of the amp ! itude. 

TIME DOMA IN COMPAR ISONS 

A popu la r method for ca li bration of shock accelerometers is by the peak 
compa ri son method [5, 6]. Thi s has been eve n more useful i n recent years 
with the avai lab i I ity of peak-ho ldin g meters. For th ese tests, the time domain 
data for each chann e l were printed out as part of th e ana lys is . It i s rel ative ly 
easy to sea rch for the maximum amp ! itude of th e time domain s ign a l for each of th e 
two acce lerometers being compared. The rati os of th e peak values we re ca lcu lat ed 
for each t est of acce le rometers A, compared to Ra nd B comp a red t o R. The rat ios 
from the repeated t ests for any matchin g set of parameters were th en averaged . 
This us ually consisted of 5 repea t ed tests . The standa r d deviation was a l so 
ca lculated. 
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An instantaneous ratio of two accelerometers can be obtained by reading 
the magnetic tape into the minicomputer and performing the necessary 
calculations. Prior to and after the mechanical shock, the ratio is that 
of two noisy signals. The noise sources include mechanical vibration of the 
shock machine carriage, accelerometer cable noise, electronic noise from the 
amp I ifiers, stray pickup noise and possibly pyroelectric outputs from the 
accelerometers. In addition to these noises, any de-offset voltages in 
the system from unbalanced amp I itiers leads to inaccurate ratios. After 
the impact, over-shoot I ikewise leads to inaccurate ratios. The only 
region that the instantaneous ratio becomes rei iable is near the peak 
acceleration. As such, one could merely calculate the peak values. 

The general conclusion is that the method does yield a qualitative plot 
that is sometimes useful, but quantitative data are I imited to only the 
values derived near the peak amp I itudes. 

It is possible to compare the areas under the acceleration-time pulses. 
These areas are a measure of the change of velocity of the accelerometers 
under test. Ideally, the ratio of the velocities shoul~ le~d to~ s~tis
factory calibration process. In instances where there IS m1nor r1ng1ng 
on the pulses, the area tends to average these effects. Howe~er~ ~hen 
there are de-offsets or over-shoots involved, these can add significantly 
to the area. Additionally, the process becomes critical as to the time 
considered before and after the shock pulse because of the integration 
of offsets and over-shoots. When the areas were computed, large differences 
were apparent. The general conclusion regarding these tests was that the 
area ratios are significantly lower than the peak ratios tor the same tests 
and the area ratios have signi ticantly larger standard deviations. Overall, 
this method cannot be recommended without more effort to refine the process. 

FAST FOURIER TRANSFORM ANALYSIS 

The Fourier Integral Transform is a mathematical operation which decomposes 
a time signal, in the form of a data array, into its complex frequency 
components (amplitude and phase). In order to efficiently analyze a 
transient shock pulse in the frequency domain, a high speed computational 
a I gori thm ca I I ed the fast Fourier trans form ( FFT) is uti I i zed in the 
calculation of the Fourier integral transform of a time signal. 

While the mathematical process is not dependent upon any particular input 
pulse or waveform, one must be concerned with the pulse shape in order to 
perform accelerometer calibrations. It is necessary to select input pulses 
which have sufficient frequency content over a wide frequency range. Ideally, 
the Fourier integral transform of the pulse would saturate the calibration 
bandwidth. Pulses such as the halt-sine and haversine pulses, whose Fourier 
amp I itudes go to zero at certain frequencies, as shown in figures 5a and 5b, 
lead to difficulties when ratios are taken tor the sensitivity calculations. 
The actual pulses generated i n the laboratory were satisfactory in this 
respect, as shown by a typical plot of a transformed pulse in figure 5c. 
It is also noted in figure 5c that the pulse contains very I ittle frequency 
content above 3000 Hz. The frequency range is dependent on the duration of 
the pulse; generally, as pulse duration shortens, the avai labi I ity of high 
frequency content increases. As discussed in the section on sensitivity 
resu Its, the use of severa I input pu I ses, providing over I ap at certain 
frequencies, enables one to calibrate over a wide range. 
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FIGURE 5. Comparison of Three 900 g, 1 ms Shock Pulse FFT Transforms. 

Ce rta i n di f fi cu lti es i n i nt erpreting t he Fo uri er transfo rm resu lts may a ri se 
i f the i np ut s i gna l does not beg in at a ze ro leve l befo re t he pu lse ini t i ati on 
and end at ze ro at pulse comp let ion. Du ri ng the comp utati on o f t he Fou ri e r 
trans fo rm, t he FFT a lgo ri thm t reat s t he pu lse as though i t i s per iod ic . Th us , 
if a pu lse does not begin and end at ze ro Cor at t he same leve l, si nce a s hif t 
i n the ze ro leve l cou ld compensat e fo r equa l off sets) , t he pe ri od ic s i gna l 
appea rs t o have di scont i nu i t i es at the beg i nn i ng and / o r end of each period . 
It i s know n th at the i nt roducti on of sma l I d i scont inui t ies makes a s i gn ifi ca nt 
d i f fe rence in th e Four i e r t ra ns fo r m comput ed by t he a lgo ri thm . Thus , i t is 
des irab le t o meet t he cr iter i a o f cont i nu ity o r t o i nt roduce t echn iques to 
compe nsat e fo r t he d i scontini t i es . Some of the t echn iques cons i dered a r e : 
( I ) fo lding the pu lse about a ve rt ica l ax i s at the po int where the d iscont i nu i ty 
wou ld occ ur, t hus avo i d i ng i t and (2) us in g a t ape red win dow o r fi lter to 
smoot h the pu lse t o zero at th e ends . Investigati on of these approaches 
i s cont in uing . 

A vers i on o f the Coo ley - Tukey f ast 
ana lyze the shock pu lse da t a [7] . 
wo r ks on a one- d i me ns iona l comp lex 
and imag i na ry f r equency component s 
i s accomp li shed t hroug h t he use of 
channe l i s reduced from 1024 rea l, 

Fo uri e r t r ansfo rm a lgor i thm i s used t o 
(See Append i x A. ) The prog r am used 
a r ray , and ou t puts t he Four ier real 
in a s i mil a r a rray . T hi s t ra ns fo rm proces s 
the NBS UN I VAC 11 08 compute r. Data from e ach 
t i me doma i n measu rements +o 5 12 comp lex 
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frequency components. The frequency range obta inab le (Nyquist foldi ng 
frequency) i s a direct function of the samp li ng rate [8]: 

Frequency Range= (I/2)(Sampling Rate) . 

Resolution between frequency points i s I imi ted not on ly by the sampling 
rate, but also by the sample s ize: 

( I ) 

Resolution/Line= (Samp le Rate)/(Number of Data Po i nts) . (2) 

For example, if one were to use a typica l FFT algorithm with the number of 
samp le points being 1024 , at a samp le rate of 50 kHz: 

Frequency Range ( 1/2 ) ( 50 kHz) = 25 kHz, and 

Reso I uti on/Line (50 kHz)/(1024 Points ) ~ 48 . 8 Hz/Po i nt . 

Thi s means that the data taken ca n be transformed into component s out to 
25 kHz i n steps of approximately 48 . 8 Hz . The result is a sparseness of 
data at the low frequencies, where we desire information at smal le r freq uency 
i nterva ls, and an overabundance of data at the high frequencies , where we can 
tolerate information at larger frequency intervals . Also, the frequency 
points 48.8 Hz, 97.6 Hz, etc. are not necessarily where we want them; for 
example , in compa rison with a sinuso ida l calibration . 

A technique introduced by Gaberson and Pa l [ I] a ll ows the determination of 
comp lex values o f the FFT at any des ired frequency . However, it is necessa ry 
to first compute the FFT by a standard algorithm and then to ca lcu late the 
desired values; so comput er time i s inc reased. The fo ll owing expression, 
developed from Gabe rson and Pal ' s equat ions, a ll ows the determination of t he 
FFT at preselected frequencies . A Fortran sub routine i s presented in Appendix 
B. 

where: 

F (f) + i 
[

s in 2nfT cos 2nfT 
nT nT 

F = comp lex Fourier transform 
f =desired frequency 
T = duration of the signa l i n the time domain 

an real part of the complex FFT 
Sn imag in a ry part of the comp lex FFT 
M = N/2 where N i s th e tota l number of interva ls i n the 

duration of the s i gna l 
n = frequency index inte~e r 
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After the time domain data from the test and reference acce lerometers have 
been read from a nine-track magnetic tape, a software FFT program transforms 
thi s data from th e time to the frequency domain . Immedi ate ly after the 
transfo rmation, this complex data output i s converted t o amp! itu de and 
phase re lati onsh ips for the two transducers. The amp! itude is obta in ed 
by tak in g the square root of the sum o f the sq ua res of the rea l and imag in
ary pa rts of each frequen cy component . For each dis crete frequen cy point, 
the ratio is taken of the test and re ference ampl i tudes. This rat io i s 
then used as a base fo r ca li bration of the test accelerometer by compa rison 
techniques. 

Phase info rmat ion is ca lc ul ated from the arc t angent of th e d i vision: 
imag in a ry part divided by the rea l pa rt. Then by using an identity for 
the convers i on from rad i ans t o deg rees , the phase ang le is di sp layed as 
a positive or negative number of degrees. To det e rmi ne the phase relation
s hip between the two acce le romet e rs , t he ca lcu l ated phase angle of the 
refe rence acce le romete r i s subtracted from the ca lcul at ed test accelerometer 
phase ang le. This res ult indicates wheth er the t est acce lerometer output 
is lead in g or lagg in g the reference acce lerometer output . 

A ph ase shift is synthesized into the process by non- co in c ident samp ling 
of the two accelerometer o utputs [9]. As was discussed, the input of the 
ana log-to-di g ita l conve rte r was multipl exed between the two accelerometer 
inputs. As such, channe l 2 i s measured at a slightly late r time tha n channel 
1. This length of time is equal t o the rec iproca l o f th e samp ling rate. 
The uncorrected FFT assumes that coincident ti me samp ling occurre d. \'Jhen 
coinc idence i s ass umed , it ap pea rs t hat channel I lags channe l 2 . This 
phase shift i s descr ibed by 

whe re <P m 

n 

N 

f 

f s 

<P = I 80 ( n - I ) 
m N = 360 f 

-f-
s 

(4) 

= phase erro r in degrees due to multiplex in g time delay ( lead ing 
ang le as desc rib ed above ) 

harmon ic I i ne number from the FFT a lgo ri thm , (n= l for f=O Hz ) 

number of po ints sampled 

= ha rmoni c frequency 

ana log- to- di g ita l samp li ng frequency 

The co rrection of thi s synthes i zed er ror ca n be easi ly made . Beca use n 
and N a re exact intege rs, and f and f ca n be measured accu rat e ly, <P s m can be st ri ctl y defin ed . 
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SENSITIVITY RESULTS 

In t~e bac~-to-back configuration, both the test and reference standard 
~ccet~rome er: should experience an identical shock acceleration as a 

unc 1on of t1me. Lett ing S and s 
sensitivity, respectively, t~e fol lbw~~~r~!7~~i~~=h~~k~~~nb:n~e~:;~~=~~e 

S = rE (f)/E <nls 
x L x r J r (5) 

where E (f) and E (f) are the correspond ing Fou rier amp! itudes at a given 
frequen~y. r 

The sens itivity data for test acce lerometer A a re plotted graphically in 
figure 6 to get an overall vi ew of the trends and !imitations of the shock 
ca librat ion process. On thi s graph, the fitted values for the s inusoidal 
ca librati ons a re a lso pl otted for ref e rence purposes. The sensitivity 
data are divided into separat e acce lerati on levels: 50, 500, 900, and 
1500 g . For the 50 g cu r ve, the sens itivity tends to drop o ff much soone r 
than the other acceleration level s . The drop o ff is readily seen to begin 
at approximately 300Hz . This indi cates th at there is a lack of high 
frequency info rmat ion in the 50 g pulse. The c urves of sensitivity for 
the 500 and 900 g pulses are similar because there is not much difference 
in th e ir acceleration waveforms. Both fo llow a smooth exponential curve 
unti I they reach the 2000Hz frequency po i nt, where the curves ris e upward. 
The 1500 g plotted sens iti v ity follows s imilar trends in the 500 to 5000Hz 
ranges, but at the low frequency end , below 500 Hz, the data become erratic. 
This inconsistency s hows that there was very I ittle or poor low frequen cy 
info rmation in the high g pu lses. 

PHASE COMPONENT RESULTS 

Phas~ relationship d~ta for accelerometer A are plotted in figure 7 to 
prov1de an overall View of the phase cha racter isti cs . It should be noted 
that this phase relationship is between the test accelerometer A and the 
reference sta~d~ r? R. The phase plots are flatter out to higher frequencies 
than the sens 1t1v1ty curves . This indi cates that the shape and frequency 
cont~nt of the pulse do not affect the phase as much as the accelerometer 
amp I 1tud~ versu: f:equency . The 50 g le vel pulse is unstable a fter 300Hz , 
~ut continues w1th1n 5 degrees of the other c urves, while the other t· 
1n a stab le manner out to 2000Hz . s con 1nue 
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COMPARISON TO S INUSO IDAL DATA 

The curve fitted s inuso i da l ca librat ion data, for acce lerometer A, a re 
plotted on figure 6a . As seen from this graph , the sens i t i viti es derived 
from the shock calibrations c lose ly approximate the s inuso i da l ca librations. 
In genera l, the values from the shock process tend to be lower th an the 
sinusoida l unt i I a point near 2000 Hz is reached. This trend of the s hock 
data shows a constant di fference of approximate ly one percent from the 
sinuso idal data ove r the frequency range from 50 t o 2000 Hz. Inherent 
errors in the data process i ng o r the labo ratory measurement techniques 
can cause such errors as desc ribed above . The shock and s inuso ida l da t a 
demonstrate graphica ll y that two independent sys tems can provi de acce le rometer 
sens itivities to within ~ I percent o f each oth er over long freque ncy interva ls . 

COMPARISON TO TIME DOMAIN DATA 

There is an important d ist in cti on between the shock ca li bration results in 
the time domain a nd the frequency domain. All the ca librati on methods 
directly using time doma i n s hock pulse measu rements yield a s ing le va lue of 
accelerometer sens iti v ity. For pu rposes of precision ca librat ion , this i s 
usually inadequate inas much as the acce leromete r' s sens itivity is not a 
constant va lue over a freq uency rang e . 

A comparison i s made between time doma i n data of shock pulses and frequency 
domain data derived from t hese pu lses . Th e time domain data i s used to get 
a peak ratio measu rement, and i s only one va lue of sens itivity for each shock 
pulse. Therefore, it is not a truly va lid compa ri son t o the frequency domain 
data, but shou l d be c lose to th ose ca lcu lated va lues . This method of peak 
compar i son in the t ime domain i s wi dely used as a means for ca librating 
shock accelerometers , but does not prov i de any frequency o r phase relati on 
ships since it on ly dea ls with peak amp I itu des . 

Discrete va lues of sens iti v ity , for peak compar ison of the time domain data 
are p lotted in figure 6a . Note that t he abc issa , for the time domain va lues , 
is not labeled in t e rms of f requency . Good agreemen t is shown between the 
two methods. One exception from this cor respondence is the time domain 
sensitiv ity for the 50 g pu lse . In both acce leromet e rs , A and B, this point 
is almost three percent lower than the other time domain values. At thi s 
time , this sh ift rema ins unexp lained. 
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CONCLUS IONS 

The results obtained from this research demonstrate that a fast, accurate 
method for shock calibration, by comparison method, is feasible. The 
Fast Fourier Transform algorithm makes this possible, because of its 
ability to handle large data blocks, its relative speed in analysis, and its 
accuracy . Use of a minicomputer, as a data collection device, provides a 
means to do pre I iminary processing and to transport the data to a larger 
computing machine via paper or magnetic tape. Shock calibration in the 
frequency domain agreed to about one percent of the sinusoidal calibrations 
on each of th e two accelerometers tested. Time domain, peak amp I itude 
ratio calibrations agreed to about five percent of the sinusoidal calibration, 
depending on what frequency is se lected. Frequency domain calibrations 
become unreliable when the Fourier amp I itudes at high frequencies become 
less than a few percent of the low frequency amp I itude. 
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APPENDIX A 

c 
c 
c 
c 
c 
c 

COMPUTATION OF TRANSFORM 

SUBROUTINE FFT IS A FAST FOURIER TRANSFORM ALGORITHM WHICH IS 
UTILIZED IN THE CALCULATION OF THE FOURIER TRANSFORM OF A 
TIME SIGNAL 

C THE FOURIER INTEGRAL TRANSFORM IS A MATHEMATICAL OPERATION WHICH 
. C DECOMPOSES A T1ME SIGNAL. IN THE FORM OF A DATA ARRAY. INTO ITS 

C tOMPLEX FREQUENCY COMPONENTS CAMP LITUDE AND PHASE) 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

ARRA\' "DATA" t·lUST BCit-( tOt"lPLEX FOR FOR USE IN SUBROUTINE FFT. 
WHOSE ARRAY LENGTH IS NN=2**K· WHERE L.GE.0 

TRANSFORM VALUES ARE RETU RNED IN ARRAY "DATA". REPLACING THE INPUT 

IS IGN=-1 SIGNIFIES A FORWARD FOURIER TRANSFORM 
ISIGN=+1 SIGNIFIES AN INVERSE FOURIER TRANSFORM 

IF AN ISIGN=-1 TRANSFORM IS FOLLOWED BY AN ISIGN=+l TRANSFORM COR AN 
ISIGN=+1 BY AN ISIGN=-1 1. THE ORIGINAL OATA REAPPEAR. MULTIPLIED BY 
~lN ' 

SUBROUTINE FFT{DATA.NN.ISIGN) 
DIMENSION DATIH 1) 
PI2=1.5707963268 
N=NN*2 . 
J=l 
DO 55 I= L ~!. 2 
IFCI-J ) 10.20.20 

10 TEMR=DATA (J) 
TEMI =DATA <J+l) 
DATA (J) =DATA ( I) 
DATACJ+1J=DATACI+1) 
DATA C I) =TEMR 
.DATA (I +1 ) =TEMI 

20 M=N / 2 
30 IF(J-Ml 50.50.40 
40 J=J--,M 

M=M/2 
IF ( M- 2 ) 50. 3 0. 3 0 

50 J=J+M 
55 CONT It~UE 

MMA X=2 
60 IF CMMA X-Nl 70.90.90 
70 I STE =2*~1MAX 

DO 80 M=l.MMRX.2 
THET= IS IGN*01- 1) *3. 1415927 /MMAX 
WR=S IN CTHET+P I2l 
WI =SIN CTHETl 
DO 80 I =M. N. ISTE 
J =I +M~1AX 
TEMR=WR*DATA(J)-WI*DATRCJ+1) 
TEMI=WR*DATACJ+l)+WI*DATA(J) 
DATA U ) =DATA C D-TH1R 
DATACJ +l l=DA TA CI+ll-TEM1 
DATACi l =DATA(I)+TEMR 
DATA CI+l l=DATAC I+ll+TEMI 

80 COIHIIWE 
t1MA X= ISTE 
GO TO 60 

90 Mt·1A X=tV2 
RETURN 
nm 
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APPENDIX B 

C COMPUTATION OF INTERMEDIATE TRANSFORM VALUES 
c 
C SUBROUTINE GABER CALCULATES THE COI"lPLEX VALUES OF THE FOURIER 
C TRANSFORM OF A TIME SIGNAL AT PRESELECTED FREQUENCIES, UTILIZING 
C THE PREVIOUSLY CALCULATED VALUES OF THE FFT 
c 
C SELECTED FREQUENCIES ARE DETERMINED BY Jl, J2, J3. AND J4 
C Jl=INITIAL VALUE OF FREQUENCY FOR PRINTOUT 
C J2=FINAL INTERVAL VALUE OF FREQUENCY 
C J3 =I NCREI"HHAL VALUE FOR FREQUENCY INTERVAL FRO~! J 1 TO J2 
C J4=UPPER . FREQUENCY LIMI ~ FOR PRINTOUT 
c 
C TINT=TIME INTERVAL OF SHOC K DATA COL LECTION 
c 
C K=~lN/2 
c 
C DATA=COMPLEX FOURIER TRANSFORM VALUES 
c 
c 

SUBROUTINE GABER(DATA~K.PI~TINT.FREQ,GAS.L) 
COMPLEX DATA(l024),GA8(50),E,C,D.T 
DIMENSION FREQC50) 
REAL B.BETA 
Jl=l 
J2=9*J 1 
J3=1 
J4=20000 
L=O 
TI~lT=TINT / lel00. 

318 DO 380 J=Jl,J2,J3 
IFCJ.GT.J4) GO TO 385 
L=L+l 
FREQ CU =FLOAT(]) 
TOP=S IN C2. *P I*FREQ (U*TINT) 
BOT=P I*TINT 
l'l=TOP/BOT 
TOP2=COS (2. *PI*FREQ CU *TINT) 
B=CTOP2-1.0 )/80T 
C=CMPL XCA .. B) 
D=DATAC1)/ (2 .*FREQCL)) 
T=CMPLX C0 .• 0.) 
DO 350 I=2,K 
IFCCABSCFREQ (L)-CI-l)/TINT)).LT.0.1) GO TO 360 
FR02=CFREQ CL) )**2 
DEN= CFRQ2- U I -1) /TINT) **2) 
TOP1=(REALCDATACI))*FREQ(L)) 
AIDAT=AIMAG CDATACI) ) 
TOP2=AIDAT* CCI- 1) / TINT) 
RLPHA=TOP l/DEN 
BETA=TOP2/ DEN 
E=CMPLXCALPHA.BETA) 
T=E+T 

350 CO~lTINUE 
GAB CU =C* CD+T) 
GO TO 380 

360 GABCLl=DATACI) 
. 380 co~n rt-JUE 

J1=10*J1 
J2=10*J2 
J3= 10:U3 
GO TO 310 

385 TINTFTINT*1000. 
RETURN 
E~W 
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MF~SUREMENT SYSTEM CONTROL 
THROUGH PERIODIC CORRELATION 

W. P. Callis 
Mechanical EnginA~r 

USAF Physical Standards La bora tory 
NAvark AFB, OH 

Abstract 

Th~ periodic correlation of larg~ liquid and gas flow calibration systems 
using a s~t of p~cision flow rate transducers is discuss~d. Th~ ad
vantages of employing this method of system control over the traditional 
method of using several transf~r standards to verify system accuracy is 
brought out. Future correlation of systems using comput~r controlled 
"intelligf!mt" transducers is also discussed. 
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MEASUREMENT SYSTEM CONTROL 'IHRDUGH 
PERIODIC CORRELATION 

W. P. Callis/Mechanical Engineer 
US Air Force Physical Standards Laboratories 

The traditional concept of the Air Force Calibration Program is to main-

tain several echelons of transfer standards for each measurement area. 

These transfer standards are usually shipped to a centralized location 

(AGMC) where they are certified with absolute or higher accuracy standards. 

They are then disseminated to various selected locations and used to cali-

brate Precision Measurement Equipment (PME). In some cases as high as 

140 of these transfer standards are purchased and maintained. The standards 

are shipped back and forth at prescribed intervals for recertification 

and reissue. This concept involves large initial costs, resulting damage 

through shipment of fragile standards, and a degradation of weapons system 

accuracy due to the number of instrument comparisons involved. 

In some cases this concept is not feasible due to the physical size and 

nature of the standard involved . The Cox 311 Liquid Flow Calibrator shown 

here, for example, is 15·feet long, 8-feet high and 5-feet wide and weighs 

4000 pounds. It is also permanently installed at each location. A similar 

item is the Cox Gas Flow Nozzle Calibrator shown in this slide. It is 

possible to control these measurement systems through periodic surveillance 

of their primary functions by employing very stable transducer elements. 
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An electromechanical system, such as the Cox 311, can be controll ed 

us ing a single set of flow transducers which cover the range of the system. 

The r equi rement s necessary for the transducers are that they be hi ghly 

r epeat able and stable over a r easonable period of time. This has been 

accompli shed in the field of liquid flow measurements for a number of years . 

The transducer set presently in use consists of four turbine flowmeters 

which cover a range of 15 to 100,000 pounds per hour of hydrocarbon fluid. 

These instruments are calibrated at the National Bureau of Standards at 

selected flow points throughout the range of the system to be tested. The 

package is then shipped t .o the bases where the equipment is located. The 

systems are tested with these transducers according to a specific schedule, 

or procedure . The data is then sent to a central location (AGMC) where it 

is statistically analyzed by a computer. The results are forwarded to 

the users of the system to assist them in .defining the errors associated 

with their particular equipment and/or environment. 

This type of measurement analysis has several advantages: 

(1) It examines the functional aspects of the total measurement system 

in a very short time period. The total flow range of the Cox Model 311 

calibrator can be analyzed in about 16 manhours . 

(2) It defines the errors in specific subsystems. Knowledge concerning 

the behavior of the system under certain conditions and in response to specific 

errors will localize the problem area. For the Cox 311 a constant systematic 

percent of reading error in one direction would indicate an improper beam 

ratio in the weigh tank system of the calibrator. 
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(3) It includes all parts of the measurement system including the 

human operator and the system environment. Changes in ambient temperature 

surrounding the equipment and effects due to drafts, etc, effect the 

variance of a given set of readings. 

(4) Analysis of system performance can be controlled by a small, 

central group using statistical techniques which are standardized. In 

this case all data is returned to AGMC where it is processed for statistical 

deviation from known parameters by a single computer program. 

(5) Test results can be easily disseminated using time-sharing computer 

techniques communicating -to a central location. Remote computer terminals 

at each base location can be used to transmit the correlation results almost 

immediately. 

(6) Labor, material costs, and shipment darr~ge is reduced. One set of 

four flowmeters is used for the correlation and shipped from base to base 

instead of shipping 140 separate standards. 

(7) Compilation of the history of a particular measurement system is 

simplified. The history of the measurements of each calibrator can be stored 

in a single computer memory and can be corr.pared to other calibrators or to 

its own past history at will. The reliability and mean time between failures 

of these systems can be projected very accurately. 

(8) Procedures can be designed to reflect the true precision of routine 

calibrations performed on a particular system. This method of system cor

relation is almost identical t o the way the calibrators are used during 

routine flowmeter calibrations. Therefore the real system accuracy, precision, 

repeatability, and resolution are reflected in the correlation. 
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(9) Echelons of physical standards are eliminated. The correlation 

measurements are directly traceable to the National Bureau of Standards 

since the tran·sducers are calibrated there. This deletes the need for a 

transfer staridard at AGMC (with a corresponding loss of accuracy to the 

field measurement). 

' Evaluations are now being performed on several gas flowmeter transducers 

which may be used to correlate gas flow calibrators. One such instrument 

is the prototype meter shown here. This meter has an extreme rangeability 

for a single element (.01 to 1000 cubic feet per minute) and high accuracy 

(±-5% of the reading). The primary element is a ~atrix of very small 

laminar flow channels built into the meter body. The differential pressure 

across the laminar matrix is measured by a diaphragm manorr:eter. The position 

of the diaphragm is sensed by a capacitance bridge. The meter is automatically 

compensated for pressure and temperature changes within the element. 

Progress is being made in other measurement areas but intensive research is 

needed to develop very stable and repeatable transducers in all fields. 

Solid-state circuitry and integrated electronics are beginning to aid stability 

in the read-out portion of these elements but more work is needed to develop 

stable primary elements. It may be possible, at some future time to design 

transducer systems that are so stable and repeatable that they could be 

installed on site permanently attached to the measurement system. These 

transducers would be electrically connected to a computer system in a central 
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laboratory which would receive the data and analyze it autorr.atically. 

This concept would completely eliminate shipping of physical hardware 

of any kind thereby eliminating damage and loss of expensive equipment . 
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SESSION II 

DISCUSSION SUMMARY 

Session Chairman: Garland Rollins 

Papers: Josephson; Rodgers and Wright; Cassanto; Paulson and Nuhfer; 

Federman, Walston and Ramboz; Callis 

DISCUSSION: 

John Carrico, Bendix Research Labs: The gas flow meter on which you 
' 

are trying to develop standards--how did you get the dynamic .range? You 

indicated that you go from l to l ,000 cu. ft/min. Laminar flow doesn 1 t 

cover that range, does it? 

William Callis, Newark Air Force Station: Yes, it does. There were 

four transducers covering the range. The transducers are 8-in . . diameter by 

4-ft long. This was a special design by us--not a commercial item. They 

were especially made for this purpose. 

Peter Stein, Arizona State ·university: The literature includes some 

evidence that the surface to which an accelerometer is mounted affects the 

frequency response. Wilcoxon Research and Fuselier both did some work in 

that area. An accelerometer mounted on different materials such as steel, 

tungsten, etc., will have different impedance matches. Do you reverse the 

order in which the reference and test accelerometers are mounted, or how do 

you take that into account? 

Charles Federman, NBS: We use the standard piggy back mounting without 

reversing order. Both accelerometers observe the same pulse. 

Stein: How can they see the same pulse with different mechanical 

impedance loading conditions? 

Federman: I think the difference is so small it is negligible. 
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Allan Diercks, Endevco: Perhaps I can help here. The model 2270 

accelerometer is built upside-down. The reference surface to which the test 

accelerometer is mounted is the top surface, not the bottom surface. The 

two reference surfaces of the accelerometers are in close, intimate contact, 

and the presumption is that they do move together. There is no bending trans

mitted, or it is insignificant. I want to ask NBS what shock amplitudes and 

pulse widths can you attain? 

Federman: We have a range of 50 g to 5,000 g amplitude and 40 ms to 

l/2 ms width. 

Diercks: Is NBS planning to offer shock calibration as a service? 

Federman: VIe are right now and have been since November. 

Bruce Wilner, Becton Dickinson Labs: Does the FAE program have any end

to-end calibration that establishes transducer integrity? 

Larry Sires, Naval Weapons Center: The method of calibration at the two 

sites is different. At the air drop facility we use a PCB model 101A04 ac

celeration compensated pressure transducer with built-in electronics and ade

quate frequency response. The transducer has a 100-sec time constant. We 

use a dynamic pressure calibrator with a 20-ms rise time feeding a pulse 

through a large capacitance bank to increase the time constant of the elec

tronics. The only thing different between that and live data is that we do 

not have l ,000 feet of line that we do in the field. We found negligible 

difference in calibration levels with and without the long lines. Over a 

4-month period of time and a great number of gages, the average deviation 

. was about 2%. 

At the static test facility we use a Susquehana model ST4 which does not 

have built-in electronics, and calibration is another problem solved in a 

different manner. There we use a calibrator built in-house with a 2-l/2 ms 
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rise time or a portable drop hammer system with electromagnetic bottom 

valve relief system. 

(At this point several people discussed the calibration approach using a 

drop in- pressure from a given level back to ambient. The point was raised 

that some transducers can be damaged by negative-going pressure pulses. 

In the case of piezoelectric devices, some charge can bleed off at pressure 

causing an error that is masked.) 

Question for Joseph Dolis, General Electric: In the system you are 

using the transducer does not see the direct application of the forcing 

function. There is some kind of transfer function between the 30-mil diameter 

hole and the transducer due to the length of tube you have. Have you done 

any kind of computer modeling where one might use any tube restriction or 

tube length and calculate the response in advance? 

Dolis: We have done extensive testing in that region to determine the 

time lag. Most of the publications were in-house . I think I could send you 

some documents on the work we have done with time response of the pressure 

transducer versus different tubing diameter and lengths. 

Douglas Marker, Naval Weapons Lab: Question for Callis : You mentioned 

the fact that your calibration system lent itself to determining whether 

error sourc~s came from the operator, the system or the environment. Could 

you give us more information on how that is determined and what percent of 

errors occur in the different elements? 

Callis: Let me explain with an example. A facility at Sacramento, 

California, wanted to use a fluid that was hazardous because it had a low 

flash point. The base safety officer required the operation to be performed 
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in a hazard-protected room which was not available. Another fluid was sub

stituted having the same density but a higher flash point. The substitute 

fluid did not have the same viscosity, which had a definite effect on the 

turbine flow meter. He were able to show that the use of this substitute 

fluid caused errors of 9% and more. 

William Anderson, Naval Air Test Center: In the FAE program, give us 

an idea of the characteristic thermal environment, and how did you actually 

check whether the transducers weren't responding to the temperature 

environment? 

Sires: Actual measurement of the thermal environment is almost impos

sible. ~~e have no instrumentation capable of measuring thermal response in 

that time regime. We check our transducers for photosensitivity and thermal 

transient effects by testing with a flash bulb heat source. Black electrician's 

tape did as good an insulation job as anything else. 

Stein: Question for Larry Rodgers of Eglin Air Force Base: You're not 

actually measuring store trajectories with that instrumentation, are you? 

Rodgers: There is a method developed within our group which can determine 

the ballistic perturbation put on the bomb. We painted patterns on the bomb 

and used on-board cameras to photograph the initial bomb departure. Later 

some Mark 82 dummy bombs had cameras installed in their noses. A grid pattern 

was established in the target area; the cameras started automatically after 

discharge from the bomb rack and photographed to about 500 feet from the 

ground where they are ejected and landed by parachute. We have three kinds 

of information: the airplane flight parameters, the energy input to the bomb 

from the rack instrumentation, and ballistic characteristics from the camera 

records. 

Stein: Have you tried triangulation with two cameras? 
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' Rodgers: We tried that and it doesn't work too well. At the time we 

did our instrumentation we couldn't get two cameras to run synchronously at 

the high framing rates required by our work. We could get better results 

with a single camera. 

Jonathan Alexander, Eglin Air Force BaseJto Sires: In your procedure 

you mentioned screening transducers using a shock tube. What procedures do 

you use to determine linearity and sensitivity? 

Sires: The shock tube produces a 14-20 psi pulse, and we look at ring

ing on the transducer as a first screening process. We then go through full 

system calibration using a slow rise time pulse. We do have one problem I 

want to warn you about, and that is moisture sensitivity of transducers sealed 

with epoxy. We solved the problem by leaving them on their power supplies 

for a week or so 'tO bake out the moisture. 

Alexander: Do you plot from points for check of linearity and sensitivity 

or do any kind of lab calibration? 

Sires: We do a six-point dynamic calibration taking the data through a 

digital system and fitting to a least-squares lines. 

Alexander: Something else I missed--what is the system frequency 

response? 

Sires: Gages have 100 kHz frequency response. We are recording them 

wide band, 20 kHz at 60 in./sec. The recording system acts as a low-pass 

filter. On the low end, gages are capable of a 100-sec time constant. 

John Ramboz, NBS: I would like to elaborate on Stein's question with 

respect to mechanical impedance. It is important to understand what's going 

on. The apparent shift in sensitivity when you're mounting an accelerometer 

on different materials having different mechanical impedances is due to 

resonance frequency shift. If you operate sufficiently below that resonance 
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frequency, it is essentially insignificant what you mount it on. Now the 

reference transducer, the piggy-back 2270, has a resonance of about 55 kHz . 

The test accelerometer resonance is between 60-80 kHz. We are looking at 

data between 5 Hz and 10 kHz, so far down on the response curve as to be 

immaterial. 

Second order mass loading effect does occur for some models on the 

piggy backs. We believe it is due to case bending or top surface bending. 

A very large loading mass change from 0 to 100 grams affects the response by 

only a few percent at 10 kHz. 

There are a lot of applications measuring significantly higher frequen-

cies, and there are accelerometers with resonances of say 30 kHz. If you 

try to measure at 10 kHz, that is about l/3 the resonance frequency, and you 

are well up on the resonance skirt . There will be a very definite change in 

sensitivity of the accelerometer when mounted on different materials; for 

example, steel, tungsten, aluminum, beryllium, ceramics. We typically stay 

away from the resonance skirt. 

One other comment--the maximum calibration levels we use are 5,000 gat 

l/2 ms. We can mechanically generate higher amplitudes, but getting enough 

samples across the pulse in order to do frequency analysis is our problem. 

There are electronics available, but our funds are limited. 

Patrick Walter, Sandia Laboratories: We use piezoelectric accelerometers 

rated at 100,000 g which of necessity are calibrated only in the dynamic mode. 

What has been the problem at NBS that you haven•t been given the backing you 

need? 

Ramboz: Thank you Pat. I think the basic problem is a funds-limited 

operation. The Bureau of Standards tends to go with the tide and work on 

the bigger programs, such as air and water pollution, that are of national 
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interest. The work we do in the vibration section (and other groups in the 

Bureau as well) is funded by internal money and also by other-agency trans

ferred funds. The vibration area is heavily oriented toward defense, aero

space and aircraft. Remove them, and our vibration community wouldn't have 

much left. The large developments coming to the Bureau have been spurred by 

defense and aerospace. In response to Pat's question, 11 Why can't we do 

100,000 g?'' there is such a small number of people working in that area that 

it assumes a very low profile. If that problem is important to you and we 

have the capability to help you, we will be happy to negotiate some kind of 

project with your agency. 

Walter: We come to meetings and sit around talking about lOO's and 

l000 1 s of g's, and then the first time you become aware that the Bureau can 

only give traceability to 10 g, it~s like somebody telling you there's no 

Santa Claus. 

Paul Lederer, National Bureau of Standards: I would like to answer 

Pat's second question, the one he hasn't asked yet. Why don't we have dynamic 

calibration of pressure transducers? NBS does not have the capability for 

the same reasons that have just been mentioned. There has been more demand 

for a longer period of time for dynamic calibration of pressure transducers 

than there has been for shock calibration of accelerometers. And the answer 

is the same. 

Garland Rollins, NASA Langley, ended the session with an anecdote from 

his work experi~nce. 
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Abstract 
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Miniature Transducer Amplifiers Developed 
for Telemetry Applications ' 

Frederick Schelby 
Sandia Laboratories, Albuquerque , New Mexi co 

A new generation of miniature signal-conditioning amplifiers has been 
developed for use with piezoelectric and bridge-type transducers in tele
metry systems. Both the charge amplifier and the -de amplifier/power 
supply are less than 1 c ubic inch in volume and are further charac
terized by gains adjustable over a wide range, adjustable output bias, 
and high-shock survival capability. 

Introduction 

For many years Sandia Laboratories has been a heavy user of transducers 
and transducer telemetry amplifiers in a wide variety of projects involving 
such diverse activities as high-speed sled tests, rocket flights, earth 
motion studies and many others. In recent years environments have become 
increasingly severe and the space available for telemetry equipment has 
become more limited. 

In these circumstances it became necessary to obtain improved charge and 
strain-gage amplifiers to meet current test conditions. In general we wanted 
to obtain amplifiers that were physically smaller, had higher shock capability, 
and were more flexible than available units in terms of the options incorpo
rated, such as adjustable output bias and choice of filtering. Our purpose 
was to stock these amplifiers as off-the-shelf items that could be used for a 
wide variety of applications. 

The major new requirements are listed in Table I for charge amplifiers in 
comparison with typical specifications for some amplifiers used previously 
for many of our projects. The same type of comparison is made in Table II 
for de amplifier/power supplies. Requirements common to both amplifiers 
are listed in Table III. 

Development 

The development phase was handled by writing detailed specifications incorpo
rating the basic requirements of the preceding three tables. Contracts were 
then placed for evaluation units with several suppliers who verA willing to 
design and build units to our specifications. Development proceeded on an 
iterative basis; i.e., evaluation units were submitted to Sandia, their pro
perties evaluated and then they were returned to the supplier for any 
necessary reworking . Close liaison was maintained with the manufacturers 
at all times and required compromises were incorporated into the specifi
cations 'When necessary. This procedure worked quite well but was time 
consuming, requiring about two years from the writing of the original 
specifications to the final qualification of acceptable amplifiers. 
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Gain Range 

Bias 

Shock 

Volume 

Gain Range 

Bias 

Shock 

Volume 

TABLE I. CHARGE AMPLI FI ERS 

Old New 

2-20 mV/pC(lO:l) 0.3-30 mV/pC(lOO:l) 

0 or 2.5 volts (fixed) 

lOOg 

0 to 5 volts (adjustable) 

20,000g 

2.14 cubic inches Less'than 1 cubic inch 

-
TABLE II. DC AMPLIFIER/POWER SUPPLY 

Old (Type 1) Old (Type 2) New 

83-500 (6:1) 330 (fixed) 10-330 (33:1) 

0 0 0-4 (adjustable) 

lOOg 2500g 2500g 

4.5 cubic inches 0.7 cubic inches Less than 1 

TABLE III. COMMON SPECIFICATIONS 

Supply Voltage 28 *4 V d e 

Supply Current 50 mA or less 

Effect of Polarity Reversal 

Operating Temperature Range 
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Final Ch&rge Amplifier Configuration 

Figure 1 shows photographs of the two types of charge amplifiers that were 
designed and qualified to our specifications. Although the two amplifiers 
are superficially different in size and shape, they are electrically very 
nearly identical. Their characteristic properties are shown in Table IV 
compared to the design goals in the first column. Very few compromises 
were necAssary: the only one of significance be~ng the lowering of the 
shock requirement to lO,OOOg . I would like to make several observations 
about these amplifiers: first, note we have specified a low frequency re
sponse between .4 and .8 Hz. This corresponds to a time constant of 200 
to 400 milliseconds. These numbers represent something of a compromise 
since it was desirable for good signal reproduction to get a response as 
close to de as possible but at the same time the low frequency response had 
to be rolled orr above de in order to keep the pyroelectric effects in 
ceramic transducers from producin$ output instabilities. Since these 
thermally-induced variations are relatively slow - on the order of seconds -
the response we have chosen offers a reasonable compromise. 

The output bias and gain figure are set by soldering the appropriate resistors 
in a cavity in the amplifier housing. For high shock environments these 
resistors are normally potted in the cavity. A silicone rubber potting ma
terial works very well for this and can be easily removed. 

The amplifiers also include an internal filter option. The high frequency 
response can be rolled off above 4 kHz by making the proper connections. 
Without the filter the response is flat to 50 kHz or above. 

These charge amplifiers are single-ended and the case is isolated from the 
signal leads but the signal common feeds straight through without isolation. 

The flexibility of the design can be illustrated by observing that the 100:1 
gain range and high shock capability of these amplifiers permits their use 
for a great variety of measurements from lOg vibration testing to lO,OOOg 
ballistic testing. 

Final DC Amplifier/Power SupplY Configuration 

The three types of de amplifier/power supplies qualified under this develop
ment are shown in Figure 2. Once again, these amplifiers are superficially 
different in shape but are electrically similar. Their characteristics are 
listed in Table V in comparison to the detailed design goals. In this case 
the bias and gain resistors are soldered directly to the appropriate feed
throughs. The high frequency response is flat within ::~::2% from de to 4 kHz 
and thereafter rolls off at a 6 dB/octave rate. There is no other filter 
option incorporated but different frequency responses can be obtained by 
special order from the manufacturers. A five-volt chopper-stabilized 
excitation supply is incorporated in the circuits. The output of the 
excitation supply is isolated from ground. 
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TABLE IV. CHARACTERISTICS OF CHARGE AMPLIFIERS 

Parameter 

Supply Voltage 

Supply Current 

Polarity Reversal 

Output Signal Range 

de Output Bias 

Output Impedance 

Noise 

Frequency Response 

Unfiltered 

Filtered 

-J dB 

+J dB 

Gain Range 

Linearity 

Distortion 

Gain Stability 

Voltage 

Capacity 

Temperature 

Time 

Bias Stability 

Temperature 

Time 

Wann-up Time 

Size 

Operating Tempera
ture Range 

Shock Survival 

Specifications 

28 ±4 V de 

50 mA max. 

No Effect 

0-5 V de 

0-5 V de 

500 ohms, max. 

10 mV PP max~ Rl'O 

:t:5%, 3 Hz to 20 kHz 

±5%, J Hz to 4 kHz 

0.40-0.8 Hz 

8 kHz, max. 

O.J-30 mV/pC 

:t:0.2% FS 

1. 5% max. 

±0.25% max. 

±0.2%/1000 pF max. 

:t:l% max. 

±0.2% max. 

±25 mV max. 

:~::10 mV max. 

45 sec. max. 

1 cu. in. max. 

-40 to 200°F 

lO,OOOg, 0.5 ms 

268 

PCB 
Model 424MQ3 

28 ±4 

16 
OK 

0-5.4 

0-5.4 

400 

10 

3 

J 
0.6 

8 

O.J-JO 

0.1 

0.75 

0.1 

1.7 

0.8 

0.17 

16 

4 

45 

0.5 

OK 

Yes 

Endevco 
Model 26481150 

28 ±4 

16 
OK 

0.2-5.1 

0.2-5.1 

1 

15 

2 

2 

0.6 

12 

O.J-JO 

0.02 

0.6 

0.1 

0.5 

0.9 
0.42 

25 

4 

45 

0.9 

OK 

Yes 
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TABLE V. CHARACTERISTICS OF DC AMPLIFIER/POWER SUPPLY 

Grant I!D Ectron 
Parameters Soecifications Model MHS 2-2 Model SA2202A Model 314 

Supply Voltage 28 *4 VDC 28 %4 28 %4 28 %4 

Supply Currnnt 50 mA max. 50 26 39 

Polarl ty Reversal No effect OK OK OK 

lxcitation Voltage 5.0 %0.1 v 5.008 5.032 4.998 

Excitation Voltage Stability 

Time -1:10 mV max. 1 0 1 

Temperature -1:0.6% max. 0.25 0.25 0.25 
1\.) 

· ;:3 Output Signal Range -o.6 to 5.5 V -o.7 to 5.8 -o.7 to 5.6 -0.7 to 5.4 

Linearity .rn5% FS 0.11 0.06 o.os 
Gain Range 10 to 330 10 to 330 10 to 330 10 to 330 

Frequency Response -1:2% to 4kHz 0.7 3.0 2.6 

Bias Range 0-4V -o.5 to 5.8 0 to 4.8 0 to 4.6 

Thermal Gain Shift %1. 8% o.s 1.5 0.6 

Themal Bias Shift %1.2% 0. 07 1 1.3 

Noi se, DC - 20 kHz 30 mV PP max. 10 15 30 

Distortion 3% 4 1 0.8 

Shock 2500g, 0.5 ms Yes Yes Yes 



These are differential-input amplifiers with input-output isolation. Like 
the charge amplifiers the output is limited so that it swings nominally 
between 0 and 5 volts in order to prevent cross-talk on adjacent telemetry 
channels. Negative signal excursions are handled by setting the output bias 
voltage at the proper value. 

The gain range of 10 to .330 is adequate for both metal and semiconductor 
strain-gage transducers. The bias and gain circuits do not interact vith 
each other in order not to upset the thermal compensation of semiconductor 
bridges. 

Summarv 

To sum up, this development has resulted in a group of shock-resistant, small, 
flexible transducer amplifiers designed for telemetry use. The packaging 
problem in both these amplifiers was severe and its successful solution is a 
tribute to the suppliers vho designed them. 

FSchelby:9486:phs 
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A SY STEM FO R MEA SURI NG STATIC STRAI NS TO 1500 ° F 

Darrell R. Ha rt i ng 
Boeing Ae rospace Company 

Se a ttl e~ Washington 

_8 BSTRACT 

A high te mperature strain measurin g system is described. The 
syste m consists of a self-te mper a ture compensated capacitive strain 
gage and a ne w type of sign a l conditioner for use with it. The 
system is ca pa ble of up to± 5 volts full-scale output at any strain 
from± 250 0 ~E to ± 20, 000 ~E . 

The strain gage cont a ins a compen s ating lin k , which establishes 
the gage len gth and provi des nomin a l self-temper a ture compensation 
at constant te mperature , a nd a coa xial ca pa citive half-bridge sensor. 
A fle xural syst em provides for a li gnment of the gage parts, attach
ment to the t est spe cim en, a nd mini miz a tion of bending errors. Min
i a t ur e ther moco uples provide dnta for use in compensating for thermal 
erro r s, incl ud i ng tho se cau se d by transient conditions. 

The ga g'e s , which are pre - ca librated, have th e same range1 , sen
sitivity , a nd line a rity in ten s ion and compression . The str a in sen
sitivity of t he ga ge cha nges less than 4% between 70 and l500°F. 

The sign a l conditi one r contains an unusual type of carrier 
amplifi e r (3. 39 kHz) with a char ge-follow e r in put. A ~C calibration 
si gna l sour ce , ca li br ated ca r ac itiv e ba l ance, a nd calibrated variable 
ga i n cont r ols a r e in c lude d. 

Respon se of the sys t f m t o strain a nd temperature, and to ad
verse conditi ons such as bendinq, torsion, mi s ali gnment, shock and 
vib rat i on a r e discu ssed . } 
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INTRODUCTION 

Past attempts to measure static strains at temperatures to 
1500°F have failed completely or have, at best, been marginally 
successful . Some of the ·most important reasons for this history of 
failure follow: 

1. Materials change mechanical properties with temperature. 

2. Materials change electrical properties with temperature. 

3. The mechanical strains to be measured are usually very 
small (< 500 ~£) compared to thermal expansion strains 
(around 13,000 ~£for typical structural materials). 

Since 1957* , millions of dollars were spent by private industry 
and the Government to try to overcome these problems in the develop 
ment of bonded resistance strain gages. When it became apparent 
that only small further gains could be made in the resistance ga ge 
field regardless of expenditures, other ~o9cepts were explored , 
including t9e thermal-null strain gagel, ' and capacitive strain 
gages4,5,6, . 

THE SYSTEM 

The problems listed above have been reduced to a manageable 
level in the capacitive strain measuring system described here. The 
system consists of a half-bridge capacitive strain gage, an unusual 
carrier-type signal conditioner, and interconnecting leads. All are 
important to the success of the overall system; it is necessary to 
overcome both mechanical and electrical prob l ems which have limited 
the performance of past high temperature strain measuring devices . 
Some important considerations in the success of this system are : 

• Half-bridge configuration 

• Self-temperature compensation 

• Transient temperature compensation 

• Wide full-scale strain ranges (± 2500 to+ 20,000 ~£) 

• Excellent resolution (< 1 ~£) 

• High linearity in both tension and compression (non
linearity less than 0.5 % to ± 3000 ~E; 2.0 % to ± 20 , 000 ~ E) 

*Symposiwn on "Elevated Temperature Strain Gages~" sponsored by the 
Aeronaut ica l. Structures Laboratory~ Naval. Air Material. Center~ 
PhiZ.adeZ.phia~ Pennsy lvania~ 4- 5 December 195? . 
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• Stab l e zero and sensitivity 

• Lo w force (80 gra ms at 20,000 ~E) 

• Cable - len qth i nse nsitivity 

TH E STRAIN GAGE 

A cro ss -se ctiona l mechanical schematic of the strain gage is 
sh own in Figure 1. Major e l ements of the gage are: 

1) A co mpensating rod, usually made of the same material as 
t he te st spe ci men . This rod establishes the qage length of the gage, 
and pro vides nom i nal self-temperature compensation for thermal 
expans i on st r ains . 

2) A pa i r of cylindrical excitation plates, mounted on, but 
electrically insulated f r om, the compensating rod. 

3) A sensing ring, coaxial with and surrounding the excitation 
pl ates . 

4) Attachment ribbons for fastening the gaqe to the test 
s pe cimen. 

5) Flexures which maintain coaxial alignment of the excitation 
pla t es and the sensing ring . 

Self-temperature compensation of a strain gage is desirable 
even when temperature changes encountered in service are small. 
When the operating temperature varies from room temperature to 
l500°F, it is essential. In the case of materials such as Rene• 41 
and I nconel X750, the average temperature coefficient of expansion 
at l500°F is about 9 ~E/ ° F; in other words, the strain due to 
thermal expansion from 70 to l500°F is nearly 13,000 ~E - while the 
maximu m mechanical strain produced by structural loading is likely 
to be in the 500 ~E range! Making the compensating rod of a material 
havi ng known thermal expansion characteristics (preferably the same 
as t hose of the test specimen) can reduce the thermal output of the 
gage t o a re l atively small value (usually less than 300 ~E) between 
room te mperature and l500 ° F. 

The coaxial, half-bridge arrangement nf the capacitive elements 
r es ults in superior linearity and cancellation of unwanted effects. 
In the capac i tor configuration used in the gage, the gap between the 
excitation and sensing rings stays constant. Changes in capacitance 
result because more or less area of the sensing ring overlaps the 
r espective excitation rings. Area-changino capacitors generate a 
l i near response to relative motion, while gap-chanoers are inher
ently non-linear, generating a hyperbolic response. A further ad
vantage of the coaxial configuration is the potential for measuring 
s t rains of either sign and unlimited magnitude at a constant sensi
t i vity. 
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The half-bridge configuration nominally cancels nearly all of 
the deleterious effects of temperature and temperature change in 
addition to compensating for edge effects where the capacitive 
elements overlap. Changes in resistance and capacitance with res
pect to ground in the gaqe and lead wire systems, for example, 
occur in a balanced fashion. 

Use of an air dielectric (or other material whose dielectric 
constant is relatively invariant with temperature) is an important 
feature of the gage. The use of an air dielectric results in an 
extremely small change in sensitivity with temperature (about 4% 
between room temperature and l500°F). Gaqes which utilize materials 
having high dielectric constants to increase the gage capacitance, 
on the other hand, suffer changes as large as 70 % ~ over this range 
due to changes in the mechanical and electrical properties of the 
dielectric material. 

Figure 2 shows the qage configuration in more detail. The 
alignment frame is used to maintain the proper relationships bet~een 
parts of the gage until it is installed. The alignment filaments 
are severed and the frame is removed after the gage is welded in 
place. 

Electrical connections to the gage are made via the terminal 
strip. In addition to connections for the capacitive elements, 
provisions are included to bring out 3 thermocouple wires. A 
differential thermocouple measures the difference in temperature 
between the compensating rod and a platinum button welded to the 
specimen surface; its signal is used to compensate for the differ
ences in temperature between the rod and the specimen. These diff
erences nearly always exist, and are caused by differences in thermal 
mass under transient temperature conditions and by drafts or uneven 
heating or cooling under steady-state conditions. Multiplying the 
difference in temperature by the temperature coefficient of the rod 
yields a direct correction to the indicated strain. A total - tempera
ture thermocouple in the button measures the specimen temperature 
for use in other corrections. 

Although Platinel II thermocouples are used in the gage, 
chromel-alumel external lead wires are satisfactory, and are usually 
used to reduce cost. 

Another feature of the gage partly illustrated by Fi gure · 2 i s 
its ability to measure strain at the surface of the spec i men, rather 
than at the elevation of the capacitive sensor when bend i ng is 
present 8 . Note that the attachment ribbons are not welded over the 
0.15 inch length near the gage supports, allowing them to act as 
torsional flexures. Acting in conjunction with the flexures which 
maintain sensor concentricity, these flexures hold the compensating 
rod parallel to the specimen surface and minimize the magnification 
of bending strains. 

Even though the gage is aligned during manufacture, it is 
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possible to knock it out of alignment accidentally. Fortunately, 
the signal conditioner can be used to measure the total capacitance 
between the excitation plates and the sensing ring, so that align
ment can always be checked simply even if the gage itself is in
accessible. The effect of misalignment on gage sensitivity is shown 
in Figure 3. 

THE · SIGNAL CONDITIONER 

The signal conditioning system consists of a custom-built mode 
card (Figure 4) and a commercial signal conditioner (Figures 5 and 
6). Operation of the signal conditioner is analogous to that of a 
carrier system built for use with resisttve strain gages, with the 
functions of the resistive and capacitive balance controls inter
changed. 

Calibrated controls for the capacitive balance and for the gain 
Permit tracking and/or pre-setting gage and system characteristics. 
The calibrated balance dial can be used to operate in a nulling mode 
to measure gage output or, with an adapter cable, to measure total 
capacitance between the excitation and sensing rings. Since a 
change in the total capacitance of the gage affects the gage sensi
tivity in a known fashion, the signal conditioner can be used to 
check gage sensitivity at any time, even without direct access to 
the gage. 

The mode card contains no inductors. A combination of resis
tances, capacitances, and active elements produces a 3.39 kHz, 
7 V rms carrier which is connected to the excitation plates of the 
gage by a shielded twisted-pair cable. The signal from the sensing 
ring is connected to a charge-amplifier input stage on the mode 
card by means of a coaxial cable. The carrier signal is demodulated 
in a unique fashion9, utilizing a 4-quadrant multiplier. 

The use of a low carrier frequency, separate excitation and 
signal cables, and a half-bridge gage largely eliminates problems 
with cross-talk, noise, stray capacitances, and cable motion. The 
charge-amplifier input eliminates the effect of signal lead-to
shield capacitance, making the system insensitive to cable length. 
The demodulator contains no switching elements, so is capable of 
producing an output which is an extremely linear function of the 
input, even around and through the zero~signal level. 

Full-scale output of the signal conditioner is 5 volts; the 
minimum strain in the gage to produce this output is 2500 ~E. The 
gain controls can be used to adjust the full-scale strain to any 
desired value over a wide range (110/1). Note that a 5 volt full
scale output is seldom required in laboratory applications. The 
signal-to-noise ratio in the system is such that a 1 volt full
scale output signal (500 ~E) is not noticeably degra'ded. 
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SYSTEM · EVALUATION 

Although a small amount of evaluation data is ava i lable on the 
performance of capacitive : strain gages4~6,10,11 ,1 2 , at room and 
elevated temperature, most ·of · the ·work done · to da t e does not inclu de 
information on the response : of the strain gages to extraneous influ
ences such as bending, torsion, misalignmen t; shock, vib r a tio n , or 
long-term drift. 

A summary of the results of evaluation tests on the system des 
cribed in this paper follows; details of the tests and test result s 
appear in Reference 13. 

l. Mechanical strain ·at temperature 

Less than 4% change in sensitivity from 70 to l500°F. 

2. Thermal Output 

Proportional to the mismatch in thermal expansions between 
the compensating rod and the specimen; usually less than 
300 ~E from 70 to 1500°F. 

3. Drift 

Less than 0.04 ~E/hour average (2340 hour test at ll00°F) 

4. Bending 

The use of bending-compensation flexures reduced the bending 
error from 515 % to 11 % on a 0.188 inch thick specimenS. 

5. Torsion 

The theoretical output of the gage when subjected to pure 
shear is 2.3 ~E indicated output/1000 ~E of applied shear 
strain. The response of individual gages will be higher , 
due to manufacturing and installation tolerances. A 
single gage responded with approximately 60 ~E indicated/ 
1000 ~E of applied shear strain. 

6. Shock and Vibration 

Three-axis shock and vibration tests produced the follow i ng 
resu l ts: 

1. Lowest natural frequency- 370Hz 

2. Maximum indicated strain at 3.0 G rms random, from 5 -
2000Hz, was 225 ~E rms. 

3. Maximum indicated strain from a 10 G pulse was 40 ~E. 
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Figure 4 . Signal Conditioning Mode Card Component Side 

Figure 5. Signal Conditioners .· Commercial Signal Conditioning 
Module and Cus/Om - Built Mode Carel 
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The gage survived the - above environments, plus a l .0 G 
sine-wave sweep with no damage. 

CONCLUSION 

The evaluation data presented here show that the high tempera
ture strain measuring system is useful for measuring long-term 
static strains at temperatures to l500°F during laboratory and field 
tests. Additionally, the errors produced by extraneous conditions 
such as the presence cof bending, shear, small misalignments, shock, 
vibration. and thermal transients are either nominal or can be 
compensated for. 

ACKNOWLEDGU.1ENT 

Thanks are due to the following people who developed the 
system described and who ran most of the tests which produced the 
data for this paper: Richard L. Egger, Everett J. Nelson, Paul 
J . Powers and Charles F. Sikorra. 

Egger, Nelson and Sikorra were awarded the Pacific Northwest 
Section of the American Institute of Aeronautics and Astronautics 
Technical Award for outstanding contibutions to the field of 
aeronautics and astronautics for development of the 1500°F strain 
measuring system. 

REFEPENCES 

1. U. S. Patent No. 3,293,909, "High Temperature Strain Gage_,n· 
Issued December 27, 1966! Inventor: Alvin F. Gledhill. 

2. 11 A Thermally-Nulled Strain Gage, 11 Darrell R. Harting, 
Western Regional Strain Gage Committee Spring Meeting, San Diego, 
California, March 13, 1967. 

3. "Design and Operation of a 1500°F Thermal-Null Strain Gage, 11 

Earl J. Wilson, NASA Flight Research Center. Edwards, California 
and Richard L. Egger, The Boeing Company, 25th Annual ISA Conference, 
Philadelphia, Pennsylvania, October 26-27, 1970. 

4. "Research and Development of a High Temperature Capacitive 
Strain Gage, 11 0. Larry Gillette & Lester E. Vaughn, Hughes Aircraft 
Co., Technical Report ~ AFFDL-TR~68-27; April 1968. 

5. 11 Measuring Static Strains at High Temperatures II B. E. 
Noltingk, Central Electricity Research Labs, England, T~ird SESA 
International ·congress on Experimental Mechanics, Los Angeles, 
California, May 13-18, 1973. 

281 



6. 11 A New Hi-gh-Temperature -Strain Measurtng System, 11 

Darrell · R. Harting, SESA Technical Committee on Strain Gages, 
Seattle, Washington, October 17, 1972. 

7. Installation and Operation Manual - Capacitive Strain 
Measuring System, Boeing Aerospace Company, January 1973. 

8. U. S. Patent 3,729,985, Strain Gage, May l, 1973, 
Inventor: C. F. Sikorra, Boeing Aerospace Company. 

9. U. S. Patent 3,852,672, Four-Quadrant Multiplier-Notch 
Filter Demodulator, December 3, 1974·, Inventor: E. J. Nelson, 
Boeing Aerospace Company. 

10. 11 Elastic-Plastic-Creep Analysis of Thermal Ratchetting 
in Straight Pipe & Comparisons with Test Results, 11 J. M. Corum & 
W. K. Sartory, Oak Ridge National Labs, Oak Ridge, Tenn., ASME 
Paper No. 73-WA/PVP-4. 

11. 11 Strain Instrumentation for a High-Temperature Thermal 
Trans i en t Creep Test, 11 J . E . S m i t h and J . M . Corum , 0 a k R i d g e 
National Labs, Oak Ridge, Tenn., 1973 Fall SESA Meeting, Indian
apolis, Indiana. 

1 2 . '' Fie 1 d Ex peri en c e w i t h Hi g h Temper at u r e Capac i tan c e and 
Resistance Strain Gages, 11 J. E. Smith, Oak Ridge National Labs, 
Oak Ridge, Tenn., to be presented at the 21st International Instru
mentation Symposium, May 19-21, 1975, Philadelphia, Pennsylvania. 

13. 11 Evaluation of a Capacitive Strain Measuring System for 
Use to 1500°F, 11 Darrell R. Harting, Boeing Aerospace Company, to 
be presented at the 21st International Instrumentation Symposium, 
May 19-21, 1975, Philadelphia, Pennsylvania. 

282 



TELEMETRY INSTRUMENTATION FOR ACCELERATION 
TRACK TEST SYSTEM 

Murray Rosenbluth, Picatinny Arsenal, Dover , NJ 

ABSTRACT 

A prescribed acceleration-time profile composed of a short (100 ms) pulse 

and a l ong (1 000 ms) pulse was simulated by constraining a test vehicle 

to move along a track composed of helices and straight sections. The test 

vehicle contained a multipol e switch, wh ose contacts were actuated at 

different acceleration levels. Acceleration profile waveshape and s wi tch 

closure information was transmitted to a telemetry r eceiving stati on fro m 

the mostly inclosed track (total length 110ft.) by means of a magnetic 

field coupler. Probl ems encountered during the design of the ma gnetic 

field coupler and telemetry system are discussed. An analog simulation of 

a noise problem encountered during the testing phase i s also described. 

The results of the simula t i on are used to aid in the solution of the 

problem . 

The introductory section describes the initial concepts and design selecti on. 

The second section covers the acceleration track mechanics. The third 

section includes a dis.cussion of design concepts of the telemetry in-

strumentation. The fourth section covers a · nois e anomaly encountered 

during field tests of the system and an anal og s imulati on to solve the 

probl ~m. The final secti on describes capabilities and limi tations of the 

system. The text includes eleven figures. 
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Introduction 

The need for instrumeDtation required for transmission of telemetry data 

from a mostly enclosed track carrying a test vehicle arose from the re-

quirement of subjugating a multipole acceleration actuated switch to the 

acceleration profile shown in Figure l, The switch is used in a missile 

to sense acceleration thresholds . In additi on , there was a requirement 

for verification of s witch closures . The track shown schematically in 

Figure 2 i~ composed of three straight sections and two helical sections. 

Initial investigation indicated that coupling of data from the track wi th . 

an optical or microwave frequencies carrier or at baseband frequencies was 

impractical because of the partially enclosed nature of the track. However, 

coupling of the data at IRIG subcarrier frequencies proved to be feasible. 

The Acceleration Track 

To obtain the acceleration-time profile (Figure 1) , the system was designed 

to transport the test component at a constant velocity along the track. The 

track has helical curves of appropriate radii and path length. As the 

multipole switch , located in the test vehicle, travels along the straight 

portion of the track, it experiences no acceleration in the lateral, vertical!, 

or horizontal directi ons . However, as it t r avels through the curved portions , 

of the track it experiences a radial (horizontal) acceleration . The magnitud~ 

of this acceleration is given approximately by 

Ar = V~/R = w2
R 

where vt = veloc i ty in helix 

R = helix radius 

w = angular velocity 
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The track and mechanical drive are integrally connected. Thus) the test 

vehicle is forced to travel along the track at a constant velocity Vt. 

As the test veh i cle enters the helix drum, a rotating inner drum friction

ally engages the test vehicle, maintaining the constant tangential velocity 

Vt ins ide the drum. The vehicle then travels around the helix the number 

of revolutions necessary for the required acceleration time profile . The 

launcher is a pneumatic type; a frictional deceleration system is used to 

s l ow down the vehicle when it leaves t he second helix. Figures J and 4 

show the test vehicle and the electronic components , boards, test s wi tch 

and accelerometer . 

Telemetry Instrumentation 

The problem consisted of measur ing the acceleration profile that the 

multipole acc el eration actua ted switch undergoes during its traversal 

through the track and correlating switch closures wi t h particular levels 

of the acceleration profile. The test veh icle in which t he switch is 

located moves on a track, which is at times partially, and at times f ully, 

enclosed ; track crossections are shown in Figure 5. IRIG subcarrier 

frequencies are used as carrier frequencies (40 , 52 .5, 93 kHz) f or the data . 

Magnetic field coupling is used as the link between transmitter and rece iver . 

The transmitter-receiver block diagram is shown in Figure 6. The transmitter 

consists of three channels with each channel having a 1000 Hz data band

width, Channels A and B are functionally identical. Closure data fro m 

three switches is amplitude multiplexed in the signal conditioner, and 
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subsequently deviates the VCO frequency output in proportion to the amplitude 

input. In Channel C, the output of a piezoresistive accelerometer is 

signal cond i tioned and subsequently deviates the VCO output frequency in 

proportion to the accelerometer input. The VCO outputs are added and 

subsequently fed into a voltage amplifier chain . The outpu t of the last 

voltage amplifier is fed into a hemi-torroid coil which is loosely coupl ed 

to the track ribbon wire coil. The signal enters a differential rece iver 

where extraneous noise signals are canceled but required s i gnals are 

transmitted . The output of the receiver is inputed into three discriminators , 

where the information is removed from the carrier, and recorded in a 

permanent paper or tape recorder. The location of the transmitter coil in 

the carriage is seen from Figure 4. The location of the bonded ribbon 

cable along the track is on a 1ielectric s upport as seen in the track cross 

section shown in Figure 7. Two ribbons of wires can be seen in th e track 

cross secti on . The track length is about 110 feet. The des i gn of the 

transmitter and receiver coils presented problems of very low coupling 

factor available due to lack of space and l osses. Rais ing the receive 

and transmit coupling co ils about an inch from the track bottom l owered 

required magnetic field in tensity for efficient transmission, and con

sequently the number of windings of each coil required. The track in 

Figure 5 is shown to h~ve three different cross sections . The inductance 

of the receive coil had to be obtained experimentally, since only cross 

sectiuns Band Chad formulas given in the literature. The equivalent of 
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the magnetic field coupler is given in Figure 8 . The receive coil is 

wound so as to cause the magnetic field due to current in each wire of 

the ribbon to be additive, which happens when a solenoid type coil i s 

flattened. The transmit coil was wound on a dust type hemitorroidal shape 

core. The accelera~ton track test system and telemetry are s hown in 

Figure 10 . 

Testing of Instrumentation 

A typical accelera tion profile run is presented in Figure 9· After approx i-

mately one hundred tests the accelerometer output deteriorated markedly. 

(See Figure 11) . The average acceleration value became negative in each 

hel i x which is a physical imposs ibility . The questions occurring were 

whether (a) there is an electrical noise probl em, (b) an electrical dis-

tortion problem, (c) a mechanical vibration problem appearing as electrical 

noise . The accelerometer problems were examined following logical procedures . * 

It was determined after extensive investigation that the problem was not 

electrical but rather random vibrations were superimposed on the pulse of 

acceleration due to deterioration of the wheels. The random signals 

(because of their large magnitude) were being clipped in the system causing 

the average value of the accelerometer output to become negative. This was 

verifi ed by a simulation, where a noise sour ce was super imposed on a 

voltage l evel equivalent to 80G and inputted into the s i gnal conditioner 

in Figure 6 . 

*Stein~ P. ~. ; A Unified Approach to Handling of Noise Problems in Measuring 
Systems; Fl&ght Test Instrumentation~ Advisory Group Research and Development~ 
NATO 9/?2~ pp 5-1 to 5- 11 . 
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A negative average value could be observed as the output of the system. 

As the noise power was reduced the average value became positive. It was 

deduced that the distorted data was due to operation in the nonlinear 

region of the telemetry system. This, however, was not the case during 

the initial 100 runs of the test vehicle down the track. 

Finally , the gain of the accelerometer amplifier was reduced from 20 to 4 

and the distorti on problem cleared up. The mechanical vibration problem 

was subsequently corrected. 
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AN INSTRUMENTATION SYSTEM FOR MAKING MEASUREMENTS IN 
A HIGH EXPLOSIVE ENVIRONMENT 

J. J. Morrison 

Lawrenc~ Liv~rmor~ Laboratory 
Liv~rmore, CA 

Abstract 

Engineering mAasur~~nts or acceleration, strain and velocity were needed 
in a feasibility study for HSM --hard structure munition--a conventional 
two-state weapon. Its first stage is a shaped charge that blows a pilot 
hole in the concrete and aids the pen~tration of the second stage main 
charge. 

Static test firings of a shaped charge attached to a fully instrumented 
main charge cas~ have been conduct~d at our high explosive test facility. 

The fast-burning shape charge provides an electrically noisy environment. 

The instrumentation sys~m was designed with the philosophy that the 
generated electric rield was grounded due to interaction in the earth's 
magnetic field. With the generated noise field grounded, the instru
mentation system must be electrically isolated from ground to minimize 
common mode voltage and input-to-output voltage stress imposed on th~ 
amplifier. 

Isolation transformers with a primary-to-secondary capacity of 0.0005 pf 
are used for ac power. 

The total instrumentation system is enclosed in a shield driven by the 
noise source. The driven shield effectively reduces the syst~ capacity 
to ground. 

All control lines are coupled through optical isolators. 

Three channels or acceleration, thirty-six strain gag~s and three velocity 
transducers were conditioned, amplified and recorded on magnetic tape. 

Voltage measurements made from the driven shield to ground while high 
explosive was burning indicated 40 volts peak to peak. 
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AN INSTRUMENTATION SYSTEM FOR MAKING MEASUREMENTS 
IN A HIGH EXPLOSIVE ENVIRONMENT 

BY 

J. J. MORRISON 

INTRODUCTION 

Engineering measurements of acceleration, strain, and velocity were 
needed in a feasibility study for HSM (Hard Structure Munition)~ a · 
conventional two-stage weapon. Its first charge (FC) · is a shaped · 
charge that blows a pilot hole in the concrete and aids the penetration 
of the second-stage main charge (FT). · 

Static test firings of a shaped charge attached to a fully instrumented 
main charge case have been conducted at our HE test facility. 

The fast burning shape charge provides an electrically noisy environ-
ment. 

On some previous tests, strain and acceleration data were masked at 
zero time or FC ignition. 

The instrumentation system was designed with the philosophy that the 
generated electric field was grounded due to interaction in the earth 1

S 

magnetic field. With the generated noise field grounded, the instrumentation 
system must be electrically isolated from ground to minimize common mode 
voltage and input-to-output voltage stress imposed on the amplifier. 

Computer calculations indicated strain levels from 20,000 to 80,000 ~L 
and acceleration to 150,000 g. Data bandwidth was calculated to be from 
de to 100 kHz. 
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DESCRIPTION 

This describes a driving shield system where the transducer and 
its instrumentation are not isolated from the noise source, but just 
the opposite is done. 

Strain gage transducers are very closely coupled to the part they 
are measuring, the pieso-electric accelerometers have the case as signal 
common. These conditions of the transducers do not allow isolation from 
the noise source. If we can electrically drive the transducer completion 
networks, the instrumentation cables, and the instrumentation system by 
the same noise pulse, then the noise pulse cannot appear as a signal. 
This also means that the transducer and its instrumentation system must 
have no capacity, or as little as feasible, to earthground, or any other 
potential. 

Any copacity to ground will allow noise currents to flow, and these 
will be drQpped across some resistance to appear as a signal. By placing 
a shield around the total instrumentation system and driving the shield 
with the same noise source, one finds the effective capacity from the 
instrumentation to ground approaches zero. The instrumentation ac power 
must also be isolated and driven by the noise source. 

The transducers were 36 channels of 120-ohm, single active strain 
gages, located at various locations on the FT ·case, 3 channels of 100 
K g accelerometers with an integral charge converter, and 3 channels of 
permanent magnetic velocity transducers. 

Mini-noise-treated Twinax was used between all transducers and their 
completion networks. 

The strain gages were provided with a 3-arm individually shielded 
and isolated completion network. Ferromagnetic . beads located in the 
completion networks acted as inductive loads to the strain gages to 
minimize high frequency-induced transients. 

The piezoelectric accelerometers with t heir integral charge to 
current converters were located on the aft end of the FT case. Battery 
powered current-to-voltage converters and line drivers were individually 
shielded and isolated. The line drivers provide variable attenuation 
to the accelerometer signal and provide a very low output impedance--
1 ohm or less. 

The velocity transducers are permanent magnetic type, and their 
output is attenuated approximately 750 to 1. The attenuator output is 
balanced to the input and has an output impedance of 100 ohms. The 
attenuator cases are again individually shielded and isolated. 

If the transducer signal exceeds 1 volt, it is attenuated down to 
provide a lower impedance to the instrumentation amplifier. 
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All completion networks are located within 6 to 10 feet of their 
transducer. 

The fT case is tied to the bunker system ground plane with a 
number 6 stranded, bare copper wire. This is to load the electro
magnetic pulse being generated by the burning KE. The ground wire 
also drives the bunker ground plane toward the potential being generated. 

The instrumentation cables for each channel are twisted, shielded 
pair or pairs. The shield for each channel is driven from the signal 
low side at the transducer completion network. 

All of the individual cables per channel are then enclosed in a 
metallic zipper tube with a 5/8-inch braid. The braid is electrically 
bonded to the zipper tube at the completion network end of the zipper 
tube. 

Some additional electrical shielding is required around the trans
ducer completion networks. The completion networks are electrically 
isolated by individually wrapping them in a pressure-sensitive tape, then 
bundling them all together with tape. 

The bundled transducer completion networks are then wrapped with 
an aluminum tape, and the 5/8-inch braid is then spiral-wrapped around 
the aluminum tape. 

The 5/8-inch braid is then electrically connected to the common 
ground (EMP Signal) point for the FT. 

A size No. 00 welding cable is also electricallv connected to the 
FT at the ground (EMP s i gnal) point for the FT. The welding cable _ 
is connected to an isolated aluminum plate located under the instrumentation 
system--more about this later. 

When the shape charge detonates, shrapnel and flame will destroy 
any exposed cables, so all of the cables are buried in trenches. First, 
the bare copper is laid in the trench. A piece of zipper tube (laid out 
flat) is placed on top of t he copper. The zipper tube is electrically 
connected to the common gro und (EMP signal) point. This acts as a 
second s~ield for the No. 00 welding cabl~ and the zipper tube that 
shields the instrumentation cables. The No.OO welding cable and zipper 
tube around the instrumentation cables are laid on the flat zipper tube 
and then covered with pea gravel. 

The instrumentation cables and the zipper tube are 150 feet in 
length. The cables were buried for approximately 100 feet, to a point 
where they pass through 6-in diameter, 10-ft. long metallic conduits 
into the firing bunker. 

The No. 6 bare copper is electrically connected to the bunker 
ground plane in a wire-way trench at the base fo the wall (where the 
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feed-through conduits terminate). The bunker ground plane is a No. 00 
bare copper. 

The zipper tube shielding the instrumentation cables and the No. 00 
welding cable are mechanically supported but electrically isolated from 
an overhead wire-way. 

The distance from the termination of the feed-through conduits to 
the instrumentation system was approximately 35 feet. 

The instrumentation system is isolated from ground by a driven 
shield, optically-coupled timing signals and ac power isolation trans
formers with a primary-to~secondary capacity of 0.005 pf. 

The isolation and driven shield plate for the instrumentation system 
consisted fo two 3/4-inch by 4 X 8-feet sheets of plywood laid on the 
floor. On top of this is placed a sheet of 0.030-inch aluminum with the 
No. 00 welding cable electrically attached i n the center of its length, 
but at one edge. The aluminum is covered with two more .sheets of plywood. 
This produces a driven shield stack that is approximately 1-1/2 inch 
thick and 4 X 16 feet. 

This instrumentation system was located on the driven shield. The 
isolation transformers, whose outer case is power ground, are located 
just off the driven shield. 

Timing signals from the firing bunker were electrically isolated 
by a trigger and pulse stretcher chassis, which uses a fiber optics 
bundle for isolation and data transmissions. 

The instrumentation system consisted of five separate insturment 
racks. The racks were electrically bonded together as two systems, 
with each system being electrically connected to the 5/8-inch braid 
from the zipper tube that shielded th8 instrumentation cables for that 
system. The instrumentation system was composed of two separate systems 
electrically isolated from each other because some of the differential 
amplifiers did not have an isolated input shield, and one of the magnetic 
tape recorders was single-ended. 

One instrumentation system consisted of 20 channels of strain gage 
conditioners and power supplies, 28 differential amplifiers, !RIG B time 
code generator, a 32 track differential input FM tape recorder, 3 dual
channel oscilloscopes with differential preamps and Polaroid camera for 
a quick look at some discrete data channels. The oscilloscopes also 
offered a data band wider than the 40 K Hz bandwidth of the FM tape. 

The second instrumentation system consisted of 12 channels of strain 
gage conditioning and power supplies and 14 differential amplifiers whose 
input shields are referenced to the amplifier output. A 14-channel single 
ended FM tape deck with a 40 kHz bandwidth. 
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Two oscilloscopes that were not isolated or located on the driven 
shield plane were used to record the EMP . generated by the shape 
charge detonation. One osc i lloscope monitored the EMP magnitude on 
the 5/8-inch braid from the instrumentation cable zipper tube. The 
second oscilloscope monitored the EMP magnitude on the driven shield 
for the instrumentation system. Both oscilloscopes were used with XlO 
input probes to minimize currents being drawn from the driven shields . 

306 



PERFORMAI~CE 

If the system should perform as expected, using the driven-shield 
concept, .there should be a minimum of EMP noise recorded on the data 
chan.ne 1 s. 

A series of dry runs were made to evaluate the instrumentation 
system•s ability to . reject. transient noise generated in the firing 
bunker complex. For example, cameras, runn i ng at a framing speed of 
10,000 frames per _second, and a capacitor di scharge unit that detonates 
the shape charge ,were used. The instrumentation system typically rejects 
all bunker-generated noise pulses and any ac power cross talk or ground 
loops. 

To evaluate the instrumentation system •s capacility to reject the 
EMP generated by the burning shape charge, two of the strain gage 
bridge excitation channels were turned down to approximately zero volts. 
The strain gages would not record strain, but they did record the noise 
coupled into the system. 

At zero time, or detonation of the shape charge, no one is allowed 
to touch the instrumentation system, as they would provide a current path 
to the bunker ground plane. 

Data recorded from the accelerometers shows a negative offset of 
approximately 5 to 7 percent of full scale (150,000 g} at zero time. 
The time constant with which the zero offset discharged toward the base 
line indicated the noise pulse was coupled directly into the charge-to
current converted in the accelerometer. The acceleration data arrived 
from 40 to 400 microseconds after shape charge ignition. The acceleration 
data agreed quite closely with computer code calculation in amplitude and 
frequency. 

Noise on the acceleration channels between ignition and data arrival 
was usually 40 db below full-scale calibration. 

The data recorded on the strain gage channels indicated a precursor 
at zero time caused by the discharge of the CD'! firing set, with a 
return to zero and a noise level of 40 dB below full-scale calibration, 
20 to 80 thousand microstrain. Strain data arrived at the gages 150 to 
400 microseconds after ignitjon, depending upon their location and distance 
from the shock pulse generated by the shape charge. The recorded strain 
signals agreed quite closely with computer code calculation in both 
amplitude and frequency. 

The strain gage noise check channels did record the precusor, but 
no other noise during data time. 

The data recorded on the velocity transducers did not correlate 
well with computer calculation, due to mechanical failure of their fixtures. 
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The noise level was 40 dB below the full-scale calibration of 250ft/sec . 

The data recorded on the oscilloscopes agreed both in amplitude 
and frequency. Acceleration, strain and velocity were recorded. The 
data did show more noise because of the oscilloscope•s wider bandwidth. 
The oscilloscope preamps were used with a differential input to prevent 
degrading the input of the tape recorder on those channels. 

The EMP signal recorded on the driven shields and had an amplitude 
of 40 to 80 volts peak-to-peak and a bandwidth of 40 kHz to 2 MHz. 
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SUMMARY 

Four tests, as described here, have been performed using this 
instrumentation system. The distance the test part has been above the 
surface of the firing table (earth ground) has varied from 10 feet to 
2 feet. 

The EMP signal has increased in amplitude the closer the test 
part is to the firing table (earth ground). As the amplitude of the 
EMP increases, the signal-to-noise ratio of the recorded data decreases. 

In most cases the data channels have been noise-free before data 
arrival. 

The same instrumentation system has also been used on three sled 
tests where a massive target moving approximately 1000 miles per hour 
impacted the target. 

No HE was exploded) but there was some electrostatic voltage 
expected between the test part and the massive target. 

Recorded data was excellent with no apparent noise at impact or 
slightly before impact. 

In all of the tests described the cable lengths were short 150 feet, 
and the data bandwidth maximum was 100 kHz, but with appropriate cable 
selection and detail to the shielding, longer cable lengths and wider 
bandwidths should be attainable with the same signal-to-noise ratio. 
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UCRL-51719 

HSM, A MEASUREMENTS ENGINEERING CHALLENGE 
LAWRENCE LIVERMORE LABORATORY 

UNIVERSITY OF CALIFORNIA, LIVERMORE, CA 94550 

WILLIAM SHAY 

NOTE: This is a condensed version of the above report 

ABSTRACT 

After one failure and a partial success at instrumenting the aft warhead case 

c1f a hard structure munition (HSM) weapon, we were able to develop instrumentation 

t :o record dynamic data in a hostile environment. The environments in which we 

recorded were the detonation of 100 lb of explosive and the impacting of 15,000 

l.b of concrete on the instrumented aft warhead case. The case was instrumented 

p~r imarily with strain gages and accelerometers. Maximum strains were generally less 

than 10,000 ~in./in.; accelerations were generally 100,000 g. An isolated recording 

s ystem was developed that was immune to external noise sources; transducers were 

evalua ted at anticipated maximum values. 

INTRODUCTION 

This report is primarily intended for measurements engineers who face the 

age-old problem of recording transducer outputs in the presence of noise sources -

elec trical or mechanical. 

Af ter one failure and a partial success, we believed it a real challenge to 

d~velop a way to record in a hostile environment. This report will concentrate on 

be instr umentation problems, both transducer and recording, which were encountered 

in instrumenting the hard structure munition (HSM) weapon, the means used to solve 

these problems and the results, the actual data traces. The sections of the report 

follow chronologically the stages of the testing program. 

We hope the results of this report can be of value to measurements engineers. 

DESCRIPTION OF WEAPON 

The HSM is a two-stage high-explosive Air Force weapon. It is designed 

primarily to defeat reinforced concrete structures. The weapon consists of three 
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separate sections: the forward section, which contains guidance equipment; the 

center section, which contains the warhead; and the aft section, which contains 

the propulsion system (see Fig. 1). The Laboratory is concerned only with the 

center section, or warhead, which is further divided into two sections: a forward 

warhead and an aft warhead. The combined warhead is· approximately 5 ft long and 

1.5 ft in diameter, and weighs about 1800 lb. The complete weapon is 15 ft long 

and 1.5 ft in diameter, and weighs 2500 lb. 

Forward warhead charge 
"' 100 lb of expolsive 

Center section 

Warhead 

This is the section we 
are concerned with 

Aft warhead case 
"' 400 lb of explosive 

Aft section 

Propulsion 

F . 1 Hard str ucture munition (HSM) weapon. Lg, • 

The forward warhead is a shaped charge containing high explosive (approxi

mately 100 lb); the aft warhead contains approximately 400 lb of high explosive. 

The weapon is launched from an ai rcraft and guided into a target. When the weapon 

contacts the target, the forward warhead detonates immediately, causing a cratering 

of the target. The aft warhead then continues through the blast of the forward 

warhead and impacts the target in the center of the crater created by the forward 

war head. After a specified time delay, the aft warhead detonates, virtually 

destroying the target. 
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When the forw ard warhead detonates, it i mpa rts a large shock to the aft 

warhead. 1nis shock is of a magnitude high enough to sometimes initiate a 

premature low-order detonation of the aft warhead. Thi s prema ture detonation 

in past testing of the HSM has rendered the aft warhe ad inoperative. It was 

because of the premature low-order detonations that the Laboratory be came involved. 

The personnel familiar with high explosives vTere asked to recommend an explosive 

that would not be as shock-sensitive as tha t being used. 

The impacting of the aft warhead case on the concrete also pro duced a shock 

to the aft case. It was decided to investigate these two stress inputs by 

instrumenting the aft warhead case. 

THE FIRST TWO AFT WARHEAD STATIC TESTS 

Two static tests (known as STAT tests) were planned at the Explosives Test 

Site operated by the Laboratory. The tests consisted of instrumenting the aft 

warhead case, detonating the forward warhead, and measuring the strain, acceleration, 

etc., on the aft case. 

Two aft warhead cases were instrumented both inside and outside, with 12 

strain gages, 4 accelerometers, a velocity transducer, and 2 Manganin gages. Both 

warhead cases contained explosive. Figure 2 shows the location of the transducers 

for STAT 1 and STAT 2. 

Instrumenting the aft warhead case had never been attempted; therefore, 

nothing was known about the environment in which the transducers would have to 

survive. Expected magnitudes for strain gages and accelerations were not adequately 

known, because the output from the forward warhead was unknown. We, therefore, had 

the challenge to measure something that had never been measured. 

STAT 1 (This test was the failure as no data was recorded. Details omitted 

in this condensed version.) 

STAT 2 Figure 3 shows the warhead at the Explosives Test Site prior to the 

test. The warhead is about 8 ft from the ground. 

We used less oscilloscopes than STAT 1, onl y 30, but added two 14-channel 

Ampex CP-100 tape recorders. The reduction in oscilloscopes was in part because 
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some arriva l times were dE! duce d fr om STAT 1, and also because we wanted a lower 

frequency response recorder. Using the frequency-modulation (FM) record elec

tronics, we were able to obtain a frequency response to 20kHz with the Ampex 

reco rde rs. 

For STAT 2 we did gr ound the aft warhead case to the instrumentation racks 

(STAT 1 was not grounded). Because of the grounding this test was partially suc

cessful, and some data were recorded. 

Figure s 4 and 5 s hovJ f our o f the strain gage records from the oscilloscope 

and three of the same gage r e corded by the Ampex tape recorder. The locations of 

the transducers are shown in Fig. 2. The oscilloscopes were delayed 160]Jsec from 

the detonation of the forward warhead. It can clearly be seen that the records do 

not contain much data , i f it can be called data. The tape recorder shows more of 

the nois e b e cause the tape is not delayed. Two large disturbances can be seen on 

the tape r e corder: the first disturbance is probably the detonation and burning of 

the forw a rd wa r h e ad, and the se cond disturbance (occurring at 150 ]Jsec) is probably 

the hi gh-volta ge (5 kV) flash lamps turning on. 1bis noise deprived us of at least 

J OO ]Jse ~ o f data . 

If one looks care f ully at Figs. Lf and 5 , t h e si J'li 1 n.ri ty o£ t:lle da t a fro11\ 

the t\vO typ es of r eco rde rs c a n be seen. The da t a sho ul d be i dentical, however, 

beca use the inp u t to the os ci l los cope and tape recorder comes from the same 

a mp li f j e r . 

Fi gu r e 6 s hows records from two of the accelerometers recorded by the 

os c il l of;co pe ; t he trac e s are de l a ye d 1 70 ps e c. The large disturbanc.e occurs at 

the s ame t ln:e as t he one on th e strain gage rec ords. The record for Accelerome t e r 

L12 docs no t l o0k lik e a va lid reading ; the cable or the a cceleTome te r is breakin g 

up p e r i o dic a l ly . Acce l e ro mete r 43 , afte r the noise , looks a litt l e more a s 

p re di c t ed ; wh e the r the re cn r d gi ve s vali rl acce le r a t i c n data i s q uestionAble. 

From t:h .i .•-; t e s t t\·!O t h i ngs were le a rne d : vJe co uld r ec ord some data i f the 

i ns trumen tatio~ p rob l e m was approache d co r r ectly , and ~~e explos i ve us e d in t he 

af t wa0 J eR~ was i n deed shock - sens i tive . 

316 



Recorded by osc i I los copes 

SG-3 
10,000 JJ£/cm 
50 J-~sec/cm 
150 J-~sec de lay 

SG-4 
10,000 J..¥E/cm 
50 J-lsec/cm 
150J-~sec delay 

Strain data 

Poss ible detonation and 
burning of forward warh 

Recorded by Ampex tape recorder 

SG -3 
10,000 JJ£/cm 
50 J-~sec/cm 

SG - 4 
10,000 w/cm 
50 J-ISe c/ em 

Strain data similar 
to scope data 

Possible turnin g on of 
high volta ge fl ash lamps 

Fig. 4 . STAT 2 strain gage r ecords for aft warhe ad c a se . 
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Recorded by oscilloscope 

SG-5 
10,000 J.£/cm 
50 J.,Jsec/cm 
150 J.,Jsec de lay 

SG-6 
10,000 J.£/cm 
50 /-ISec/cm 
150 1-1sec delay 

Data 

Recorded by Ampex tape recorder 

SG-5 
10,000 J.J£/cm 
100 /-lsec/cm 

Strain data similar 
to scope data 

Possible detonation and burning 
of forward warhead 

detonation 
of aft warhead 
case 

Fig. 5. STAT 2 strain gage records for aft rear base plate. 



Recorded by oscilloscopes 

A-42 
77,190 g/cm 
50 jJSec/ em 
170 J.lsec delay 

A-43 
77,640 g/cm 
50 jJSec/cm 
170 J.lsec delay 

Possible turning on of 
high voltage flash lamps 

Accelerometer data 

Fig. 6. STAT 2 accelerometer records for aft warhead case. 
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The following are the two most probable reasons the data were noisy: (1) the 

aft warhead case was at an electrical potential different from that of the recordin~ 

equipment, and (2) numerous sources for ground loops existed \vithin the firing 

bunker. 

The forward warhead creates a large ionization cloud that surrounds the aft 

warhead. This effect can produce a large difference in potential. The oscil

loscopes in the firing bunker are not isolated from the circuit that detonates the 

explosive and provides the high voltage for the flash lamps. 

The greater part of the data to be recorded is in t he millivolts-to-a-few

vo lts range. Ground loops and differences in potential bet\veen the warhead case 

and .firing bunker can easily affect these voltages. The signal conditioners, 

amplifiers, and accelerometer power supplies for the transducers were designed 

for the instrumentation used, hut they were not isolated from the firing bunker. 

This exposure would make them susceptible to ground loops in the firing bunker. 

TI1e way to record data under the con.dt tions we have seen and de.scri.bed above 

would be to isolate somehow the recording system from the firing bunker and all 

the possible sources of noise. With the completion of these two tests, a period 

o f time ela psed before the next series of tests were scheduled to begin. During 

tbis t.ime we evaluatect the transducers and developed a way to isol a te the recording 

system. 

\fuile th e selection and evaluation of the transducers is iDportant, it will 

b e omit t ec! in this condensed ve rsion, and only the recording system described . 

RECORDING SYS 1I:M 

Figure 7 is a blo c k diagrar1 of the recorcling system~; used for all the STAT 

tests. 'l11e two recording systems recei'Jed ac power through high-quality isolation 

t r ans forme rs. The y were manufact ure d by CEA (Mo(lel CEA 3.5 with a coupling 

c apac itance of 0.0005 pF). 
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alumi num from bunker floor and 
recording systems 

Fig. 7. Block diagram of is olated r ecording systems use d for all ST AT tes t s . 



We enclosed the instrumentation cables from the two recordinE systems to the 

aft warhead case in an electrostatic shielding. This shielding is known as ZIP 

tubing (see Fig. 7). 

To prevent a loss of data if one system failed, we wired each system to record 

data from transducers located on one-half of the aft warhead case. 1bese two 

sys terns were isolated from each other. The accelerometers were always record~d 

on the Sangamo system because of its high-frequency response. 

We placed both of the sys terns over an aluminum ground plane the dimensions 

of which were 15 ft by 3 ft by 1/8 in. We placed the ground plane between two 

sheets of plyvmod to isolate it from the floor and the two recording systems. 

A large wire connecting the aft warhead case to the ground point at the 

firing bunker established the ground for the system. Another large wire, con

necting the ground plane and the aft warhead case, provided the following function: 

when the forward warhea d detonated and ionized the air, the aft warhead immediately 

reached an electrical potential different from that of the firing bunker. The wire 

caused the recording system to be "driven" to the same potential as the aft warhead. 

When the two were at the same potential, no noise existed to affect the recordin g . 

To provide a ''quick-look" at six selected data channels immediately after each 

test, we used three dual-beam Tektronix oscilloscopes (Model 565) with differentia1 

amplifiers (Model 26A3). The scopes were necessary because playing back the data 

took about one day, and the project staff was anxious to get some test results. 

The scopes were also isolated, as shown in Fig. 7. We used manually operated 

camera shutters so as not to introduce electrical noise. 

We provided a timing marker, or fiducial marker, on the tape recorder systems 

to correlate time. 'The fiducial marker occurred at the time of detonation of the 

forward warhead. Because this marker \vas supplied from the bunker firi ng sys tem, 

a way to isolate it was needed. 

322 



For this purpose, we designed and built a battery-operated optical isolator. 

When the forward warhead was detonated, a signal from the bunker triggered a 

light-emitting diode (LED), the output of which was transmitted through fiber 

optics to a circuit that provided a conditioned fiducial marker with a duration 

of about 750 ]Jsec at a magnitude of 3.0 V. Ordinarily this signal from the firing 

bunker was only a few hundred nanoseconds in duration and could not be put on the 

tape recorders unless it was conditioned. This conditioned marker could now be 

put on the two tape recorders as well as trigger the three "quick-look" oscilloscopes. 

IRIG time code was also placed on each tape recorder to aid in reducing the 

data. Voice was recorded on the Sangamo tape recorder as an aid in reducing the 

data. 

The strain gages were handled differently from those on STAT 1 and STAT 2 . 

Instead of a three-wire system, we completed the strain gage bridge as close to the 

aft warhead as possible, and four wires were brought back to the recording systems 

(the circuitry is shown in Fig. 8). The four wires permitted a better capacitive 

balanced line than a three-wire system. The completion resistors (Vishay resistors) 

were installed in a box that acted as .the shielding. Two ferrite beads were placed 

on the leads from the active strain gage. The beads acted like an inductor and 

attenuated any high-frequency transient pulses. 

Shielded box B & F or Bay labs 
signal conditioners 

:::::7ft of 150ft of Belden Sn3 wire 
low-noise twinax enclosed in zip tubing 

Fig. 8, Strain gage circuitry for STAT tests. 

Neff or Boylabs 
amp I ifiers 

The wire from the active strain gage to the completion box was low-noise 

twinax manufactured by Microdot Co. The low-nois e cable reduced spurious electrical 

signals caused by the motion of the aft warhead case. 
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We insulated each strain gage completion box to isolate and to prevent ground 

loops from occurring between strain channels. We used a shunt calibration for the 

strain gages. Because a tape recorder was used for the strain gages, the amplifier 

gain was adjusted to provide a l.OV output at full scale. This output gave us a 

40 % safety margin, as the tape recorders can safely accept a 1.4-V input. 

The accelerometers also were handled differently from those in STAT 1 and 

STAT 2. The units were piezoelectric manufactured by Pcb, Inc., and had a built-

in charge amplifier. We used a battery power supply to provide the constant current 

for the charge amplifier. A special line driver was built and connected t o the 

output of the power supply. This circuitry was installed in a box to act as 

shielding (see Fig. 9 for the circuitry). 

The line driver had an amplifier built in to isolate the accelerometer from 

the recording sys tern and to "drive" a cable longer than that driven ·by the battery 

pow~ r- ~upply. The amplifier had a gain of unity. The output of the accele ~<:meter 

at full scale is nominally 3 V, which had to be attenuated to 1.0 V for the tape 

recorder. This attenuator was also built into the box . A separate power supply 

and line driver are required for each accelerometer, because the sensitivity of 

each accelerometer is different. 

ce lerometer to the power supply. 

Aft warhead case 
or aft-cone rear base plate 

Pcb, Inc. accelerometer 

Low-noise twinax cable is used fro m the ac-

The output of the line driver was twinax cable. 

150ft of twinax cable installed 
in zip tubing 

Special solder connector 

~10ft of 
low-noise twinax 

Box to act as shield 

Line driver and 
attenuator circuit 

Pcb, Inc. battery 
power supply 

To tape 
/"--r..--r- • recorder 

F ig, 9. Piezoel ectri c accele romete r c ir cuitry for ST AT tes ts . 
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We also used a piezoresistive accelerometer manufactured by Endevco (Fig. 10 

shows the circuitry). This accelerometer has an internal Wheatstone bridge 

circuit (see Fig. 10), and must be attenuated to provide 1.0 V for the tape 

recorder ; this is done by adjusting the excitation voltage. 

Endevco accelerometer isolated 
from aft warhead case 

L 150 h of Belde" J 
8723 wire installed 
in zip tubing 

B & F signal conditioners 

Fig, 10, Piezoresistive accelerometer circuitry for STAT tests. 

The velocity transducer required only an attenuator to give the 1.0-V output 

for the t ape recorder. The attenuator is necessary because the output of the 

transducer is about 750 Vat the expected velocity. Figure 11 shows the circuitry. 

Velocity transducer 

Box to act as shield 

150 ft of cable -.--j 
installed in zip tubing 1 

750 to 1 attenuator 

Fig. 11. Velocity transducer circuitry for STAT tests. 
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Before any of the subsequent STAT tests were performed, we conducted several 

dry runs in the firing bunker to verify that there wo"uld be no noise on the data 

channels. The dry runs were intended to duplicate the firing sequence of each test 

except, of course, the detonation of the forward warhead. The dry runs (all the 
'. 

instrumentation powered) consisted of the firing of the bridge wire,* and the 

firing of a bridge wire with the flashlamps operating and all the cameras running. 

If we observed any noise during the dry runs, we identified the source and corrected 

it before the actual test. 

As a further precaution against the introduction of ground loops into the 

systems, because of body capacitance, no one touched any of the recording systems 

before. the detonation of the forward charge. The sys terns were turned on about 1 min 

before the detonation, and calibrations were put on the tapes. The systems were 

turned off after the test. 

SUBSEQUENT AFT WARHEAD STATIC TESTS 

There were four more tests conducted in this series, STAT 3, STAT 4, STAT 5, 

and STAT 6. For this condensed version only, the results for one of the tests will 

be shown. 

STAT 4 

Figure 12 shows four of the strain gage data traces recorded by the two 

recording systems for the aft warhead case. The lower trace on the photographs 

is the fiducial marker. The sudden step in the marker has a special significance; 
it corresponds to the detonation of the forward warhead. As can be seen in the 

figure, the baselines of the gages are noise-free be f ore and after the step in 

the marker. The fiducial marker is breaking up on the Ampex data trace but this 

breakup has no affect on the data. 

Figure 13 shows four data traces from the strain gages on the aft cone 

recorded by the two systems. Again, no noise is seen on the data when the fiducial 

marker stop occurs. 

Figure 14 shows the data traces of the accelerometers. 

Figure 15 shows data traces of the velocity transducers. 

We think this data represents a considerable improvement over the data from 

STAT 2. 

*A bridge wire i nitiates the detonation of t he f orward warhead. 
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Recorded by Sangamo system 

SG-1 
5000 J.L~/cm 
100 J.Lsec/cm 

~ 
Jij 

• 

SG-2 
5000 J.JE"/cm 
100 J.,Jsec/cm 

m m~ 
~ 

• • 

1':'1 ~ ~ • illo:.l IIIII 

- .. -

.~ 

l1 
~ 

--

.., ... 

~ 

Recorded by Ampex system 

SG-15 
5000 J.LE/cm 
100 J.Lsec/cm 

SG-16 
5 000 J.L£/ cm 
100 J.Lsec/cm 

iiiii iii 

...:; ~ ., rl ~ .... 

r~ 

m 
~ 

_, ,., 
~ 

.:. D I ~ 
Step in marker indicates 
detona tion of fo rward warhead 

Fig. 12. STAT 4 strain gage data trace s for aft warhe ad c a se. 
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Re corded by Sangamo sys tem 

SG-8 
5000 f..lE/cm 
100 f..lsec/ em 

n ... 

SG-9 

• 

5000 f..lE/cm 
100 f..ls ec/ cm 

. 

I';~ !:'iii B 

• - .. -

Ste p in ma rke r ind ica tes 
de tona tion of fo rwa rd wa rhe ad 

it ~ ... 

Recorded by Ampex system 

SG-26 
10,000 JJ.E/cm 
100 f..lSec/cm 

SG -27 
10, 000 JJE/cm 
100 f..lSec/cm 

r~ 

~ 
~ 

1.:. 

... 

Mt ,., ., 
~ rJ ~ 

Fig . 13. STAT 4 strain gage data tra ce s for aft - c one r e ar bas e plate . 
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A-2 
50,000 g/cm 
100 J.-ISec/cm 
Pcb, Inc. 

Recorded by Sangamo system 

A-4 
50,000 g/cm 
100 J.-lsec/cm 
Endevco 

A-3 
50,000 g/cm 
100 J.-lsec/cm 
Pcb, Inc. 

Step in marker indicates 
detonation of forward warhead 

Negative shift in baseline 

Fig. 14. ST AT 4 a ccel e rome t e r dat a traces . 
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VT-1 
125 ft/sec-cm 
100 /-ISec/cm 

! ---~ 

.0..--~----·- t 
I li I 

II I, 
i ... 
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. c' Ill+ ; + t-

I 
. 

---·-· 
. 

VT-3 

-

~ ~ 

~ . 

125 ft/sec-cm 
100 ~Jsec/cm 

•·-

" 

Recorded by Sangamo system 

l1 
~~---
-- -

~ 

VT-2 
125 ft/sec-sec 
100 1-1sec/cm 

----

~ 
~ ... 

~ 
IJJ 

Step in marker indicates 
detonation of forward warhead 

I 

i 

.t, 
a 

Fig. 15. STAT 4 veloc ity trans ducer data traces. 

Because our recording system was completely isolated from the firing bunke r, 

it would be very interesting to measure the voltage develope d between the aft 

wa rhea d case and the bunker, if there was anything to measure . Fig. 16 is the 

meas u rements. These oscilloscopes within the firing bunker were used, one was 

connec t ed t o the ground plane, one to the braid of the Sangamo system and the other 

t o the b raid of the Ampex system. The three oscilloscopes were triggered 6 ]Jsec 

before the forward warhead was detonated. The time delay would let us see the 

base l ine before anything happened. As can be seen, the voltages developed between 

the b unker and our isolated recorded system are quite large, but our system rejects 

t he voltage. 

This concludes the condensed discussion of the STAT tests and brings us to the 

second series of tests. 
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Recorded by oscilloscopes in firing bunker; 
scopes tr iggered 6 fisec before detonation 
of forward warhead. 

Detonation of forward warhead 

Fig. 16. STAT 6 voltage measurements. 

AFT WARHEAD CASE IHPACTING TESTS 

As no ted in the introduction, the aft warhead receives two shock inputs. He 

are ready to investigate with instrumentation the second input, which is the impact 

of the aft warhead case on a concrete target. Since a velocity of approximately 

1000 mph of the HSM weapon in flight is a typical velocity, a facility to obtain 

this velocity was needed. The Laboratory had no v1ay to produce this type of 

velocity with the weight of the. warhead. Th e refore, the tests took pl a ce at the 

5000-ft sled track at Sandia Labo ratories, Albuquerque, New Mexico. 

It is virtually impossible to instrument the aft warhead case, to accelerate 

the case trailing instrume ntation cables down a s led track, to impact a ta rge t, and 

to record data. Therefo r e, a "turnaround" t e st was conducted; the concrete target 
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was shot down the t r ack to i mpact the instrumented aft warhead case. 

There was no h igh- explosive forward warhead used with these tests. Instead of 

i mpac t ing conc re te pa r ti a l l y broken up by the forward warhead, the aft warhead case 

would be impac t ing virgi n concrete, constituting somewhat of an overtest. 

The absence of t he f orward charge meant that there would be no i onization to 

contend wi th , but another source of noise was present. This source was the static 

electrici t y bei ng stored on the concrete block as it moved down the sled t rack at 

t he fast veloci t y. The s t atic electr icity could discharge at the impact o f the 

conc r ete t arget on t he a f t warhead, and affect the data recording . A way to 

discha r ge the static electricity before impact was sought. Three layers of 

poul t r y mesh (chicken wi r e ) 4 in. apart were placed in front of the aft warhead 

cas e. The mesh was connec t e d to a ground point at the end of the sled track. It 

was hoped that t he concrete impacting the mesh would discharge any static electricity 

before i mpacting the aft warhead case. 

Fi gure 1 7 shows the isolated recording system used for all SLED tests. Note 

the s i mi l a r ity i n t he system to the recording s ystem for the STAT test. The 

circuitry for t he st rai n gages and the acceleromete r s was the same as that shown 

i n Fi gs . 8 and 9. Only one recording system was necessary because the number of 

da t a channels wa s les s than for the STAT tests. The Sangamo system was us e d. 

The r eco rdi ng s ystem was placed on the aluminum ground plane. The cables from 

the reco r din g sys t em to the aft warhead case were enclosed in zip tubing. There 

was no "quick-look" osci lloscope for these tests. 

There we r e th r e e sled t es t s conducted at the sled track. The first two tests 

i nvolved one-third s cale models of the a f t war head case, a nd the third test, a full

s ize warh ead cas e ident ica l to STAT 5 . All the wa rhead cases were filled with a 

mock exp l os i ve , and we r e i nst r umented wi t h strain gages, both inside and outside, 

and wi t h ac celerome t ers. The same brands of trans ducers were used for these tests 

as we re us e d in t h e sta tic tests. 

The aft warhead cases were wrapp e d wi th 1/4-i n. of fiberglass to reduce the 

damage from the concrete. The concre t e t a r ge ts f or SLED 1 and SLED 3 were s haped 

like a right circular cy linde r t o give a normal impac t with the warhead cases . The 

concrete target for SLED 2 was a t runca ted cyl i nde r wi t h t he impact face inclined 

45° to its axis, simulat i ng an impac t off-normal t o measure bending moments of the 

aft warhead cas e . 

Of t he th r ee SLED t es ts conducted , on l y SLED 3 wi l l be shown in this condensed 

ve rsion. 
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Fig. 17. Block diagram of isolated recording system used for all sled tests. 



The concrete target for 1 and SLED 3 before the test is shown in Fig. 18. 

The target was 5.5 ft in diameter and 4 ft long with a weight of about 15,000 lb. 

The concrete target was accelerated on the track by 21 solid-fueled rocket motors. 

A first stage consisting of 9 rocket motors started the concrete target moving and 

at a predetermined location on the t rack the remaining 12 rocket motors ignited, 

accelerating the target to impact. 

Concrete target, 15,000 lb 

Second stage sled 
( 12 rockets) 

First stage or 
pusher sled 
( 9 rockets) 

Fig · 18. SL E D 1 and SLE D 3 concrete target at ;:;ana1a Laooratortes, &ouquerque, 
be for e t es t (phot o : courte s y of Sandia Laboratories). 
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Figure 19 shows the aft warhead at the end of the sled track before impact. 

The poultry mesh can be seen. 

Figure 20 shows the locations of the transducers. 

Figure 21 shows data traces from four of the stratn gages on the aft warhead 

case. 

Figure 22 shows data traces from four of the strain gages on the aft-cone 

rear base plate. Note that the baselines are noise free. Figure 23 shows the 

data traces from the strain gages on the nut. 

Figure 24 shows the accelerometer data trace. 

r "' tmmeoto t i 00 cob le> 

Aft warhead case 

End of sled track 

Fig. 19. SLED 3 aft warhead case at end of sled trac k prior to impact (photo: cour
tesy of Sandia Laboratories). 
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Fig . 20. Transducer locations for SLED 3. 
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Fi g _ 21. SL E D 3 s train g age da ta t races for aft warh e ad c a se . 
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Fig. 22. SLED 3 s train gage data traces for aft - cone rear base pl ate . 
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SG-21 
2000 f-IE/em 
100 f-lsec/cm 

SG-22 
2000 f..lE/cm 
100 f-lsec/ em 

Step in mark er indicates impact 
of concrete target on aft warhead case 

Fig. 23. SLED 3 strain gage da ta traces for aft warh ead case a n d nut . 
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CONCLUSIONS 

While there are several conclusions we can report, these three are the ones 

we are presenting here: 

1. Data can be recorded in another type of hostile environment encountered 

by measurements engineers. We were able to record data when 100 lb of explos ive 

detonated and when 15,000 lb of concrete impacted a warhead, each recording f or the 

first time - to the knowledge of the author. 

2. Transducers can be used with a recording system to "instrument" yet another 

hostile environment. After a failure and a partial success, we were ab le to develop 

an isolated recording system that \vas generally immune to external noise sour ces and 

to evaluate transducers that were capable of recording dynamic data in the hostile 

environment we faced. Despite the fact that there were difficulties with the 

transducers on each test, more channels were recorded than failed. 

3. Measurements engineers are often the last to be called into the planning 

conference relative to a test program. In the case of the HSH project, howe ver, we 

were included in the planning and budget before the start of the STAT 3 test . The 

project personnel realized that, if valid data were to be obtained, time and money 

must be expended. We conclude that it is to the advantage of all concerned t o bring 

in measurements engineers in the planning stages of a project. 

To accomplish what has been accomplished has indeed been a challenge, a challenge 

that has met with success, something that is not always the e xperience of the me asure

ments engineer. 
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A PARI'ICLJI: VELOCITY GAUGE FOR GROUND MOTION STUDIES 

P. L. Colf'DlAn 

Systems, Science and Software 
La Jolla, CA 

Abstract 

The s3 particle velocity gauge consists of an accelero~ter coupled with 
shock-hardened electronics that accurately integrate th~ accelerometer 
signal for periods up to about one second. The low-impedance output has 
a full-scale range of over ±10 volts and a linear frequency response ~x
tending to at least 10 kHz. By a suitable choice of accelerometer, the 
instrwnent can handle a very wide range of peak velocities. The unit 
also includes an externally-commanded calibrator that serves to check 
out the entire accelerometer-electronics-cable-recorder system. The 
protective canister can withstand stresses to 3 kbar and has a mean 
density of 2 grams per cm3. In recent field tests, samples of thA gauge 
perfo~d properly in shock levels exceeding 5 x 104 g1 s, mAasuring peak 
velocities in excess of 100 meters per second. 
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A PARTICLE VELOCITY GAUGE FOR GROUND MOTION STUDIES 

Introduction 

3 Over the last two years, S has developed a rugged 

particle velocity gauge for use in ground motion studies. 

The gauge is basically an accelerometer plus a real-time 

analog integrator mounted in a shock-hardened package. 

This configuration can use either piezoresistive or quartz 

accelerometers, and it offers the advantage of transmitting 

the lower frequency, lower dynamic range and more easily 

predicted velocity signal over the long cable usually re

quired for field applications. Major features of the unit 

are shown in Table 1. 

Figure 1 shows a block diagram of the electronics. By 

a suitable choice of accelerometer, first stage gain and 

integrator time constant, a wide range of peak velocities 

and accelerations can be accommodated. Two commands are 

available. One of these, the "RESET" function, discharges 

the integrating capacitor just before the expected pulse 

arrival time. The other command injects a square "calibrate" 

signal at the electronic input (Fig. 2) . The resulting 

linear ramp at the integrator output provides a check on 

the piezoresistive accelerometer continuity, accelerometer 

power supply, and electronicgains, including that of the 

recorder. The commands are coded as pulses on the supply 

line; for a pulse to be accep t ed as a command by the gauge , 

the product of its amplitude and width must exceed 40 volt

milliseconds. This requiremen t helps to discriminate 

against noise-generated commands. 

The circuitry makes use of void-free components mounted 

on printed circuit boards and vacuum-potted in EPON 815 

epoxy. A steel canister around the accelerometer and elec

tronics provides protection against stresses to 3 kilobars. 
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TA TABLE I. s3 VELOCITY GAUGE CHARACTERISTICS 

TYPE: Accelerometer plus analog integrator mounted in a 

shock-hardened canister 

ACCELEROMETER: Piezoresistive or Quartz 

FREQUENCY RESPONS: ~2HZ to > 50 kHz 

OUTPUT: Z<lOOn, ± 12 V. peak, ± 10 rnA peak 

POTTING (by mass): 60% EPON 815, 30 % VERSAMID 140, 10 % TYPE U 

HARDENER 

POWER REQUIREMENTS: ± 20 V. @ 

(quartz) 

5 0 rnA . ( p i e z ore s i s t i v e) ; 3 0 rnA . 

RESPONSE: Acceleration Output, Volts/g = SBKl 

Velocity Output, Volts/Meter/Sec = SBK1/9.8 R1c1 

where: SB= accelerometer sensitivity in volts/g, 

K1= gain of input amplifier (see Figure 1), 

CALIBRATE LEVELS: 

where: 

R1C1= integrator time constant. 
R6 

Acceleration Output, Volts = VBK 1/(4~ + 2) 
y 

R 
Velocity Output, Volts/Sec = VBK1/R1c1 (4R6 +2) 

y 

Piezoresistive bridge power, nominally 10 
Volts 
Calibrate resistor, 

R = Fixed element of accelerometer bridge. y 
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Finally, an outside layer of aluminum mass filled epoxy leads 

to an overall gauge density of about 2 gm/cc. (See Fig. 3). 

On a routine basis, we test all instrument s with a 

"drop-bar" apparatus (Fig . 4). 

long lucite, al uminum or steel 

up to 3 meters onto the gauge. 

measures the bar velocity just 

This consists of a meter

bar dr opped from heights of 

A dual light - beam system 

before and just after the 

impact. With the gauge resting on a soft cushion, conser

vation of momentum then provides a velocity calibration 

point (Fig. 5). Typically we can achieve velocities of up 

to 4 meter/sec. In addition, the 1/2 milli second, 800g 

impact checks for canister and accelerometer resonances plus 

bad solder joints and con s truction defects. 

For testing at higher veloci ties and accelerations, we 

have ma de use of a 75mm Howitzer to accelerate the gauges 

to vel ocities over 100 m/s and at accelerations of from 5 

to 10 t housand g's. Figure 6 shows an example where peak 
3 accele r ation was 7kg's. We used an S laser velocity inter-

ferome t er ("VISAR") to independently monitor the instrument's 

motion . 

Ou r experiences to date have been primarily with Endevco 

piezore sistive accelerometers. While we discuss below 

several of their limitations, we must point out that the 

Endevco units have basically performed well, and few com

mercia l ly available alternatives exist. We are beginning 

to exp l ore the use of quartz devices made by Kistler, PCB 

Piezot r onics and others. 

We have had relatively good results from our initial 

field experiences with this first model. For the ESS EX test 

series during the summer of 1974, s 3 fielded about 50 of these 

gauges. Figure 7 shows an example of operation in a very 

severe environment. The risetime of this waveform corresponds 

to an acceleration of about 2 x 10 5 g's, which is four times 
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Figure 5. Typical signals from a drop bar test. 
The top trace is velocity, 2.1 m/sec 
peak to peak. The bottom trace is 
acceleration, 250 g's peak. Impact 
duration= 1.2 msec. Lucite drop 
Bar mass 0.42kg; Initial bar 
velocity 4.9 m/s; Rebound bar 
velocity = -1.6 m/s; Gauge mass = 
1.3 kg. 

350 



140 

120 

100 

M 
sec 

80 

60 

40 

20 

0 
0 

VELOCITY 

X 

1 2 3 

• s 3 Velocity 
Gauge 

x VISAR 

4 

TIME (msec) AFTER INITIAL ACCELERATION 

Figure 6. Comparison of velocity gauge and VISAR 
results for howitzer test of 4/26/74. 

351 

5 



,--... 
u 
(!) 

200 

~ 100 s 

>-. 
~ .,., 
u 
0 
r-i 
(!) 

> 0 

0 5.0 10.0 15.0 20.0 25.0 30.0 

Time (ms) 

Figure 7. Example of Velocity Gauge Response in 
Severe Environment. 

352 



the rated range of the Endevco accelerometer used. Endevco 

does claim that selected samples of this model survive and 

resp ond linearly to such overranges. A stress profile 

measured at a nearby location confirms the risetime and 

init i al peak velocity shown for this gauge. Hence we 

believe th is is a good measurement. For the balance of the 

motion shown, accelerations range from a few hundred to 

4,000 g's. 

Figure 8 shows a lower g but longer duration motion. 

Here an accelerometer rated at 4500 g's full-scale observed 

an i n itial rise at about +300 g's followed by the gauge's 

fall in the earth's -1 g field. Note how difficult it 

woul d be to record directly the very wide dynamic range of 

the a cceleration signal. 

These instruments are not without their problems, 

howev er. In particular, the accelerometers are subject to 

seve r al limitations. One problem is their very low frequency 

nois e output. For example, a very "quiet" Endevco piezo

resi s tive accelerometer rated at ± 5 x 10
4 

g's will have an 

outpu t stable to ± 1/5 g from second to second; a very 

"noi s y" unit will be stable to ± 5 g's. During a one-

secon d integration, the latter variation means that the 

velo c ity gauge output will be uncertain to ± SO m/s. Hence 

for a long duration measurement, care must be exercised in 

the s election of the particular accelerometer used. The 

orig i n of this noise is not clear. 

Zero shifts are another limitation of accelerometers. 

All p iezoresistive types have a small de output signal 

(typ i cally less than ± SOmV) for zero acceleration input. 

This "zero" signal is of little consequence to our dynamic 

meas u rements in which only a change in accelerometer output 

is o f interest. However, it is possible that the magnitude 

of t h is zero signal can change after a shock near the unit's 
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full scale rating. Such a change would introduce a system

atic linear drift in the velocity subsequent to the ground 

motion's peak acceleration (See Fig. 9). Since this is a 

de change in accelerometer output, the magnitude of its 

effect on the velocity signal depends on the low frequency 

cutoff of the integrator, the integrator time constant and 

the size of the zero shift. The Endevco accelerometers have 

an upper limit specification for zero shift of a few percent 

of full-scale for a shock at full scale ; Endevco claims that 

the typical zero shift is a few percent of this maximum 

specification . For example , a 20 kG model co~ld have a 

maximum zero shift of ± 400 g's due to a shock at 20,000 g's. 

Over a 10 millisecond interval after the peak shock, this 

would lead to a velocity signal error of ± 40 m/s. A partial 

solution to this problem is to use, when available, an ac

celerometer with a rated range at leas t ten times the expected 

peak acceleration. Perhaps a different accelerometer design 

would completely eliminate zer o shift. 

A third problem is that no accelerometers exist .with 

ranges above 100 kg's. In the water-saturated media of the 

ESSEX tests we observed velocity profiles of moderate ampli

tude (under 100 m/s) and long duration (over a few milli

seconds) with initial accelerations above 10 5g's. To measure 

these, high output and high range sensors are required. Some 

designs for accelerometers usable to 10 6g's have been proposed, 

and their development would be desirable. For the ESSEX 

series, most of our close-in gauges gave us only time-of 

arrival because such an accelerometer was not available. 

We have also had some experience with these instruments 

on nuclear tests. Figure 10 shows an example from the HYBLA 

FAIR experiment. For this gauge, the "RESET" switch was 

replaced by a fixed high-value resistor because we were 

concerned about the radiation resistance of the FET analog 
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Figure 10. Observed Ground Motion in the 
Tunnel Wall for the HYBLA FAIR 
event. Peak velocity is about 
70 m/s. Horizontal scale is 
5 ms/div. T¢ = 5.5 ms. 

357 



switches. An offset occurred at time zero due to electro

magnetic pickup. Such effects complicate the data analysis, 

especially if the signal is not large compared to the offset 

or other noise pickup. 

The principal problem with our integrating electronics 

seems to be that when the accelerometer fails, there is not 

an immediately obvious,corresponding anomaly in the velocity 

signal . Hence it is sometimes difficult to decide when to 

s top believing the velocity profile. Partial solutions to 

this problem are either to simultaneously record the acceler

ation signal as a diagnostic tool, or to field two independent 

gauges at each location. We are also considering the design 

of built-in error-sensing electronics with fault conditions 

added to the velocity signal output. 
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SESSION II I 

DISCUSSION SUMMARY 

Session Chairman: Paul Lederer 

Papers: Schelby, Harting, Rosenbluth, Shay, Coleman 

DISCUSSION: 

John Ramboz, National Bureau of Standards: You mentioned measu ring 

ve locity with a laser beam equipment called 11 Visar. 11 Would you comment on 

that? Second, you said there seemed to be a need to have a million g accele-

rometer. Are people thinking about getting into that? 

Phil Coleman, Systems, Science and Software (s3): Visar is an instrument 
3 S makes. It is basically like a Michelson interferometer used with an argon 

laser. By looking at interference fringes, we can estimate velocity . 

The need for a million g accelerometer comes from a fellow named Howard 

Crafts at s3. He has some preliminary ideas on how he would make such an 

accelerometer. The ideas are in a primitive stage, and I haven't seen any 

details. I understand someone at Sandia or LASL feels they have a way to make 

a million g accelerometer. I would be happy to explore these ideas with you 

afterwards. 

Paul Lederer, National Bureau of Standards: I have been interested in 

finding out what in your opinion integral signal conditioning in transducers 

holds for us in the future. 

Coleman: From the s3 point of view, we have had pretty good success 

putting electronics as close as possible to the transducer itself. Many 

channels of data are required in our work, and we simply aren't rich enough 

to have 14-bit fast A-D transient digital analyzers for recording. We must 

record on tape recorders which do not have the dynamic range required to 
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capture the initial shock motion levels and the subsequent lower levels which 

make up a lot of the velocity and even more of the displacement signal . 

It is certainly valuable to be able to combine electronics with trans

ducers as much as possible. One limitation we found in the s3 velocity 

approach: if something goes wrong with the accelerometer, there is no com-

pletely unique way of seeing the break in the velocity data . So we record 

acceleration also to see if something has gone wrong with the transducer. 

Robert Bunker, Kirtland Air Force Base: We are working toward the goal 

of putting conditioners down-hole with the transducers. I think the future 

potential is very good, especially with small; integrated circuits and low

cost devices. It would appear, especially from the s3 approach, a velocity 

system transmitting lower signal frequencies has advantages for long-line 

transmission. You would not have the high frequencies that you do with 

acceleration. 

One of our goals is to put integral electronics with our packages because 

of noise generated on the cables. We have to get the signal-to-noise ratio 

up. The only way to do that is to put electronics down-hole with the gage. 

Bruce Wilner, Becton-Dickinson Laboratories: I am fascinated by this 

looking down the dragon's throat. Does anyone have views on how to better 

hold together such things as cables? For instance, should we use hard line 

cables? It would help if we had transducers in the configuration of paint, 

i.e., virtually zero thickness and zero mass. Just what suggestions can you 

make for holding things together in wild environments like these? 

Coleman: With transducers you think of making the conductors very thin 

and very low mass. ~Je have quartz stress gages with a range of several kilo

bars. Question: how to get the signal out of the quartz disk? We use a 

printed circuit conductor, very thin and flat, oriented perpendicular to the 
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principal motion. It is very difficult for that to pass through any in

sulating material between it and the case. If you have solid, small diameter 

wire with a square or circular cross section, it is much easier for that (in 

very severe environments) to pass through things we normally think of as hard. 

Wilner: How about the Livermore team? 

James Morrison, Lawrence Livermore Lab (L3): We have done some work at 

high acceleration levels. The current approach uses 10-mil Formvar-insulated 

twisted pair wire. In one case we tried Microdot cable for a 15,000 g, 15 ms 

half-sine pulse and the center conductor extruded out. 

He are trying to develop a fuse tester for the hard structure munitions 

(HSM) program. Copper ball accelerometers tell us the acceleration level is 

340,000 g. A zero mass conductor is truly what we need. 

Pierre Fuselier (L 3): We were t alking about preconditioning accelerometers 

with repeated shocks. We did some work on that a few years ago. Richard 

Larder mounted a 10-ft Hopkinson bar to protrude into an environmental chamber. 

The accelerometer was then shocked several times at levels and temperatures 

well above those expected in working conditions. We found that the acceler

ometers did hold that preconditioning for a period of a few days and then 

gradually recovered. There is an excellent paper on zero shift in piezoelec

tric crystals by a ~an named Ralph Plumlee, formerly of Sandia, Albquerque. 

I have two questions for Darrell Harting. How did you compensate for 

transient temperature effects, and tell us more about Rene 41 wire? 

Darrell Harting, Boeing Aerospace Company: Transient temperature compen-

sation is accomplished through differential thermocouples connected between 

the compensating rod of the gage and the specimen surface. We measure the 

difference in temperature between the rod and specimen surface and multiply 

by the coefficient of expansion of the material being tested. Then you have 
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an error term which can be added to or subtracted from the measurement ma de 

by the capacitance gage. Rene 41 wire we found to be the best material to 

build gages for the Flight Research Center at Edwards Air Force Base. 

Peter Stein, Arizona State University 1 to Schelby: What is the require

ment for a bias range on your amplifiers? How do you use that in your 

instrumentation? 

Frederick Schelby, Sandia Laboratories, Albuquerque: The bias range 

sets the zero reference level of the signal, usually some place in the middle 

of the expected range . 

Stein: You start out with a deliberately off-set zero level? 

Schelby: Yes. 

Stein: A question at large. Piezoelectric accelerometers have been 

documented as having zero shift after the first cycle. Coleman indicated 

piezoresistive accelerometers do that, too. Have any of you worked on that 

phenomenon to make a peak recording accelerometer? 

Coleman: We haven't worked with artificial ceramic accelerometers 

because of large zero shifts. Zero shift in piezoresistive accelerometers 

is a 1/2 to 1% effect. It would be rather difficult to use it as a peak 

recording accelerometer. 

Stein to Harting: You talked about and recommended a strain measuring 

system. Do you care to say more about why that particular input condition

ing you developed with Endevco needs to go with your strain gage to make a 

capability which either one separately could not achieve? 

Harting: Previous attempts to make capacitive strain gages were done 

at rather high frequencies, because people were concerned about the small 

capacities involved and wanted to cut down impedance by using high frequency. 

Those systems operated at frequencies like 1 MHz, and you had trouble if 
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leads were more than 6-in. long. The signal conditioner I talked about is 

different in that it is a carrier amplifier operating at a relatively low 

frequency of 3.39 kHz with a charge converter input. The shield of the 

signal lead is driven so that it looks to the system as though there is no 

cable capacity. This does away with the effects of a capacitive system where 

if you so much as handle the cable, everything goes ape . 

Using a half-bridge system cancels out several kinds of errors and 

effects and leaves the signal fairly pure. Cable system excitation leads 

are separately shielded. The shield ground is handled separately and signal 

lead and signal ground are handled separately. 400ft of instrumentation 

line is no particular problem. The signal-to-noise ratio gets a little worse 

as the gage gets farther from the system . 

Robert Bell, Celesco Industries, of s3: Did you try testing the piezo

resistive (PR) accelerometer without the signal conditioning to see if perhaps 

the zero shift were tied to signal conditioning as opposed to the PR 

accelerometer? 

Coleman: No, we haven•t, but we have done lab tests where the only thing 

we were shocking was the accelerometer with the electronics 3 ft away on 

the bench. In many cases I put the accelerometer signal through a de opera-

tional amp, don•t integrate anything, and yet I can see zero shift. It is 

tied to the accelerometer. 

At this point some preselected boo-boos were read. 

Richard Taylor, Wright-Patterson Air Force Base, of William Shay: Was 

the zip tubing hard conduit? 

William Shay, L : No, it is vinyl. It is like the plastic bags you zip 

up, except infinitely more difficult to zip because it has an aluminum con-

ductor inside to provide electrostatic shielding, and it can be grounded. 
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James Leaney, Kentron-Hawa i i: I am interested in the ta 1 k by Harting. 

Is your system under production through Endevco? 

Harting: No . The entire system was licensed to Hytec Corporation. 

The mode card is built by Endevco for Hytec. You can get the system, the 

gage or the signal conditioner from Hytec. 

Leaney to Sires: \IJhen using black electricians• tape, does this actually 

create a heat barrier or does it cause absorption of heat? Does it disperse 

or dissipate heat over the entire area? I thought it would absorb heat. 

Larry Sires, Naval Weapons Center: The idea of black electricians• 

tape is not essentially for isolation. It will absorb radiation. The idea 

is to increase the time for the heat pulse to go from the surface of the 

tape to the transducer crystal. If you can increase this time to beyond 

the time of the generated pulse, then you have done the job. 

Bunker: My question: is it pyroelectric sensitivity you•re closing 

off with the tape, or is it a long-term thermal problem on the crystal? 

Sires ; Essentially it is both. First, pyroelectric effect is a tempera

ture gradient through the crystal caused by a high thermal pulse in the 

environment. The better a material is as a thermal insulator, the better 

job it does of slowing down the thermal gradient entering the crystal. \lle 

also find that synthetic crystals are photosensitive, and for that we must 

use opaque tape. In PCB crystal transducers with a metal diaphragm over 

the crystal, photosensitivity is no longer a problem. 

Henry Freynik, L3: I have been working with radiation thermometers 

recently. Things that are opaque in the visible range are not necessarily 

opaque in the infrared region. Silicon and germanium are transparent in 

the range slightly above visual and are often used in a radiation thermometer 

as a beam splitter. The splitter sends visible radiation to one side and 
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transmits the infrared radiation through. This may be a problem with some 

tapes. They may look opaque in the visible range, but a high heat pulse 

may send a lot of infrared energy through. 

Harting: Is there any advantage in using an aluminized tape? 

Sires: We haven't tried that, but we are trying ordnance tape, which 

is similar. It is very important to select a material that will actually be 

a reflector in the spectrum region you are worried about. 

Lederer: We have a thermal transient test technique using photoflash 

lamps. We got substantial zero shifts from transducers, including semi-

conductor strain gage pressure transducers. To investigate something we have 

seen traces of before, in some cases we did not excite the transducer, and 

yet we got the expected photoelectric response. Then we tested two identical 

transducers and got just as much output without excitation from the one with 

the metal diaphragm over the silicon as we did from the other with a bare 

silicon diaphragm. It puzzled us. 

Allan Diercks, Endevco: We ran into that phenomenon ourselves and 

attributed it to surface heating expansion effects. The philosophy is that 

heating the surface of the material causes very rapid expansion, coupling 

mechanically back inside to the sensing element of the transducer. 

Thomas Rodgers, Eglin Air Force Base: We also ran into the same thing 

with the pressure transducer on the ejector foot. The hot gases driving the 

foot make two right-angle turns, so no light reaches the transducer. But 

the pressure pulse didn't look the way it should. We didn't have any residual 

build-up effect because the gases are vented at the bottom of the structure. 

We used black electricians' tape again, which held the temperature gradient 

back until the gage vented. Later we obtained PCB transducers with a GE 580 

ablative coating. They worked well, although in a long period of time the 
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coating wears off because it is subject to extreme heat and ablation. 

The session was concluded with Patrick Walter of Sandia Laboratories, 

Albuquerque, making a plea for using both proper and consistent terms in 

the literature. 
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SESSION IV 

MANUFACTURER 1 S PANEL DISCUSSION 

Peter Stein, Chairman 

(No papers given in this session) 
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SESSION IV, MANUFACTURERS' PANEL 

CHAIRMAN: PETER K. STEIN 

There were no papers given in this session. It was solely verbal 

presentations and discussion. Each manufacturer had 6 minutes to describe 

his company, their products, and current developments in which they took 

pride. 

The manufacturers who were invited to sit on the panel were chosen by 

a four-step process. Step 1 was a listing of all the principal transducer 

manufacturers, step 2 sort by measurand, step 3 sort by transduction, and 

step 4 select the minimum representative number of manufacturers. 

PANEL MEMBERS 

Endevco 
Allan Diercks, Chief Engineer 
Rancho Viejo Road 
San Juan Capistrano, CA 92675 

714-493-8181 

Kulite Semiconductor 
John C. Kicks, Manager 
Sales and Product Engineering 
1039 Hoyt Avenue 
Ridgefield, NJ 07657 

201-945-3000 

Kaman Sciences 
Eldine Cole, Research Scientist 
A 11 an Colton 
PO Box 7463 
Colorado Springs, CO 80933 

303-598-5880 (303-599-1500) 

National Semiconductor 
Art Zias, Mgr., Transducer Eng. 
1050 J Duane Avenue 
Sunnyvale, CA 94086 

408-732-5000 

TOPICS 

Gas damping piezoresistive 
accelerometers 

Triaxial accelerometer frequency 
1 imitations 

High performance piezoresistive 
pressure transducers 

Eddy current displacement transducers 
for high frequency displacements in 
hostile environments 

Pressure transducer: simple mechani
cal device for flow and cumulative 
vo 1 ume metering 
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Panel Members and Topics (continued) 

Schaevitz Engineering 
R. D. Cloon, Rep. 
PO Box 505 
Camden, NJ 08101 

609-662-8000 

Statham Instruments 
Gene D. Goodrich, Marketing Manager 
2230 Statham Boulevard 
Oxnard, CA 93030 

805-487-8511 

Sundstrand Data Control, Inc. 
Robert J. Underbrink, Sales Manager 
Dynamic Instruments 
Overlake Industrial Park 
Redmond, WA 98052 

206-885-3711 

Validyne Engineering 
Max J. Kopp, Director of Marketing 
19414 Londelius Street 
Northridge, CA 91324 

213-886-8488 

Rosemount Engineering 
John K. f1yers 
PO Box 35129 
Minneapolis, MN 55435 

612-941-5560 

Kistler-~1orse 
Walter P. Kistler, President 
13227 Northrup Way 
Bellevue, WA 98005 

206-641-4200 

Radiation-resistant displacement 
transducers 

Thin film strain gage transducers 

Dynamic piezoelectric instrumentation 
for pressure, load, and acceleration 
measurements 

Transducer kit with repl aceable 
diaphragms 

Standardization of transducer 
specifications 

Silicon semiconductor s t rain gage 
transducers 

Attendees were requested to prepare written questions of t he manufacturers 

for discussion. These questions were submitted in advance to t he session 

chairman. After the various presentations, the program was guided by audience 

questions, to which each panel member could respond. 
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DISCUSSION 

La1t1rence Livermore Laboratory (L 3): A general question on conversion 

to SI: What are your plans? Are you talking about it? What are you going 

to do to convert? 

Max Kopp, Validyne Engineering: We will do whatever you want us to do. 

The trend now is to SI, and units should be what are most convenient for the 

user. 

John Kicks, Kulite Semiconductor: We are going to have to make some 

changes in equipment and in business before universal adoption. The peqple 

propagating SI are not universally agreed. 

Gene Goodrich, Statham Instruments: The user still thinks in ps i . 

Art Zias, National Semiconductor: With our methods, we don 1 t care what 

the units are. We make a reference unit, put it on the laser, and everything 

is trimmed to that. We had one request specifying that everything be in the 

metric system. The unit was scaled beautifully and shipped. Then we had a 

call from the customer asking, 11 What the hell are these threads? 11 Threads 

will be a problem. 

Walter Kistler, Kistler-Morse: I think the theoreticians messed up a 

little bit. I think the simple names and units of 40 years ago were much 

better. 

Peter Stein, Arizona State University: ~Je have two parties submitting 

the same general questions. Looking at the industry as a whole, to what 

extent is R and D for new transducer initiated by the manufacturer and how 

many are spin-offs fro~ efforts at individual facilities? What percentage 

does the manufacturer set aside as R and D funds? Are new products created 

to the need of the user or dreamed up in the lab? 

Paul Lederer, National Bureau of Standards, stated that the transducer 

market seems to be between 150 and 300 million dollars a year, but that 
370 



there are about 300 manufacturers i nvolved. This indicates that there isn't 

much margin for Rand D of new transducers. Five percent of sales invested 

in R and D doesn't give you very much to work with. 

Kicks commented that most ideas originate with the customer. The manu

facturers generally put out a substantial amount of money on Rand D pred i

cated on cu stomer requirements i n general and the potential market. 

Zi as sa id that t heir high producti on me t hods were a curse when it came 

to R and D. 

The consensus was that R and D usual ly gets done by contrac t with a 

cu stomer or t he customer part i al ly subsi dizes the ef fort by a minimum quantity 

order at a high unit cost . 

Lederer : We have t he im pression a lot of people are concerned about 

durabil i ty of t ransduce rs, t he ability of a transducer to keep on performing 

its measurement f unct i on fo r a relatively long time . Is this your impression 

as manufacturers, and how do you establish durability of your transducers? 

Allan Diercks, Endevco : In some industries durability is a very im

po~tant factor, particularly airlines who would like to be assured they will 

last forever . In other quarters, durab i lity is considered very high if a 

t ransducer surv i ves for a short period of time at 1400°F. In others, it is 

considered very durable if it lasts for thousands of hours . Endevcd tries 

to obtain f eedback from users on the life and performance of our transducers. 

Zias said that if the customer has a well-defined duty cycle, he can 

save money and use wider tolerance specifications . You can get a good trans

ducer for very little money if the requirements for accuracy are realistic. 

The error band concept versus specified errors is also useful to reduce 

costs. 
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Gene Goodrich, Statham Instruments: Pressure transducers used on space 

probes are required to make very accurate measurements 3 years in the future. 

How do you assure that the transducer can do that 3 years from now? The 

typical approach is to eliminate concern over reliability of electrical com

ponents, and methods have been devised to take care of that. It does increase 

the cost by a significant factor. The Jet Propulsion Laboratory probe in

dicated it was worthwhile. The transducers functioned reliably many times 

over a several-year period. 

Another area where durability is of key importance is in industrial pro

cess control, where 10 years is a short period of time. This time is in con

tinuous useage. How does the manufacturer approach that? One way is to do 

the best design job possible. Another is to select proper materials and work 

these materials at low stress levels compared to their yield strength. 

Robert Mikels, Detroit Diesel Allison: One of our principal concerns 

is how to test for long-term effects for an application where we need 3,000 

hours of rrliable performance with a calibration degradation of not more than 

l/2% in a mild temperature environment of 30°-l70°F. 

Kicks: The answer is that you have to perform accelerated life-cycle 

tests. There are ways of describing the problem and there are environment 

specifications which you can call out to specify what needs to be done. 

Specifications tend to be written in terms of performance. They should 

include conditions of use so that the manufacturer can design, package and 

test the transducer intelligently. 

Allan Colton, Kaman Sciences: I agree with that. 

Zias: Tests can cost more than the transducer. 

Richard Hasbrouck, L3: We specify a minimum time to failure of 30,000 

hours for the pressure transducers our group uses. Even so, we still use 
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redundancy for insurance. Aging of the electronic components helps to assure 

reliability. We are having some shelf failures of high level output pressure 

transducers after 2 or 3 years. How do the manufacturers feel about long

term warranties? 

Goodrich: We monitor electronic components during the manufacturing 

cycle and do all electronic circuitry and tests before button-up and 

calibration. 

Colton said Kaman ages their electronic components but would need to 

know the application before quoting a warranty longer than 1 year. 

Kicks: We have several warranties in spacecraft work. One is a 3-year 

shelf guarantee. For those transducers, it is essential to use aging. 

Mortality seems to be in the electronic components. 

Stein: The basic principle is that the transducer behavior is a function 

of its total past history. You must expose each part of the transducer to 

the maximum service conditions it will see in all environments--thermal, 

mechanical, chemical, magnetic, or whatever. Regarding shelf failures, the 

first step is to deteru1ine the mode of failure. What caused the failure? 

Zias: Another point of view: Unless you age (burn-in) components at 

temperature under actual use conditions, it can be a meaningless exercise. 

We burn-in 100%. 

Larry Sires, Naval Weapons Center: I have a gripe on manufacturer's 

specifications. Often they don•t tell us what the price is, and that is a 

major decision in purchasing any transducer. Another point--1 feel that the 

#10-32 Microdot coaxial connector ought to be superseded by a sturdier 

connector. 

Kistler: Yes, the center conductor pulls out of the teflon insulation. 

Diercks: Endevco makes an improved connector using glass as the 

insulator. 
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Kistler : Connectors are a very important question for manufacturers 

as well as users. Cost is significant, and our experience with connectors 

in general is not very good. 

Robert Bunker, Kirtland Air Force Base: Don't use connectors. Connect 

wire to wire . 

Melton Hatch, EG & G: We use the wire-to-wire connection technique. 

Robert Underbrink, Sundstrand Data Control : When a customer asks for 

data sheets, we always send out price lists. 

Zias : Pricing can be a problem because of changing costs to the manu

facturer. In that case it is best to quote prices on request. 

The session closed with a summati on and comment by Stein and some boo

boos quoted from the 7th Transducer Workshop. 
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SESSION V 

INFORMATION - UTILIZATION AND SOURCE 

John Hilten, Chairman 
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INFORMATION AND INFOHMATION CONVERSION: SOME NEW THOUGHTS ON THE 
SUBJECT FOR MEASUREMENT ENGINEERING PURPOSES 

Pflltqr K. StAin 
Proffl!ssor of Engineering 

Arizona State University 
Tempe, AZ 

Abstract 

This paper separates thf'! ~nergy convfl!rsion discussion always seen in 
mP.asurement and transducAr discussions from thA Rr.AL THING, vhich is 
information processing. 

The purposA of a ~asuring systpJn is to convey information about physical 
or cMmical processAs or statAs. It has long been P.Vidfl!nt that for 
purposes of design, evaluation, analysis, synthesis, undfl!rstanding and 
teaching of the engineering of measuring systems, thP. division of the 
world of information into ANALOG and DIGITAL is insufficient. 

This is a progrAss report in a series of papers on the developmAnt of 
viable new concepts associated with the processing of information through 
a measuring system. The results so far have bAen useful dP.sign, evaluation, 
and teaching critaria proven in the field by industry acceptance and by 
several generations of successful graduates. It is hoped that the progrAss 
report presented hfl!re will stimulate further application of thfllse concApts 
to as yP.t untapped areas in the measuremfl!nt field. 
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INFORMATION AND INFORMATION CONVERSION: SOME NEW THOUGHTS ON THE 
SUBJECT, FOR MEASUREMENT ENGINEERING PURPOSES •••.• 

Peter K. Stein, Professor of Engineering 
Laboratory for Measurement Systems Engineering 
ARIZONA STATE UNIVERSITY, Tempe, Arizona 85281 

Brief presentation as panel member, Session 5: Information: 
Utilization and Sources, 8th Transducer Workshop, Transducer 
Committee, Telemetry Group, Range Commander's Council, April 
22-24, 1975, Dayton, Ohio. 

INTRODUCTION 
The purpose of a measuring system is to convey information about 

physical or chemical processes or states. It has long been evident 
that for purposes of design , evaluation , analysis, synthesis, under
standing and teaching of the engineering of measuring systems, the 
division of the world of information into ANALOG and DIGITAL is insuf
ficient . This paper is a progress report in a series, (1,2,3,4) on the 
development of viable new concepts associated with the processing of 
information through a measuring system. The results so far, have been 
useful design, evaluation, and teaching criteria proven in the field by 
industry acceptance and by several generations of successful graduates. 
It is hoped that the progress report presented here will stimulate fur-

- ther app l ication of these concepts to as yet untapped areas in the mea
surement field. 

INFORMATION IN MEASURING SYSTEMS 
It has been found helpful to consider information as existing on 

PATTERNS of PROPERTIES of WAVE SHAPES of active or passive MEASURANDS, 
starting either from an initial condition of BALANCE (0-out for 0-in) 
or UNBALANCE (reference- out for 0-in) . Universally used patterns in 
time and space are shown: 

TABLE 1 : INFORMATION PATTERNS 

PATTERNS IN SPACE 

LOCAL REGIONAL 

LOCAL EVENTS represent REGIONAL EVENTS such 

Ul 
the absence of patterns . as photos, are one of 

~ .j..J Single- point observations the two simpler pat-
~ ~ 
H Ill at single instances of tern based informa-E-< :> 

~ time. tion forms. z 
H 

(f) 

~ Ul 
LOCAL PROCESSES , signa- REGIONAL PROCESSES are 

~ Ill tures or thumbprints the most complicated E-< Ul 
E-< Ul are another of the two of the pattern-based <!! Ill 
p... (.) simpler pattern-based information forms. 0 

H information forms. p.., 
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Wave shapes in conunon use today include. CONSTANT LEVELS, SINE 
WAVES and PULSE TRAINS. Should other wave shapes, such as triangular 
waves, ever be fdund useful in measuring systems, an extension of the 
scheme presented here would be very simple indeed. The proposals are 
all of an open-ended nature. 

Table 2 presents a sununary of the more common types of informa
tion carrying which are used in measuring systems today. It should 
be noted that the BALANCED and UNBALANCED initial conditions mentioned 
above, are possible for each type shown. 

A significant fact is that if 11 (*) measuring systems were con
structed, each operating according to one of the information carrying 
schemes listed in the LOCAL EVENTS column, they could very well pre
sent 11 different responses to the same input, even if all 11 measuring 
systems were carefully calibrated. Indeed, simple undergraduate experi
ments are used in the author's laboratory to emphasize this fact. 

Table 3 shows a comprehensive summary of the differences among five 
different measuring systems designed for use with electric resistance
based transducers, when evaluated along four different performance
criteria dimensions. They represent three of the 11 possibilities shown 
in Table 2, combined with two INFORMATION CONVERSION processes to be 
discussed below. The detailed derivation and discussion of the material 
presented in Table 3 is given in various internal publications of Lf/MSE 
(#) which also present illustrative examples from the published litera
ture, of how these principles have been used in industry and research to 
advantage when considered, and to great detriment when neglected or 
wrongly used through ignorance. 

Table 1 present? 44 information-carrying methods: 11 based on local 
events, and four pattern possibilities; each of these may be used from an 
initially balanced or unbalanced condition. These 88 versions can be 
studied by considering 3 wave shapes , 7 properties (##), 4 patterns and 2 
initial conditions: 16 items. This economy of knowledge- acquisition is 
enhanced by the proposition that for information-processing studies in 
measuring systems it is unimportant to consider the energy-related mea
surands on which the information is carried. Thus, whether the informa
tion is carried on the frequency of a mechanical, pneumatic, op t ical, or 
electrical zero-based pulse train is unimportant for studies of the ad
vantages, limitations and idiosyncratic properties of zero- based pulse 
carrier systems as information processing means. 

( *) The sine and pulse wave shape properties of PERIOD are listed in par en
t heses and not counted among the 11. The author is not yet clear in his own 
mind whether advantages would accrue to a separate listing of that property 
or whether consideration of periods as 360- degree phase-angle increments 
might be simpler . 

(#) Lf/MSE Publ. 30~ 38~ 38-A ~ 66~ of which 38 is a comprehensive under
graduate experiment on that topic. 
(##) Amplitude~ frequency or repetition rate~ phase or position~ polarization 
plane~ propagation direction~ wavelength or velocity~ and duty cycle . 

NOTE: The nomenclature used in this paper is defined in Reference 3, and is 
specific to the Unified Approach to Measurement Enaineerina. 
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WAVE 

SHAPE 

Constant 
Level 

Sine Wav e 

Pul se Tr a in s 

TABLE 2 

I SOME INFORMATION CARRYING METHODS I 

INFORMATION ABOUT A PROCESS EXISTS ON 

Individual 
Property 

Local 
Event 

Amplitude 

Amplitude 
Frequency 
Pha se 
Plane of 
Polarization 

Direct ion of 
Propaga.tion 

Wave Length 
or Velocity 

(Period) 

Amplitude 
Repetition 

Rate 
Positio n 
Duty Cycle 

(Period) 

Pattern of Properties 

Regional 
Event 

Frequency 
Amp litude 

Amplitude 

Amplitude 

Local 
Pro cess 

Amplitude 
Fr equency 

Period 

Frequency 

Period 
Amplitude 
Frequency 

COMMON NAME 

Analog Data 

Wave Shape Ana l ysis 
Signature/Thumbprint Analysis 

SAM - Amplitude Modulation 
SFM - Frequenc y Modulation 
SPM - Phase Modulation 

FCM - Frequency Code Modulation 

PAM - Pulse Amplitude Modulation 

PFM - Pulse Fr eq uency Modulation 
PPM- Pulse Po sition Modulation 
PWM - Pul se Width Modulation 
PDM - Pulse Duration Modulation 

PCM- Pulse Code Modulation 

Local : at one point in space Process : over a time interval 
Event: at one instant in time Regional : over a region in space 

SIMPLE EXAMPLES 

Mercury/ Glass Thermometer 

Black/ White Photograph 
Strain-rate Tests 
Spectroscopy, Vibrations 

AM Radio 
Vibrating Wires, Doppler 
Photo elastic Isochromatics 
Photoelastic Isoclinics, 

Laser modulation 
Prism Spectrometer 

Counting Processes 
Antenna Characteristics 
Temperature-Sensitive Paint 

FM Radio & Tape Recorder 

Counting / Incremental Proc. 
Digital Data 
Code Knock 
Comruter Card 

A ~gi o na l process example would be a motion picture. This category is not included in the above table . 
The table is open - ended, and other properties and patterns of these can be added as developed or needed. 
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TABLE 3 

DESIG~ AND PERFORMANCE CRITERIA FOR RESISTANCE- BASED TRANSDUCERS AS AFFECTED BY THE INFORNATIO:\ FLOW 

nrormat1on ori~I~al ly in analog form . Conversions to AM only 

DESIG:\ CRITERIA P E R F 0 R M A N C E CRITERIA 

FOR 

L\FOR~!ATIOX FLOW SENS ITI VITY TO SENS ITIVITY TO SIGHL UPPER D!FOR~IATIO:\ 

Wave 
Shape 

Si n e 

Puls e 
Train 

de 

wn 
we 
ws .. 
:'-lote 
( l ) 
(2) 
( 3) 
(4) 

CAPACITIVE SELF- GENERATING FREQUENCY LIMIT STAC KI\JG 
Conversion UNBALANCE RESPON SES ABILITY 
from Analog 
to Ml at : 

Interrogating High . Can be balan- Low. Frequen cy- Anal og Output: Ye s , along 
Input ced o ut initially . selective filtering Wsmax = k . wc the fre(]uen -

Changes in C duri ng possible i f (2) k <. l / 3 u s ually . cy domain , 
a test cau se wnm ax < wc - wSmax around 
trouble. We should Time - domain separa-

SAM or PAM Outpu t : various 
b e low for lowest k may be any non- center fre -
effect . ( l) tion i s somet imes integer if signal (] uencies 

possible even if 

Wsmax > is pe riodi c with s u ch as 
we period marked on specified by 

Output Low if the trans - High . If noise and 
the record . No IRIG. 
demodul atio n i s 

ducer i s DC - f ed . s ignal frequencies possible. 
overlap, separation 
of self from non-
se lf- generating re-
sponses is not 
possible 

Interrogating Low if we is low . Same as for Sine Same as above for Yes, along 
Input (4) Pul se on- time (3) Wave . Filtering will zero-based puls es . time domain. 

should b e > 10-c. cover t zero - based For zero - ce ntered Commutating, 
-r = t RC for vol - PAM to zero - centered pulses (eg . sq u are multiplexing, 
tage - fed bridges . some time s de sirable . wave s ) may be high - samoling, 
-r =(3 / 4)RC for er depending on etc. 
c urrent - fed ones . demodulation method 

None Low High . Same as for Limite d only by No 
Sine - wav e - conversion amr lifi e r a nd 
at Output . transducer . 

a compone nt frequency of the self - generating response, i.e . , a noi se level compone nt 
(carrier) frequency supplied at the Interrogating Input 
a com ponent frequency of the non - self- genera ting response , i.e. a signa l level component 
a time constant as defined . R = sensor resistance C = capacitive unbalance 

tha t a square wave is a pulse train with duty cycle of l 
de pends a lso on quadrature rejection ratio of phase - sensitive detector, if a ny 
depends a l so on balance of phase - sensitive detector 
de~ends a lso on recovery time and linear range of amplifier, if gating is not u sed . 
pe a k / rms ratio of wave shape is controlled through duty - c y c le; se lf-heat ing is co ntrollab le. 

TYPICAL USA 
CO~INERCIAL 
I\TSTRLr!E"iTS 

BLH ~I, '\ ' 
l20B 
Tektronix Q 
or 3C66 
Sanborn 1100 
Daytronix 
B&:K 1516 
ilia tel Unit s 

All eganv 307 
or any Inver-
ter type 
amp lif ier . 
For STII also 
VCO ' s or sco' s 

Vi shay P- 350 
Budd IIW-l 
BLcl 120 c 
Er.d evco 96 

Yi s hay-Ellis 
BA~I-l, BA-13, 
B&K 1516. 

I 

I 

I 



INFORMATION CONVERSION 
Given the variety (n choices) of information carrying possibilities 

of Table 2, the information conversion possibilities which can be sys
tematically studied is n(n-1) = 7656 for n = 88, all within a very sim
ple framework for such a study. Table 3 includes three important cases 
for resistance-based transducers: no conversion (straight analog), ana
log to sine-wave-amplitude modulated, and analog to pulse-amplitude
modulated. It will be seen that the four important performance criteria 
shown are dramatically different and often incompatible, for the five 
design criteria shown. The first graduate course in the 7 semester
course sequence in Lf/MSE is devoted in part, to that topic. 

Figure 1 illustrates an optical measuring system which involves FOUR 
information conversions, yet only ONE energy conversion. It illustrates 
an infrared measuring system which involves analog, SAM, a-based PAM, a
centered PAM information carrying and conversion methods, although only a 
single energy-conversion: optical-electrical, is involved. 

Infrared radiation, in analog form, is converted to 0-based PAM by 
means of a rotating slotted disc acting as optical chopper. Conversion 
to SAM would require a sinusoidally distributed optical density around 
the disc periphery -- in inconvenience. 

The information conversion moves the low-frequency analog informa
tion to a higher frequency range, in PAM-form, so that the low-frequency 
cut-off of the IR-detector is not a hindrance. Filtering the low-fre
quency portion of the a-BASED PAM signal converts it to a-CENTERED, with 
attendant advantages of analog noise suppression possibilities not present 
in a-BASED PAM. 

All of the important information is contained in ANY of the sets of 
side-band frequency-ranges stacked around harmonics of the pulse carrier 
frequency which emerges electrically from the IR-detector. Thus, filter
ing around the first set of side-bands centered around that frequency 
retrieves all the information and makes the signal look as though it had 
always existed in SAM-form in which only a single region of side-band in
formation exists. This would have been the case for sinusoidally dis
tributed optical density variations around the "chopper" disc. The PAM
SAM conversion through a narrow-band tuned filter-amplifier minimizes the 
amount of random noise (dark current) which affects the system. Bandwidth 
reduction is equivalent to random-noise reduction. A reference signal is 
shown so that the phase-sensitive demodulator may act as SAM-ANALOG infor
mation converter. Depending on its quadrature rejection ratio, the effect 
of random noise is further suppressed. Analog information emerges at the 
system output. 

This system takes advantage of the simplicity of a a-based optical 
ANALOG-PAM conversion, the un-necessity of reproducing the low frequencies 
of such a signal -- indeed the inability to do so for many IR-detectors 
which are ac coupled -- and the narrow bandwidth of an SAM signal with 
its attendant advantages. 
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A TYPICAL OPTICAL MEASURING SYSTEM 

ONE ENERGY-CONVERSION STEP 
FOUR INFORMATION- CONVERSION STEPS 

Energy : Opt ical 
Inf ormation: Analog 

Optical Chopper with 
repetition rate fc 
slots / s e co nd acts as 
Analog - 0 -Based PAM 
Inf ormation Converter . 
No Energy Conversion . 
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Fi8ure 1. Optical measuring system involving four information conversions 
and one energy conversion . 



w 
co 
w 

r, ; 1oo 1,/ 10 

Figure 2. 

r, 

~ 
~$ 
" \ .> 

" 

10 r, 11/1 o.ooo 11/ 1 ooo 

Logar ithmic frequency, Log f 

11/ 100 11/ 10 ,, 

Criteria for reproduction or shaping of information . 

\ 

"' 'a -c; 
<;, 
.. L 

$ ,, 
\ 

'b 
'a 
~ 

<;. 
~ 

10 r, 100 r, 



For electrical resistance-based transducers a system which feeds 
the transducer with a pulse train to minimize cable capacitance effects, 
but which demodulates the transducer output as though it had always 
been a sine wave, would present great operational advantages. It does 
not yet exist, to the author's knowledge. . . 

The above example is not cited as anything new -- only as a new 
way of looking at ex isting phenomena, with a new framework of reference 
which simplifies the understanding, teaching, analysis, synthesis and 
design of measuring systems from the information-flow point of view. 
This is only one of many fronts along which our concept-research program 
in measurement systems engineering is being carried out. 

INFORMATION REPRODUCTION 
The reproduction of information carried on or converted from any of 

the forms identified previously, is an important aspect of : the engineer
ing of a measuring system. Depending on the information form, different 
criteria for its reproduction apply. Fig. 2 illustrates three typical 
information-reproduction requirements. In Fig. 2, f1 and f2 are respec
tively the lower and upper half-power points. The discussion here 1s 
restricted to systems for which the upper and lower frequency-response 
roll-off's are governed by a single energy-storing element each ('L e., 
act as first order systems). In this case the asymptotic roll-off . ~lope 

is +1 at the low end and -1 at the high end (corresponding to±. 6, .JB/oct 
or ±. 20 dB/dec) of the log-log "Bode" coordinate system. Criteria' for 
other roll-offs can, of course, also be developed. 

FREQUENCY-CONTENT REPRODUCTION: If the information is carried on 
the frequehcy content of a signal, sucl~ as in signature analysis and 
vibration analysis, then frequency range "A" in Fig. 2 presents the 
relationship required between the measuring system characteristics and 
signal frequencies for ±. 1% amplitude reproduction of each frequency 
component. It should be noted that phase relationships here are not 
important, and that the human ear is an ideal frequency-content analyzer, 
not being affected by the relative phase relationships among the various 
frequency components of a signal. This capability of the human ear can 
b e systematically exploited through aural monitoring of channels in a 
measuring system, and by deliberate training of the human ear (*). 

PEAK-TO-PEAK REPRODUCTION OF A SQUARE WAVE: Measuring systems are 
often calibrated with square waves. Two typical examples are square-wave 
voltage insertion such as is common for cathode ray oscilloscopes, and 
square wave resistance variations produced .by "chopper"-operated shunt 
calibration r esis tors in impedaqc e-based transducers. The information 
is carried on the peak-to-peak value of the square wave, and wave-shape 
reproduction or frequency-content reproduction criteria do not apply. 
Frequency range " B" in Fig . 2 is the permissible rang·e for the repetition 
rate of a square wave so that the desired criteria are met within + 1%. 

(*) The f ormalization of t his t echnique as a standard measuring-system
design f eatur e i s due to L. S . Wirt ; see "Acoustics as an Aid to Measure 
mer:ts "~ L. S . Wirt~ Strain Gage Readings~ Vol . V No. 2~ June-July 1 962~ 
wh~ch ~s also Ch. 1 0~ Measurement Engineering~ Vol . 1 ~ P. K. Stein and 
contr ibut ing authors (1961 1st edition) . 
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WAVE SHAPE REPRODUCTION: The most difficult goal to achieve among 
the commonly desired ones, is wave-shape reproduction. This criterion 
requires obeying the linear-phase-shift law as well as the frequency
content reproduction criteria (above). This combination yields the very 
restricted signal-frequency range "C", Fig. 2f 

The above discussion covers only the FREQUENCY-RESPONSE considera
tions for various targets of information reproduction. There are also 
AMPLITUDE-RESPONSE criteria, often called linearity or non-linearity 
characteristics, which apply, but which will not be discussed in this 
paper. 

INFORMATION SHAPING 
The shaping of information may occur in the frequency or the ampli

tude domains. Typical examples are illustrated in Fig. 2. 

INTEGRATION: A typical frequency-domain operation is the integra
tion with time of a signal. All integrators must present to the signal, 
a straight line of slope -n for n-th order integration, with a phase 
shift of -nn/2 in the Bode-presentation, for all frequencies in the sig
nal. This requirement is illustrated in Region "E" in Fig. 2, in which 
it is fulfilled to + 1%. 

DIFFERENTIATION: Another typical frequency-domain operation is the 
differentiation of a signal. All differentiators must present to the 
signal a straight line of slope +n for n-th order differentiation, with 
a phase shift of +nn/2 in the Bode representation of frequency-response 
characteristics. This requirement is illustrated in Region "D" in Fig. 2, 
in which it is fulfilled ± 1%. 

Many other frequency-domain-based shaping operations exist, includ
ing compensation for lack of desired frequency response characteristics 
of any part of a measuring system. 

LINEARIZATION: Typical amplitude-domain information shaping operations 
would be the linearizing of a signal such as from thermocouples, resistance 
thermometers, etc., or the deliberate nonlinearization to follow special 
requirements such as square laws for example. For all information repro
duction, conversion, and shaping examples cited in this paper, it is vital 
that the measuring system exhibit linearity between the input and output. 
Nonlinear systems are frequency-creative, producing at their outputs fre
quencies not present at the input. Non-linear systems are required for 
purposes of frequency-multiplication, modulation, etc., but not for such 
operations as have been discussed here. In the analog-amplitude-modulation 
information conversion examples cited in Table 3, certain kinds of non
linearities for modulation, are required. It should be noted, however, that 
single-frequency excitation of a non-linear system, even with the use of 
tracking filters tuned to excitation frequency, will not solve the frequency 
creation problem: any cubic non-linearities will create an undesired fre
quency component at the signal frequency, which is then included in the 
filter output. 
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J. P. Carrico 
M. J. Kroll* 
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Bendix Research Laboratories 
Southfield, Michigan 48076 

A Transducer Information Center consisting of a data base, automated re
trieval system, and a search and dissemination service is being e s t abl i shed 
at Bendix. The data base is comprised of scholarly literature, r eport s , 
evaluation studies, and manufacturer's product information. A controlled 
subject descriptor vocabularly based on the Instrumentation Society of 
America's Transducer Nomenclature Standard S37.1 is used to query the data 
base. Other access points include: author, title, manufacturer, and type 
of document. A citation analysis was conducted to determine the most pro
ductive sources of transducer information; journal productivity conf orms to 
Bradford's distribution. A literature search service is available and t he 
Center's document accession list is disseminated periodically to interested 
Corporate personnel. Progress in the development and operation of the Center 
is reported. 

1. INTRODUCTION 

The Bendix Corporation is a multi-national, diversified company with 
products spanning five major business a rea s - automotive, aerospace-electronics 
industrial, hon1e systems, and recreational vehicles. The Bendix Research Labo
ratories is a central operation attached to the world headquarters and is 
charged with the mission of assisting various operating divisions with their 
product requirements through research and development leading to new products 
and processes. 

A key element of many of these business areas is control systems. Auto
matic devices, aircraft instrumentation, flight and engine controls, and in
dustrial controls are a few application examples. Because it is expected that 
the present trends of increasing functionality and lower cost will continue 
for digital electronics, it can be anticipated that more and more control 
systems will be implemented using digita l electronics. Thus, new and greater 
demands will be made on the sensor and actuator portions of the system. In
creased performance and lower cost will constitute the major goals for these 
devices. A future mission of the Laboratories is the development of sensors 
and actuators matching as naturally as possible to interfaces of basically 
digital systems. In this paper we will be concerned with the s ensors and 
discuss our progress in the establishment of a Bendix Transducer Information 
Center. 

*Now associated with Harper Bospital~ Medical Library , Detroit~ Michigan 48201 . 
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requ i res obeying the linear-phase-shif t l aw as well as the fr equency
content reproduc t i on crit eria (above). This combination yields the very 
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The above dis cussion covers only the FREQUENCY-RESPONSE considera
t i ons f or various targets of i nformation reproduc t i on. There are a lso 
AMPLITUDE- RESPONSE criteria, often called linearity or non-linear i t y 
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INTEGRATION: A typical frequency- domain operation is the integra
tion with time of a signal. All integrators must present to the signal, 
a straight line of slope -n for n-th order integration, with a phase 
shift of -nn/2 in the Bode-presentation, for all frequencies in the sig
nal. This requirement is illustrated in Region "E" in Fig. 2, in which 
it is fulfilled to + 1%. 

DIFFERENTI ATION: Another typ i cal f requency-domain operation is the 
dif ferentiation of a signal. All differentia tors must present to the 
signal a straight line of slope +n for n-th order differentiation, with 
a phase shif t of +nn/2 in the Bode repres entation of frequency-response 
charac teristics. This requirement is illustrated i n Region "D" in Fig. 2, 
in which it is fulfilled ± 1%. 

Many other frequency-domain-based shaping operations exist, includ
ing compensation f or lack of desired frequency response characteristics 
of any part of a measuring s ystem. 

LINEARIZATION: Typical amplitude-domain information shaping operations 
would be the linearizing of a signal such as from thermocouples, resistance 
thermometers, etc., or the deliberate nonlinearization to follow special 
requirements such as square laws for example. For all information repro
duction, conversion, and shaping examples cited in this paper, it is vital 
that the measuring system exhibit linearity between the input and output. 
Nonlinear systems are frequency-creat i ve, producing at their outputs fre
quencies not present at the input. Non-linear systems are required for 
purposes of frequency-multiplication, modulation, etc., but not for such 
operations as have been discussed here. In the analog-amplitude-modulation 
information conversion examples cited in Table 3, certain kinds of non
linearities for modulation, are required. It should be noted, however, that 
single-frequency excitation of a non-linear system, even with the use of 
tracking filters tuned to excitation frequency, will not solve the frequency 
creation problem: any cubic non-linearities will create an undesired fre
quency component at the signal frequency, which is then included in the 
filter output. 
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CONCLUSION 
It is the author's personal conviction that the study of information 

processing and conversion in measuring systems has lagged behind the 
study of energy processing and conversion, with which so many instrumenta
tion text books are filled. Since the business of measurement is obtain
ing the maximum amount of information with the minimum expenditure of 
energy, it is hoped that this contribution will stimulate additional work 
along these lines. Much remains to be done! This is the organization to 
do it! 
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By 
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Southfield, Michigan 48076 

A Transducer Information Center consisting of a data base, automated re
trieval system, and a search and dissemination service is being established 
at Bendix. The data base is comprised of scholarly literature, reports, 
evaluation studies, and manufacturer's product information. A controlled 
subject descriptor vocabularly based on the Instrumentation Society of 
America's Transducer Nomenclature Standard S37.1 is used to query the data 
base. Other access points include: author, title, manufacturer, and type 
of document. A citation analysis was conducted to determine the most pro
ductive sources of transducer information; journal productivity conforms to 
Bradford's distribution. A literature search service is available and the 
Center's document accession list is disseminated periodically to interested 
Corporate personnel. Progress in the development and operation of the Center 
is reported. 

1. INTRODUCTION 

The Bendix Corporation is a multi-national, diversified company with 
products spanning five major business areas - automotive, aerospace-electronics 
industrial, hon1e systems, and recreational vehicles. The Bendix Research Labo
ratories is a central operation attached to the world headquarters and is 
charged with the mission of assisting various operating divisions with their 
product requirements through research and development leading to new products 
and processes. 

A key element of many of these business areas is control systems. Auto
matic devices, aircraft instrumentation, flight and engine controls, and in
dustrial controls are a few application examples. Because it is expected that 
the present trends of increasing functionality and lower cost will continue 
for digital electronics, it can be anticipated that more and more control 
systems will be implemented using digital electronics. Thus, new and greater 
demands will be made on the sensor and actuator portions of the system. In
creased performance and lower cost will constitute the major goals for these 
devices. A future mission of the Laboratories is the development of sensors 
and actuators matching as naturally as possible to interfaces of basically 
digital systems. In this paper we will be concerned with the sensors and 
discuss our progress in the establishment of a Bendix Transducer Information 
Center. 
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388 



2. TRANSDUCER INFORMATION CENTERS 

An important aspect of the Laboratories ' work in sensors is the develop
ment of a Transducer Information Center (TIC) consisting of a data base, re
trieval system, and search and disseminat ion services. The objective of this 
Center is to maintain a current awareness of key transducer concepts, avail
able hardware, and trends. The data will serve sys t em design engineers on a 
Corporate-wide basis, as well as provide BRL staff with state-of-the- art 
information against which to test new concepts in future deve l opmental work 
on radical and improved new sensors . 

The TIC is a central collection of documents on transducers which can be 
searched by a computer-based document retrieval sys tem. Documents are ac
quired, analyzed, indexed, and filed for prompt retrieval (Figure 1). The 
Center's document accession l ist is disseminat ed periodical ly to inter ested 
Corporate personnel. 

DOCUMENT QUERY 
ACQUISITION ACQUISITION 

• • ACQUISI TI ON QUERY 
SELECTION SELECTION 

• ~ 
CONTENT CONTENT 
ANA LYSIS ANALYSIS 

• • INDEXING/ SEARCH 
CATALOGING STRAT EGY 

+ • PROCESSING , PROCESSING, 
FILING SEARCHING 

I .. FILE ... I .. , 

+ 
DOCUMENT OR DOCUMENT IDENT IFICATION 

Figure 1 -A Generalized Information Retrieval System. 
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2.1 Past and Present, Non-Bendix Transducer Information Centers 

2.1.1 Harry Diamond Laboratory 

A project entitled "Research in Transducers" was initiated 
in 1957. The goal of this work was the classification of transducers into 
categories on the basis of transduction principle, physical magnitude mea
sured, and energy conversion process. Scientific literature was searched, 
commercially available sensors catalogued, bibliographies compiled, and 
critical as well as state-of-the-art services conducted. This project was 
discontinued in the 1960's. However, although the data is antiquated, the 
method used to analyze transducer literature is relevant. 

2.1. 2 Battelle Memorial Institute 

Battelle established a pilot TIC in 1963 under an Air Force 
contract. During the four years of its existence, this center collected and 
processed about 6000 pieces of information dealing with transducers. Commer
~ial documents, data, scholarly literature, and reports were placed in a 
storage and retrieval system and disseminated to the transducer technology 
community on request. 

2.1. 3 National Bureau of Standards 

An Inter-Agency Transducer Project was initiated by NBS in 
1951. Transducer performance characteristics are compiled and testing pro
cedures for selected transducers are developed and evaluated. The results of 
this work are published, including over 100 performance and characteristic 
descriptions of transducers. 

2.2 Bendix Transducer Information Center 

A TIC consisting of a data base, automated document retrieval sys
tem, and a search and dissemination service is being established at the 
Bendix Research Laboratories (Figure 2). The data base is comprised of 
scholarlyand trade literature, reports, patents, evaluation studies, and 
manufacturer's product information. A controlled subject descriptor vocabulary, 
based on the Instrument Society of America's Electrical Transducer Nomenclature 
and Terminology Standard S37.1 is used to query the data base. Other access 
points include: author, title, manufacturer, and type of document. A cita
tion analysis was conducted to determine the most productive sources of 
transducer information; journal productivity conforms to Bradford's distri
bution. (See Section 3.) A literature search service is planned and the 
Center's document accession list is to be disseminated quarterly to inter
ested Corporate personnel. 

2.2.1 Data Base 

A data base is a set of files applicable and available to 
a given problem or user group. Criteria used for selection of materials to 
be added to the set constitute the acquisition policy. 

The Bendix TIC's short-range acquisition policy in 1974 
was to identify, locate, select, order and receive materials relating to 
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1 0 DATA BASE 

a. Journa 1 Literature 

b. Manufacturer's Product Literature 

c. Cor porat i on Li terature 

d. Monographs 

e. Standards 

f. Patent Literature 

g. Conference and Meeting Information 

2. RETRI EVAL SYSTEM: AUTOMATED 

a. Controlled Subject Descriptor Vocabulary- ISA Standard S37.1 

b. Controlled Type of Document Descriptor Vocabulary 

c. Access Points Into Data Base: 

Subject -- Faceted Descriptor 
Author 
Title 
Manufacturer 
Type of Document 

3. SEARCH AND DISSEMINATION SERVICE 

a. Conduct Li t erature Searches for Bendix Personnel 

b. Quarterly Dissemination of Document Accession List 

Figure 2 - Bendix Transducer Information Center , 
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pressure sensing; specifically, both professional and trade journal liter
ature, manufacturer's product information, Corporation literature, books, 
standards, patent literature, conference and meetings information, and 
proceedings. 

To execute the acquisition policy, a bibliography of 
transducer information resources was developed. Books, journals, indexing 
and abstracting services, select dissemination of information (SDI) and 
search services, relevant societies and meetings information, and a selected 
list of Buyers' Guides constitute the bibliography. Figure 3 outlines these 
resources. The flow of these materials through the data base's acquisition 
function is presented in Figure 4. A citation analysis of the journal 
literature is given later. 

2.2.2 Automated Retrieval System 

The purpose of the retrieval system is to ensure prompt 
access to documents in the Center's data base. This system consists of 
three processes: document analysis, terminology control, and a routine for 
retrieval of the Center's documents. 

2.2.2.1 Document Analysis 

Prior to entry in the data base, documents are 
analyzed to determine their subject content. The documents' main points 
pertinent to potential users are indexed. Once a document is evaluated for 
pertinent information, it is processed by translating its highlights into 
the system's vocabulary. The Bendix TIC indexing policy permits subjective 
decisions on the indexer's part as to what subjects in the document should 
be indexed. Within limits, a document is indexed under as many descriptors 
as the indexer believes pertinent to the potential interest of the Center's 
users. 

2.2.2.2 Terminology Control . 

In order to ensure consistency in the assignment 
of descriptors to documents, it is necessary to use an ~ndexing or vocabulary 
authority. This authority is an aid when searching for approp~iate words, it 
provides a record of authoritative decisions on word usage, and it h~lps in 
error control. 

Two vocabulary authorities are used in indexing 
documents, namely, Instrument Society of America's (ISA) Electrical Trans
ducer Nomenclature and Terminology Standard S37.1 and the DDC Retrieval and 
Indexing Terminology. 

2.2.2.3 Retrieval System 

The Library Information Retrieval System (LIRS) 
(Figure 5) is an indexing system for the retrieval of documents in a library 
by one or more of the following: 

(a) Subject 

(b) Title 
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BOOKS: 

The bibliography lists 23 books dealing with all types of transducers 

and their applications. 

JOURNALS: 

A total of 79 journals are identified as pertinent to transducers; 44 

professional journals and 35 tradeo Journals partictilarly relevant are 

starred and should be regularly scanned; approximately 60 journals. 

INDEXING AND ABSTRACTING SERVICES: 

These services index over 64% of the bibliography•s journals, and are 

access points into government, report, and patent literature. 

SDI AND SEARCH SERVICES: 

A SDI service is a current awareness function. Citations of articles 

relevant to a user•s 11 profile 11 are periodically sent to the requestor. 

On-line computer-assisted search of scientific literature is now avail

able, and will be used at the Bendix TIC. 

SOCIETIES AND MEETINGS: 

Societies interested in transducers are listed with addresses, phone 

numbers, and their publications. Two journals that list conferences, 

meetings, and proceedings availability are included. 

BUYERS 1 GUIDES: 

Five buyers• guides covering transducer manufacturers are listed. 

Figure 3 - Transducer Information Resources -
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DOC. FLOW 

ENTER ON 
STATUS 
CARD 

DOC. REJECT 

DOC. REJECT 

DOC. REJECT 

ORDER 
~..:.:.;:~~ ROUTINE FOR 

OTHER INFO. 

Figure 4 - Acquisition Flow of Materials Through Data Base . 
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EDIT 
CONTROLS 

UPDATE 
CONTROLS 

DATA& 
PARAMETER 

CARDS 

UPDATE 

EXTRACT 

REPORTS 
GENERATOR 

REPORTS 

R291-5 

PARAMETER 
CARD 

Figure 5 - Library Information Retr ieval System, Summary Flow Chart. 
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(c) Authors or Editors 

(d) Source 

(e) Contract Number of Publisher 

(f) Type of Document 

The primary purpose of the LIRS is to report, on 
request, a library's holdings classified in the above terms. The secondary 
purpose is to retrieve documents by using a logical search, according to Sub
ject Terms, to narrow the range of possible documents. 

cards of this system. 
cessing and consist of 
(3) header search, and 
input information which 

Coding forms are used for the parameter and input. 
The parameter cards are used to control computer pro
the following cards: (1) control, (2) report, 
(4) detailed search. The data cards represent the 
modifies and updates the existing files (Figure 6). 

The LIRS contains the four classic elements of 
a maintained and reported file and a utility sort program. These elements 
are the following programs: (1) edit, (2) update, (3) extract, and (4) re
port generating. Figure 7 outlines these programs. The output of the sys
tem is a maximum of 11 requested reports (#02-12, see Figure 8) with 3 addi
tional reports which are always printed. 

The hardware 
peripheral equipment such as card reader, 
printer; and core requirements of ~150 K. 

2.2.3 Document Storage 

requirements include an IBM 360 OS; 
direct access, tape discs, and 

The program language is Cobol F. 

Data base documents are stored sequentially by an acces
sion number stamped on the document, and on the tab of its swing folder; both 
are stored in a filing cabinet. The descriptors under which the document is 
indexed are also written on the document. Books and other oversize mate
rials are stamped with an accession number and stored elsewhere. 

2.2.4 Search and Dissemination Service (SDS) 

2.2.4.1 Literature Searches 

As the acquisition process inputs data into the 
Center, so the search and dissemination process is its output. The objective 
of the Bendix TIC SDS is to conduct literature searches for Bendix personnel. 
The data base can be searched in two ways: using a logical search, or by 
searching the Center's categorized reports. The former, by coordinating 
descriptors, can limit the range of possible relevant documents. However, 
because LIRS is designed as an index-compiler, it is possible to locate docu~ 
ments by searching the categorized reports as an index. The nature of the 
query determines the way in which the data base is utilized once a document 
relevant to the query is located. Its information is transmitted verbally 
or copied and sent to the requestor. Figure 9 is a flow chart of the steps 
used to search the classified reports. 
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DOCUMENTS 
CHECKED FOR 
DATE & ACC. 

SELECT 
INDEXABLE 

INFORMATION 

SELECT 
VOCABULARY 

TERMS 
(DESCRIPTORS) 

INCORPORATE 
NEW INDEX 
TERMS INTO 

VOCABULARY 

RECEIVE 
UPDATED 
REPORTS 

NO 

Figure 6- Flowchart of St e ps in Indexing a Document. 
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lo EDIT Program (EDITLIRS) 

Internally sorts input data 

Edits input data 

Writes control report 

2. UPDATE Program {UPDTLIRS) 

Updates the Master File 

Updates the History File; if requested 

Changes Subject Terms on Master File; if requested 

Searches the Master File for Subject Terms requested in the Questions 

Creates Source Code File 

3. EXTRACT Program (EXTRLIRS) 

Extracts reporting information from the Master and/or History File 

4. SORT Program (Utility) 

Sorts data extracted from the Master File for reporting purposes 

. 5. REPORTS GENERATOR PROGRAM (RPTSLIRS) 

Formats the 12 various reports 

Writes the 12 various reports 

Figure 7 - LIRS Programs. 
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CATALOGING REPORTS 

01 Acception and Exception Register - always printed 

02 Library Additions Report 

03 Accession Number Reports 

04 Master Information Report 

REFERENCE REPORTS 

05 Master Record 

06 Subject Term and Title Report 

07 Authors/Editors and Source Report 

08 Contract Report 

09 Source Code Report 

10 Source Description Report 

11 Thesaurus Report 

LITERATURE SEARCH REPORT 

12 Document Retrieval Report 

CONTROL REPORTS 

13 Edit Control Report - always printed 

14 Update Control Report - always printed 

Figure 8 - Output Reports of LIRS. 
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REFERENCES 

PROCURE 
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REFERENCES 

NO 
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Figure 9 - Flowchart of Steps in Searching an Index. 
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2.2.4.2 State-of-the-Art Search (SAS) 

An ideal system for an SAS query would be a true 
information retrieval system. Unfortunately, computerized information retrie
val systems (which could, for example, answer directly the question "what is 
the density of mercury at 0°C?") are in the future. Also, unfortunately, 
inquiries defining the state-of-the-art are couched in terms of performance, 
environment, price, etc. The inquirer does not ordinarily specify his need 
in terms useful for document retrieval. 

Because the LIRS does include a large number of 
unallocated subject descriptors, it is possible to code a selected subset of 
documents by stylized subject descriptors to permit a limited retrieval of 
documents including the information desired. The TIC is experimenting with 
such a stylized descriptor code for manufacturer's product data based upon 
key functional, environmental, and other factors. Since the LIRS is limited 
to selecting only by descriptor match, the descriptors must define categories 
and subcategories unambiguously. For example, gage pressure might be coded 
0-1 psig, 1-10 psig, 10-100 psig, etc. The task of coding a document includes 
selecting the special characteristics of tb~ sensor and matching them to the 
descriptor set. In retrieval, again the desired characteristics must be 
matched to the descriptor set. Thus, the reason why the descriptors must be 
stylized lies in the limitations of the LIRS retrieval; this constraint also 
dictates that the coding/retrieval interface must be assigned to an individual 
both intimately familiar with the LIRS descriptors and also possessing tech
nical judgment. 

3. CITATION ANALYSIS 

Because journal literature is a current source of transducer information, 
a citation analysis was conducted to determine how this information is 
scattered in the scientific literature. Each journal in the scientific lit
erature contributes a certain number of papers to the total bibliography on 
a given scientific subject. In 1948, S. C. Bradford found that if the jour
nals are ranked according to their productivity, a semilogarithmic plot of 
the cumulative total number of papers R(n) versus the number of journals n, 
in decreasing order of productivity, yields in many cases a characteristic 
stretched S-shaped curve (Figure 10). The initial nonlinear zone contained 
the most productive sources and is called the nucleus (Section I). It is 
followed by a linear section (Section II) and another nonlinear portion 
(Section III) at the end. This graph is commonly referred to as Bradford's 
distribution. The nucleus and the linear section are expressed respectively 
as: 

A(n) = R(l)ns 1 < n < c (1) 

and 

R(n) k ~n(n/s) c < n < n 
- ~ 

(2) 
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where 8, k, and s are constants which can be determined for any Bradford 
distribution. The nonlinear section at the end of the distribution (Sec
tion III) contains the least productive sources. It has been shown recently 
that the previously held notion that this latter deviation from linearity is 
due to an incomplete bibliography is not necessarily true, but rather is an 
intrinsic feature of the Bradford distribution. The details of this work 
which gives rise to a more accurate approximation to the bibliographic dis
tribution are given in a paper by Braunlich and Kroll.* Two bibliographies 
were analyzed. The Bradford distribution for the bibliography on transducers 
gathered from four years (1970-1973) of Engineering Index is shown in 
Figure 11. 

It can be concluded from the citation analysis that over three-quarters 
of the transducer literature can be accessed by scanning the first 25 or so 
journals in Figure 12. However, because the majority of these sources are 
professional in nature -- 20 of the 25 journals -- they have little or no 
advertisingo Therefore, a number of trade publications must be regularly 
examined to keep abreast of current innovations in transducer manufacturing. 
The more important trade journals are listed in Figure 13. 

Because a citation analysis is a purely quantitative method, the fre
quency of appearance of core journals central to a subject area will probably 
be a reflection of the number of articles they publish. As more bibliographic 
knowledge is gained of transducer literature, refined decisions can be made 
as to what journals published the most relevant articles in the core area 
the relative positional importance of the journals can then be adjusted 
accordingly. Until such time, scanning the professional core of journals 
Figure 12, the first 25 or so journals -- and the more important trade journ
als -- Figure 13 -- should reveal the majority of current transducer liter
ature. What information that is missed in this process can be acquired by 
regularly scanning the Indexing and Abstracting services. 

4. CONCLUDING REMARKS 

The Bendix TIC as presently envisioned has been described in some detail. 
At the present, the descriptor vocabulary for pressure sensors is being re
vised in order to make the Center more useful. Also, a bibliography on 
pressure sensors is nearing completion. Future work includes introduction 
of flow sensors and liquid level sensors in the data base, as well as other 
key transducers as they are identified. 

ACKNOWLEDGEMENTS 

Discussions with Dr. P. F. Braunlich and c. Ahern are gratefully 
acknowledged. 

*Peter Braunlich and Michael Kroll~ "Bradford's Distribution and the Biblio
metric Analysis of Scientific Literature~" a paper which is being submitted 
for publication. Draft copies are available at Bendix Research Laboratories. 

403 



525 

I 
I 

TRANSDUCERS I 450 
El '70 - '73 I 

!J I 
I 

I I 

375 
R(N) = 535 I lsi I N = 99 3 2 1 

J I I PRODUCTIVITY i 

300 I I 
R(n) I I I 0 

I~ ... I t I Ill 

sf I I 
I I 225 ~ 

ol 
ol 

0 I 
I NO. OF JOURNALS IN 

150 0 SECTION Ill (i < 5): 75 
I -

0 
I 

0 I 
75 I 

I 
I 

I 
0 

u;> 1 2 5 10 20 50 100 ()) 
M 

'7 
a: n ____,. 

Figure 11 - Bradford Di s t ribution of Engineering Index Transducer 
Bi bliographic. 

404 



Measurement Techniques (P) 
Review of Scientific Instruments (P) 
Experimental Mechanics (T) 
IEEE Transaction Sanies and Ultrasonics {P) 
Instruments and Experimental Techniques (P) 
Journal of Acoustical Society of America (P) 
Journal of Applied Physics (P) 
Journal of Physics E: Scientific Instruments (P) 
Soviet Physics: Acoustics (P) 
Instrument Society of America, Transactions (P) 
Strain (T) 
Instruments and Control Systems (T) 
Vacuum (T) 
Electronics Letters (P) 
Soviet Journal of rlondestructive Testing (P) 
IEEE Transactions: Industrial Electronics and Control Instrumentation (P) 
American Soc iety of Mechanical Engineers, Quarterly Transactions (P) 
Applied Physics Letters (P) 
IEEE Transactions: Electron Devices (P) 
Ultrasonics (T) 
Electronics and Communications in Japan {P) 
IEEE Transactions: Instrumentation and ~1easurement (P) 
IEEE Proceedings (P) 
Acoustica (P) 
Control and In strumentation (T) 
Radio Engineering and Electronic Physics (P) 
Instrumentation Technology (T) 
Journal of Environmental Sciences (P) 
Journal of Strain Analysis (P) 
Pomicery Aulomatyka Kontrola (P) 
Electronics (T) 
IEEE Transactions: Bio-l~edical Engineering {P) 
Instrumentation {T) 
Engineering (T) 
Medical and Biological Engineering (T) 
Solid-State Electronics (P) 
Automation and Remote Control (P) 
Electromechanical Design (T) 
IEEE Proceed i ngs {P) 
r-1easurer1ent and Control (T) 
Microtecnic (P) 
Process Instrumentation (T) 
Soviet Journal of Instrumentation and Control (P) 
Journal of Dynamic Systems, t·1easurement and Control (P) 
Journal of Engineering for Industry (P) 
Journal of Physics C: Solid State Physics (P) 
Automation (T) 
Aviation Week and Space Technology (T) 
Control Engineering (T) 
Design News (T) 
EON (T) 
Electronic Instrumentation {T) 
Research/Development (T) 
Industrial Research (T) 
Instrument and Apparatus News (T) 
Measurement and Automation News (T) 
Measurements and Data 
Process Engineering (T) 
Electronic Design (T) 

Figure 12 - Key Professional (P) and Trade (T) Journals 
Listed According to a Priority Rate, 
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1. Control and Instrumentation 

2. Control Engineering 

3. Design News 

4. EON 

5. Electronic Design 

6o Experimental Mechanics 

lo Instrumentation Technology 

Bo Instruments and Apparatus News 

9o Instruments and Control Systems 

1 Oo Measurement and Automation News 

11. Measurements and Data 

12o Process Engineering 

13o Strain 

14. Ultrasonics 

Figure 13 - Key Trade Journals. 
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A REVIEW OF TRANSDUCER RELATED STANDARDS 

Dale W. Rockw,ll 

Navy MAtrology Engin,~ring C,nt~r 
Pomona, CA 

Abstract 

Th~ ~n~fits dAriv~d from standardization includ~ mass production, 
uniformity, int~rchangeability, quality control, r~duction of siZfiiJS and 
shapes required, fllltc. Two typ~s of standards ~xist: military and 
voluntary. The latter includfii!S such organizations as ANSI, ISA, ASTM, 
and AOME. 

Thflll effect of standards is to make world trade feasible. Product CfiiJrtifi
cation procedures a~ bAing proposed for importsj,xports. 

Th~ need for additional standards is evident in areas such as flow metflllrs, 
servo transducers, temperature sensors, and shock testing of accelerom~ters 
among others. 

"Standardization Doc~nts Relating to Transducers" was compil~d at tM 
Sev~nth Transduc~r Workshop and appended for thA ~ighth Transducer Workshop. 
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A REVIEW OF TRANSDUCER RELATED STANDARDS 

By Dale W. Rockwell 

Navy Metrology Engineering Center 

Pomona, California 

In discussi ng standardization documents it is worthwhile to briefly 
revi ew their benefits which include uniformization of products 
which facilitates mass production, interchangeability, and test
ing; streamlining of inventories by eliminating uneconomic sizes, 
shapes, etc.; and increasing the market through production of 
standardized "accept abl e products." An example was recently 
cited which illustrates the benefits of standardization. 
J. W. Landis, President of th e American National Standards 
Institute, r eported that standardization on the new optimum metric 
fastener system would call for 25 standard thread sizes instead 
of the present 59 with a resultant estimated savings of more than 
$500 million a year, r efer e nce (l). 

There are basically two types of standards - those produced by 
government ( e . g ., Military Standards, Military Specifications, 
etc.) and those produced by voluntary standards organizations 
(only th e second type are considered in this presentation). Th e 
yoluntary transduce r standards are produced by numerous organiza
tions including the Ame rican National Standards Institut e (ANSI), 
the Instrument Society of America (ISA), American Society for 
Testing Materials (ASTM) , a nd the American Society of Mechanical 
Engineers (ASME). As you may know ANSI is a federation of 
organizations includin g r ep r esentatives from professional organiza
tions, industry, trade organizations, consumer int erests, and 
standards organizations. ANSI coordinates development of National 
Standards, establishes national consensus standards, is the 
official United States member to ISO and to IEC through ANSI' s 
affiliate U.S. National Committee fo r IEC. 

Th e import a n ce of international aspects should be co nsi dered sin ce 
standards approved by ISO (International Organization for 
Standardization) and IEC (Int e rnational Electrotechnical Commissio~:1) 
are vital to th e world market . An example of the importance of 
international standa~dization was point e d out in a recent 
publication which described a proposal made in Europe that 
international standards be coupled with product certification 
procedures s uch that products not certified according to inter
national standards would effectively be barre d until prope r 
certification was secured, refere nce (2). While America's 
participation in int e rnational standards is voluntary, many 
countries are actively working to influence the outcome of future 
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standards. If our point of view is to be properly presented an 
increased effort and better support from industry is required. 

A list of approved and draft transducer related standards has 
been compiled and is provided as a handout. The compilation 
will also be included in the minutes of this Transducer Workshop. 
(NOTE: This list doe s not include standards by th e Range 
Commanders Council as they are covered in another session of this 
Transducer Workshop). A review of the 1975 compilation compared 
to a 1972 listing (reference 3) reveals that approximately 30% 
of the approved standards listed are new or have been revised 
since 1972 . While that figure represents a substantial amount 
of activity it is also noted that approximately 35% of the 1975 
approved standards are in excess of ten years old - there is 
more to be done . A few actions worthy of note are: several 
revised and new ANSI standards in acoustics and vibration, 
updated ASTM standards in termperature j thermocouples, and several 
ISA standards have been or are being written or revised. ANSI's 
MC88 (formerly B88) Committee has several standards dealing with 
calibration of transducers (pressure, force, temperature, flow, 
e tc.) in preparation and is preparing the final draft of 
"A Guide to the Static Calibration of Pressure Transducers" 
which f ollows the ir "Guide to the Dynamic Calibration of Pre ssure 
Transducers" which was approved and published in 1972. 

There appears to be a substantial need for a number of additional 
or revised transducer related standards covering certain types of 
flow meters (as well as their calibration and use), servo 
accelerometers and their calibration, some of the newer types of 
temperature sensors, shock testing, shock accelerometers, etc . 
Additional standards are also required in some of the n ewer 
si gnal conditioning instruments and the new microprocessor based 
"smart" instrume nts are beginning to show up and will require 
future standardization. Straying a little farther from transducers, 
but somewhat related, is the nee d for standards on the calibration 
of particle counters, gas analysis equipment, etc. 

Th e r e is much to b e don e in th e transducer related areas of 
standardization and each of you can contribute in some way toward 
standardization in transducers and th e ir related instruments. In 
closing I would like to remind you that standards are of no value 
unless they are used . Each of us must make a conscious effort to 
maximi z e our us e <lf standards if we expect to receive the benefits 
of standardization. 
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B88.1-1972 

MC88 --

C96.1-1964 
(Rl969) 

C96.2-1973 

Sl-1-1960 
(Rl971) 

Sl-2-1962 
(Rl971) 

81.4-1961 
(Rl971) 

AMERICAN NATIONAL STANDARDS INSTITUTE 
1430 BROADWAY 

NEW YORK, NY 10018 

Dynamic Calibration of Pressure 
Transducers, Guide for 

Static Calibration of Pressure 
Transducers, Guide for 

Temperature Measuring Thermocouples 

Temperature-Electromotive Force 
(EMF) Tables for Thermocouples 
(ASTM E230-72) 

"Acoustical Terminology (Including 
Mechanical Shock and Vibration)" 

"Physical Measurement of Sound, 
Method For" 

"General-Purpose Sound Level Meters , 
Specification for" 

Final Draft Being Prepared (Other 
Drafts Are Being Prepared On 
Calibration of Pressure, Force, 
and Other Transducers). 



Sl. 8-1969 

Sl.l0-1966 
(Rl97l) 

Sl.l2-l967 
(Rl972) 

S2.2-l959 
.:::. (Rl97l) 
f--' 
w 

S2.10-l97l 

82.11 -1969 
(Rl973) 

"Preferred Reference Quantities for 
Acoustical Levels" 

"Calibration of Microphones, Method 
For The" 

" Laboratory Standard Microphones, 
Specifications For" 

"Calibration of Shock and Vibration 
Pickups, Methods for the" 

"Analysis and Presentation of Shock 
and Vibration Data, Methods for" 

"Calibrations and Tests for Electrical 
Transducers Us e d for Measuring Shock 
and Vibration, Selection of" 



PTC 19-2 

PTC 19.3-1974 

. :::. 
f-' PTC 19.5.2, 
,;::. 

PTC 19.5.3, 

PTC 19.5.4, 

PTC 19.5.5 

AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
UNITED ENGINEERING CENTER 

345 EAST 47th STREET, NEW YORK, nY 10017 

"Instrument and Apparatus: Pressure 
Measurement," 1965. 

Temperature Measurement Instruments 
and Apparatus. Performance Test Codes 

"Instrument and Apparatus: Volumetric 
(Displacement) Meters," 1966 

"Instruments and Apparatus: Fluid 
Velocity Measurement," 1965 

"Instruments and Apparatus: Flow 
Measurement," 1959 

"Instrument and Apparatus: Special 
Methods of Flow Measurement," 1966 

1974 Rewrite - Presents a Summary 
discussion of temperature measure
ment as related to Performance Test 
Code work with particular emphasis 
on basic sources of error and means 
for coping with them . 



PTC 19.16 

E 220-72 

E 230-72E 

of'>. 

1-' E 235-73E 
lJ1 

E 344-74 

"Determination of the Velocit y of 
Liquids," 1965 

American Society for Test ing Materials 
1916 Race Street 
Philadelphia, PA 19103 

Calibration of Thermocouples by' Comparison 
Techniques 

Standard Temperature-Electromotive Force 
(EMF) Tables for Thermocouples 

Specification for Thermocouples, Sheathed 
Type K, for Nuclear or for Other High 
Reliability Applications 

Definitions of Terms Relating to Temperature 
Measurement. 



ISA-S3l.l 

ISA-S37.l 

.~ 

~ ISA-S37.2 

ISA-S37.3 

ISA-S37.4 

INSTRUMENT SOCIETY OF AMERICA 
400 STANWIX STREET 

PITTSBURG, PA 15222 

Turbine Flowmeters 

Electrical Transducer Nomen
clature and Terminology 

Specifications and Tests 
For Piezoelectric Acceleration 
Transducers 

Specifications and Tests for 
Strain-gage Pressure Trans
ducers 

Specifications and Tests for 
Resistive (Platinum-Wire) 
Temperature Transducers 

Standard approved 1972 has been submitted 
to ANSI for approval as an American 
National Standard 

1969 Standard - Submitted to ANSI for approval 
as an American National Standard 

1964 Standard - To be revised. 

1970 Standard - Submitted to ANSI for approval 
as an American National Standard 

Presently in Preparation 
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ISA-S37.5 

ISA-S37.6 

ISA-S37.8 

ISA-S37.10 

ISA-S37.ll 

ISA-S37.12 

ISA-S37.13 

Specifications and Tests for Strain
Gage Acceleration Transducers 

Specifications and Tests for 
Potentiometric Pressure Transducers 

Specifications and Tests for Strain
Gage Force Transducers (Load Cells) 

Specifications and Tests for Piezo
Electric Pressure and Sound 
Transducers 

Specifications and Tests for Servo 
Acceleration Transducers 

Specifications and Tests for 
Potentiometric Displacement 
Transducers 

Specifications and Tests for High
Level DC-Output Pressure Transducers 

1971 Standard - Submitted to 
ANSI for approval as an American 
National Standard 

1975 Revision Released 

A revised (1975) draft has been 
prepared and is presently being 
reviewed. 

Standard approved 1969 has been 
submitted to ANSI for approval as 
an American National Standard. 

Presently in Preparation 

1974 draft has been distributed 
for review. 

Prepared in draft form final 
not yet released. 



SAMA: 

RC 5-10 

SAMA: 

~ SAMA: 
co 

SAMA: 

SCIENTIFIC APPARATUS MAKERS ASSOCIATION 
1140 CONNECTICUT AVENUE, N.W., 

WASHINGTON , D.C . 20036 

II l & 2 Load Cell Terminology and Recommended 
Test Procedures, 2nd edition, 1964 

"Resistance Thermometers ,1; 2nd Edition, 
1963 

RC 8-10 "Thermocouple Thermometers (Pyrometers), 11 

2nd Edition, 1963 

RC 20-ll, Measurement and Control 
Terminology, 1964 

RC 21-4-1966, Temperature-Resistance Values 
for Resistance Thermometer Elements of 
Platinum, Nickel and Copper, 1966 



SESSIOI~ V 

DISCUSSION SUt~MARY 

Session Chairman: John Hilten 

Papers: Stein, Kroll and Carrico, Rockwell 

DISCUSSION: 

Pierre Fuselier, L3: I am interested in the transducer information 

center. Is the Bendix library available to other people or is it solely 

for in-house use? 

John Carrico, Bendix Research Laboratories: For the present it is 

solely for Bendi x. As it matures and is supported by a much larger base, 

it will open up to outsiders. Once it is working on a small scale, we will 

seek outside interests, although its main function is to support our divisions. 

The center does have a charter to sustain itself with outside contracts, 

and we are looki ng to the transducer community to help us. We asked our

selves, 11 Could either Battelle or Stanford Research Institute (SRI) do the 

task for us? 11 They could for a fee which we feel would be better spent in 

Bendix. 

You have my name, and if you would like information, we could run it 

through the computer once we are set up. Companies will be able to subscribe 

to it at a date in the future. Cataloging manufacturing product information 

is an horrendous undertaking . We are still looking at how we will handle 

that. 

Darrell Harting, Boeing Aerospace to Dale Rockwell of Navy Metrology: 

You asked for inputs on additional standards: American Society for Testing 

Materials (ASTM) has tests for strain gages. 

Harting to Kroll: You said that 75% of the transducer information is 

in 25% of the transducer journals. Did you list them? 
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M. J. Kroll of Harper Hospital, Detroit: Yes. (Kroll showed slides 

with analysis of the techniques used and discussed methods used in organi

zing data). 

Harting to Stein of Arizona State University: You didn't have time to 

talk about patterns. Can you do that now? 

Stein: Apparently the mind of western man breaks patterns down in terms 

of time and space. We normally think of patterns in time and call them 

"processes" and patterns for an instant in time we call "events." Patterns 

in space are local or regional. A photograph would be a regional event. It 

does carry information, does not fit the normal definition in information 

theory as carrying information, yet it does convey something to you in pat

terns of grey or various colors. We refer to that as a regional event . 

The local process is where signature analysis is classified according 

to this scheme, for example: from a submarine, or something in the ocean, 

you record the set of the pressure waves over a period of time. You then 

frequency analyze those, and the pattern obtained from one point in space 

over a period of time carries information to you. The motion pi cture is an 

example of a regional process. In tape recording you're taking things happen

ing over a period of time--that would be a local process--putting it on tape, 

and looking at one instant in time. 

We are talking about four different kinds of patterns and eleven wave 

shape property combinations, making fifteen different things to study. Then 

all these combinations and permutations are at your feet for teaching and 

analyzing more easily and effectively. 

Howard Grant, Pratt and ~~hitney Aircraft: A question for Kroll and 

Rockwell together: Do you have standards in your libraries? 
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Kroll: Yes, we carry transducer standards. We have American National 

Standards Institute (ANSI), Instrument Society of America (ISA), and others 

applicable to the field. 

Grant: Is there a standardization of standards going on? Can we go 

to ANSI and find all the world's standards at one source? 

Dale Rockwell, Naval Metrology Center: I'm not sure if it's an up-to

date one. In 1972, there was a document by the National Bureau of Standards 

(NBS) which listed all the standards at that time. I assume it has been 

up-dated. 

Paul Lederer, NBS: ISA brought out a new edition of preprints, abstracts 

and standards related to instrumentation. It is a reprint of all their own 

standards and a listing of many other related standards. I imagine it will 

be republished each year. ISA is currently trying to get their transducer

related standards accepted as ANSI standards. 

Rockwell: ANSI does take the standards of other organizations andes

tablishes them as ANSI standards. ANSI does put out a directory on all the 

standards they have and lists international standards in that. I don't think 

there is a charge for this directory. 

Roger Noyes, EG & G, to Rockwell: Can you say a word on the Government 

and Industry Data Exchange Program (GIOEP)? 

Rockwell: There may be someone here more familiar with that than I am. 

I believe it is a document that lists calibration and test procedures. The 

isolated instances I have run into have been disappointing. 

Thomas Rogers, Eglin Air Force Base: The service is provided basically 

free by the Navy, but you have to respond with a procedure to become a user 

of the program. In addition to calibration procedures, it lists other types 

of papers on subjects of interest to the aerospace industry. 
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Audience to Rockwell: We talked last night about the many standards 

that are presently available. We should use them and specify them instead 

of writing our own specifications, some of which are lousy and open to in

terpretation. The transducer community should use the standards that are 

available. 

Robert Bunker, Kirtland Air Force Base to the Bendix team: I personally 

find this literature search business very discouraging . If a thing is old, 

it is not retrievable, even though it is the best past literature on that 

subject. What is your basis for throwing things out? 

Kroll/Carrico: We appreciate the problem. We have gone back to the 

1940's for monographs, and that's most of the information. We have journal 

articles for the last 4 years. Product information collection started last 

year; that's an interactive program with our engineers. Most of the technical 

information appearing in the trade magazines is available by looking up list

ings of abstracts. 

We concluded the session with a coffee break. 
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IMPLEMENTATION OF WORKSHOP GOALS 
AND 

TRANSDUCER COMMITTEE AIMS 

Patrick Walter, Chairman 
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SESSION VI: IMPLEMENTATION OF WORKSHOP GOALS AND 
TRANSDUCER COMMITTEE AIMS 

Patrick Walter, Chairman, Transducer Committee 
Sandia Laboratories 

Panel: Transducer Committee Members 

As noted above, this session was different from the others in that no 

formal paper presentations were made. Several members of the transducer 

committee reported on various phases of committee activities and in each 

case asked for feedback from attendees, both at the moment and in the future. 

As in the other sessions, discussion came at the end. 

Several changes were made in this session from the program as printed. 

For that reason a revised agenda is provided here. 

1000 Paul Lederer, National Bureau of Standards (NBS), 

!RIG 106, 11 Transducer Standards ." 

1010 William Anderson, Naval Air Test Center (NATC), 

IRIG 118, "Transducer Based System Calibration ." 

1025 "Proposed Standard Terminology for Telemetry 

Transducer Amplifiers" 

Patrick ~Jalter and Fredrick Schelby, Sand ia Laboratories 

William Anderson, NATC 

1040 William Anderson, NATC 

"Directory of Transducer Users, July 1973. " 

1050 Paul Lederer, NBS 

11 Interagency Transducer Project Activities." . 

1120 Charles Thomas, Wright-Patterson Air Force Base 

11 Future Task Definition for NBS. 11 

1200 End of Workshop. 
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Patrick Walter informed the group on size and composition of the trans

ducer committee, how it fits into the Telemetry Group and subsequently the 

Range Commanders Council. He discussed the mechanics for the output of the 

committee, using IRIG 106 and 118 sections as examples, and explained how 

these documents can be obtained and used by people in the transducer community. 

The first speaker was Paul Lederer who spoke on that portion of document 

RCC 106 listing a collection of standards related to transducers. He commented 

that after hearing Dale Rockwell•s presentation in session 5, the committee 

would be able to make several relevant additions to that section. He also 

pointed out that NBS has several technical notes which describe methods and 

procedures (not standards) that are potentially useful to users of transducers. 

William Anderson of NATC talked about that portion of document RCC 118 

titled 11 Transducer-Based System Calibration. 11 There are many standards and 

procedures for calibrating the individual elements in a data acquisition 

channel. There is a real need for methods and standard procedure by which 

the entire signal channel of such a system can be checked from end to end. 

The ideal is to apply the measurand to the transducer and through the entire 

system. When this is not possible, substitution and simulation techniques 

are suggested and outlined. 

Next was a three-part presentation. Patrick Walter stated that the field 

of transducer calibration standards was in good shape and so was the status 

of telemetry recording standards; however, there was a need for standards 

for the link between those two elements, i.e., telemetry transducer amplifiers. 

The subcommittee on amplifier proposed standard terminology was formed to 

remedy that. 

Joe Haden of Holloman Air Force Base is the chairman. In developing 

his committee two ad hoc groups were formed: one headed by Fred Schelby for 



charge amplifiers with Allan Diercks of Endevco and Joe Winters of the Naval 

Weapons Center. A second group is headed by Bill Anderson for de amplifiers 

with Elvis Skidgel from I. E. D. Conic and Earl Cunningham from Ectron. 

Schelby and Anderson each gave a brief resume of how they see their tasks and 

summarized their individual efforts. 

William Anderson spoke on the 11 Directory of Transducer Users 11 dated 

July 1973, told us how it came into being and how people could use it to get 

help, or to help each other, in the field of transducer applications. The 

directory is presently in process of updating. Reference sheets were dis

tributed to the audience and they were requested to submit them for inclusion 

if they desire to participate. 

Paul Lederer of NBS spoke on 11 lnteragency Transducer Projects Activities 11 

to dat~ (see appendix.) The group is interested in areas which they feel have 

not been sufficiently covered and in which a need exists for more knowledge. 

Some examples are the dynamic characteristics of transducers, environment 

effects on transducers, and reliability and durability. Some \'JOrk has been 

done in developing new principles for improved transduction. A necessary ad

junct to these efforts is applying the information gathered to voluntary 

standards efforts. The basic objective can be stated as the investigation of 

performance characteristics of electromechanical transducers required for 

meaningful measurement of physical quantities and the dissemination of know

ledge thus obtained. 

One of the group's most useful functions is the development of techniques 

and assistance to other people in using them. Some examples can be seen under 

"Use of Project Results" and 11 Measurement ~~ethod Development and Application." 

Lederer gave some very interesting technical details on the development 

and use of several procedures and equipments originated by the group. 
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The final presentation was made by Charles Thomas of Wright Patterson 

Air Force Base. He stated that the transducer committee activities are partly 

dependent on responses from groups such as this Workshop. He mentioned a 

questionnaire that was distributed to attendees and the need for pro or con 

feedback on work currently in progress or being planned. This feedback pro

vides guidance to the committee and what the committee asks NBS to do. Some 

elements are how to space Workshops so that they are fruitful, promote ex

change between us and transducer manufacturers, and topics that should be 

covered at the next Workshop. 

The committee also needs input from the transducer community as to ad

ditional items of concern high on the individual's list of priorities. Some 

ex amp 1 es fo 11 ow: 

Do you think the thermal transient test methods should be 

incorporated as a test procedure in document RCC 118? 

Do you feel that development of a mechanical filter for shock 

measurements by acceleration is an item that should be covered 

by the interagency group at NBS? 

How do you rate the importance of investigating the effects of 

line pressure on low differential pressure transducers? 

The need for methods for evaluating performance limitations 

imposed by the presence of signal conditioning within the transducer. 

All of the foregoing is very helpful in long-range planning. 

At this point the open discussio~ began with Pat Walter asking the 

attendees to voice their present concerns. 
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Howard Grant, Pratt and Whitney Aircraft: ~Je are concerned with 

rotating systems and particularly high g loading acceleration, and methods 

of transferring signals from these rotating systems by slip rings and near

field telemetry. 

Douglas Marker, Dahlgren Naval Weapons Lab: One of our problems is in-

strumentation in gun barrel work, that is, instrumentation of projectiles . 

Getting signals from the transducers and making sure that they will withstand 

the gun environment is quite difficult. We are concerned about transducer 

responses and noise pick-up in the gun barrel environment. 

Dale Rockwell, r~avy Metrology Engineering Center: I •m typical of most 

people here in that my basic interest is in calibration. We are interested 

in development of portable, on-site, semiautomatic calibration systems--for 

example, micro processor control systems, a system with maximum operator

machine interaction where we can put a calibration procedure in the instru-

mentation and make things easier for calibration people. For this work you 

need very good transducers with high accuracy that have very good repeatability 

and resolution. Linearity is no problem, since the computer process can take 

care of that. It can take a nonlinear transducer, put it in a processor and 

come out with a beautiful end result. Hysteresis can be taken care of to 

some extent. I'm interested in obtaining information on newer transducers, 

and anything that anyone, including NBS, may be doing along the line of 

evaluating very accurate portable transducers. 

Thomas: We are also interested in that field. We have a problem in 

calibrating microphones which are installed in many systems including air

craft in a flush mounted configuration. It is difficult to do in-place 

calibrations or get access to the wires for insertion calibration techniques. 

We don't believe the procedures we are currently using are what they should 

be. We 1d like to improve on the procedures we are currently using. 
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Robert Bunker, Kirt l and Air Force Base: I'd like to support that also. 

For end-to-end calibration there has to be a technique available to apply the 

forcing function to the t ransducer, if we would like to know the response 

transfer function of the system. Often there is nothing available to apply 

the forcing function that would allow us to do that. 

Another area that seems to have been overlooked is velocity and a stan

dard for calibrating velocity transducers. In connection with your linear 

system for signal conditioning, we have a very difficult time in prediction 

of ranges and have therefore gone to logarithmic amplifiers. You might want 

to try one in your system. 

Thomas: What we did was to develop, on contract and in-house, an auto

matic gain changing amplifier that will sense output and change gain in 10-dB 

steps to keep data centered between two adjustable bands. You can set a high 

limit and a low limit which is compatible with your recording system. If 

the signal is outside tolerance longer than 0.3 seconds, the amplifier will 

shift in less than 1 microsec and move to where you need it. It has seven 

steps, allowing wide range coverage. Transducers are switched in flight with

out worrying about the signal amplitude. This amplifier decreased the number 

of flights we had to fly by a factor of three. 

Melton Hatch, EG&G: Much of the time we are trying to design a flow 

measurement system without causing stream interference. I wonder if there 

is any good literature on standards one would be able to use to design probes 

for other than air flow? I have noticed that volumes of data exist which are 

not in the literature. It seems there may be an area here for dissemination 

of standards. 
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Lederer: There is a publication by NBS that came out last year giving 

a basic exposition of methods of measuring flow. It is a summary-type report 

with lots of references. 

John Ramboz of NBS: I•m interested in the mechanical filters to be used 

with shock accelerometers. How well do you want it to work, and how much 

money do you have? This would be a low-pass mechanical filter to keep ac

celerometer resonance from being excited. Damping would have to play an im

portant role in this design. Common damping materials would not fill the 

bill because they are temperature and rate sensitive. I recently ran across 

reference to an experimental manganese-copper alloy. Perhaps this material 

can be applied for the filter. This material has properties similar to mild 

steel and may have application as the diaphragm of pressure transducers. I 1d 

like to have any inputs from the audience. 

Bunker: I would hate to use damping in any way other than as a protec

tion for the device. I like to do my filtering electronically after the data 

is acquired. The transducer should be a faithful reproducer of what is there. 

Ramboz: Let me cite an example. Velocity measurement is valid to the 

point where you approach transducer resonance, where distortion sets in. If 

we can keep from distorting and we know what the filter response characteris

tics are, then mechanical filtering has advantages. 

Thomas: Signal conditioning systems have limited range. If you hit 

that system with high frequency, high level inputs, you•re going to miss the 

kind of thing you•re most interested in. A lot of that is just noise you 

would like to be rid of. Since you have to make the impedance transfer early 

in the game, then you must contend with all the noise generated in the signal 

conditioning. That is a bad time to go into a filtering operation. If you 

could have a calibrated mechanical filter with a known cut-off, it would 
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simplify the signal conditioning. We have tried in-flight electrical filters 

and all they did was add to our headaches. 

Ramboz: In the case of electrical filtering you're indeed trying to 

suppress a design fault. Now rather than having a separate piece of hardware 

as a filter, this ultimately could be designed as part of the base of the 

accelerometer. When bought, these characteristics would already be accounted 

for in the design and calibration of the transducer. 

Peter Stein, Arizona State University: There are other factors as well. 

If you allow the transducer to resonate and then filter, you have to be pre

pared to have twice the linear range normally used, which means half the gain. 

If you don•t do that, the tops of the signal tend to get cut off, and if you 

filter them, you in effect are averaging a distorted signal. Averaging of a 

distorted signal results in a distorted average. You cannot recover the 

data ever again. 

Audience: It would appear that the most desirable thing this group could 

be working on is materials research to be applied to a solution. Design of 

mechanical filtering is a user's job in a sense. It would seem to me that 

we are getting into the area of 11 how do you apply, what do you select, how 

do you pick a transducer with high enough frequency to do all that?•• I 1d 

rather see work on basic materials that would make it possible for us to have 

better transducers. 

Walter: I have a comment on cross-axis sensitivity of accelerometers. 

We are used to seeing this specified but each manufacturer has his own testing 

procedure for it. In all the cases I know, it is done with a rectilinear 

input device with very low frequency and small amplitude levels. In testing 

such as Douglas Marker has mentioned, a calibration at much higher levels 

is required. For instance, in measuring gun barrel slap of 1,000 g, the 
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forward acceleration is 10,000 g, and if you have 5% cross-axis sensitivity, 

then half your desired signal will be noise. We need standards for determin

ing the cross-axis sensitivity of accelerometers specifying both amplitude 

and frequency at which the test is to be made. 

Harry Clarke of NATC: I am concerned with angular measurements in ro

tation, especially acceleration. There is a deficiency of low range angular 

accelerometers on the market, and calibration methods could be improved. I 

would like to see some technique other than gyros developed for angular 

acceleration. 

Thomas: We have needs in a similar area. Angular vibration is becoming 

increasingly important since we are making measurements for optical systems, 

of which there is a large proliferation. We are looking into buying several 

samples of other than conventional angular accelerometers for evaluation. 

James Leaney of Kentron-Hawaii: We are just establishing calibration 

and evaluation capabilities and facilities. I favor the in-situ approach, 

not the cloistered cell of metrology . 

Stein: There are inputs that only you can provide. Various sections of 

NBS come under review of an evaluation panel once a year. Paul Lederer 1S 

group is in the electrical technology division, of which transducers are just 

a small part. People 1 s knowledgeability in transducers was nonexistent on 

the panel until a very few years ago. Transducers are probably the least 

understood element in the whole measurements chain. Any enlightenment you 

can give people who don 1 t know anything about transducers would be of help to 

all of us. The more information you can provide in groups such as this, the 

better your needs will be represented. 

Lederer: If you have any kind of problem in calibration or application 

of transducers, or if you see a need for calibration techniques to meet 
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requirements for measurements, if you can foresee anything like that, it 

would be useful if you would call me at NBS. We can then come up with the 

kind of task outline that will be most effective in the future. 

At this juncture Charles Thomas polled the attendees to establish pri-

orities on seven of many suggestions generated by the session. In the final 

program presentation, 11 Future Task Definition for NBS, 11 he had 1 isted four 

projects either being or to be considered as tasks for the NBS transducer 

group. Thomas enumerated nine additional potential projects which had been 

suggested in the course of the session. 

PRIORITY 
BY VOTES 

1st 2nd 

8 3 

7 4 

5 10 

4 5 

0 5 

2 

3rd 

A. 

3 B. 

7 c. 

16 D. 

2 E. 

F. 

G. 

ITEt~S 

We need more variety of choice in low range angular 
accelerometers. 

Standard method for testing cross-axis sensitivity 
of accelerometers at high frequencies and amplitudes. 

Damping of resonant transducers (mechanical filters). 

Portable on-site semiautomatic calibration systems. 

Evaluate transducer performance limits imposed by 
integral electronics. 

Better dissemination of information on flow measure
ment and system design. 

Instrumentation of artillery projectiles. 

ITEt~S NOT POLLED 

H. Develop protection schemes for pressure transducers in thermal transient 
environments. 

I. Recommended method for calibration and evaluation of velocity transducers. 

J. Use of logarithmic amplifiers versus automatic gain changing amplifiers. 

K. Effects of line pressure on performance of low differential range 
pressure transducers. 
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L. Adoption of recommended test methods for the effects of thermal 
transients. 

M. Investigate problems. of high g acceleration of rotating systems and 
signal retrieval (slip rings, near-field telemetry, etc.) 

Pat Walter asked the audience for help by correspondence in the trans

ducer committee 1 s work of defining tasks and identifying problems. In closing 

the session he expressed appreciation to members of the committee and also to 

all the people who worked on the Workshop. A special . vote of thanks was 

given to Charles Thomas, our host, for the smooth and efficient operation 

of all the vJorkshop accommodations, and to Pierre Fuselier, our chairman, 

for a very productive vlorkshop. 

END EIGHTH TRANSDUCER WORKSHOP 

434 



22 April 1975 

REPLY TO William D. Anderson, Transducer Committee, Telemetry Group (TG) 
ATTN OF: Technical Support Directorate 

Naval Air Test Center, Patuxent River, Maryland 20670 

SUBJECT: Directory of Transducer Users 

TO: Transducer Users 

The Transducer Committee of the Telemetry Group/Range Commanders Council 
coordinates transducer activities between national test ranges, range users, 
RDT&E activities of DOD, and aerospace contractors. 

The first Directory of Transducer Users was published during July 1973. 
The directory was published to promote the exchange of information between 
transducer users with common problems. The Transducer Committee is planning 
to publish a revision of the directory during 1975. 

It is requested that you fill out the enclosed form listing one or more key 
employees at your activity engaged in transducer activities. This can 
include transducer users or personnel involved in transducer calibrations 
or evaluations. In each case, it is requested that the names listed not be 
higher level management personnel, but those most directly responsible for 
transducer applications at your activity . Those listed in the 1973 printing 
of the directory should submit a form indicating that the information in the 
directory is correct or making corrections where necessary. 

A completed sample is enclosed to assist you in filling out the form. It is 
requested that the submission be returned by 2 July 1975. 

Very truly yours, 

cuft£~ j) ~t.~LA .. , 
William D. Anderson 
Transducer Committee, TG 
Phone (301) 863-4271 
Autovon 356-4271 
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SAMPLE 

DIRECTORY OF TRANSDUCER USERS 

ACTIVITY: Sandia Laboratories, Albuquerque, N.M. 

TRANSDUCER CONTACTS: 
Name (1) P. L. Walter (2) L. L. Lathrop 

Address Sandia Laboratories Sandia Laboratories 

Division 7511 Division 7511 

P. 0. Box 5800 P. 0. Box 5800 

Albuquerque, N.M. 87115 Albuquerque, N.M. 87115 

Phone AC 505 265-5785 AC 505 265-5785 

Autovon (FTS) 843-2520 (FTS) 843-2520 

TRANSDUCER CONTACT FUNCTIONS: 
Calibrator X Evaluator X User Other Consultant 

SUMMARY OF USAGE: 
Sandia Laboratories Albuquerque instruments a variety of components/assemblies 

for design verification testing. · These component/assemblies include electro-mechanical 

devices, mechanical structures, projectiles, parachutes, etc. Test environments 

utilized are vibration exciters, centrifuges, drop towers, ballistics, rocket sleds, 

sheet explosives, flyer plates, shock tubes, and underground nuclear detonations. 

Both radio link and hard wire telemetry are employed. 

SPECIAL EXPERTISE, FACILITIES, COMMENTS: 

Sandia Laboratories Albuquerque makes a large quantity of acceleration measure-

ments in impact type environments where levels in the ten's of thousands of g's are 

frequently encountered. Some knowledge is also present in measuring blast and 

ballistic type pressure environments where very short pressure rise times are encountered 

and pressure levels from a few hundred to ten's of thousands of psi are experienced. 

(Use Back For Additional Contacts or Comments) 
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SAMPLE 

DIRECTORY OF TRANSDUCER USERS 

ACTIVITY: 

TRANSDUCER CONTACTS: 
Name (1) (2) _____________ _ 

Address 

Phone 

Autovon 

TRANSDUCER CONTACT FUNCTIONS: 
Calibrator Evaluator User Other -----------------------------------

SUMMARY OF USAGE: 

SPECIAL EXPERTISE, FACILITIES, COMMENTS: 

(Use Back For Additional Contacts or Comments) 
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EIGHTH TRAJISDUCER WORKSHOP 

(22-24 APRIL 1975) 

1. Are you aware of any other standards, concerning transducers, which 
have not been listed in RCC 106? 

2. Are there any transducer related areas in which you think standards 
are needed? (Describe) 

3. After having reviewed RCC 118, are there any recommended changes or 
additions? 

4. Are you aware that the Directory of Transducer Users was published 
in 1973? 

5. Do you wish to be included in an up-date of this directory? If so, 
please provide the required following information: 

Name 

Address 

Phone Number 

Type of Transducers 

6. Are you willing to serve on a review board for transducer related 
standards generated by the Transd~cer Committee? If so, provide 
name and address and check area of expertise/interest. 

Charge Amplifiers 

de Amplifiers 
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7. What would you like to see covered in the next Transducer Workshop? 

8. Comments: (Additional items of concern, in areas of test and 
evaluation of transducers, for the Transducer Committee. 
New areas of need such as combined transducer/amplifier.) 

9. Items either being, or to be considered as products by NBS. (Add 
any additional items.) 

A. Develop a thermal transient test method for investigating the 
effect of short duration thermal transients on pressure transducers. 

B. Develop protection schemes for pressure transducers to mitigate 
the effects of thermal transients without degrading the dynamic 
performance of the transducers. 

C. Develop mechanical filters for shock accelerometers to prevent data 
degradation from spurious shock excited resonances. 

D. Develop methods for evaluating the effects of line pressures on 
the performance characteristics of differential pressure transducers. 

E. Develop methods for evaluating the performance limitations imposed 
by the presence of integral semiconductor signal conditioning in 
transducers. 

Return completed questionaire by 1 June 1975 to: 

CHARLES E. THOMAS 
AFFDL/FYT 
WPAFB, OHIO 45433 
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APPENDIX A 

REPORI' o:.J AcriVITIES OF THE INI'ERAGENCY TRANSDUCER 
PRCAJEcrS GROUP OF NBS 

Edi t ed by Pierre F. Fuselier, Workshop General Chairman 

Report* on ac ti vities of the Interagency Transducer Projects Group 

of NBS by Pau l Lederer. 

1. High l igh ts of the oral presentati on. 

2. Illustrations of equipment. 

3. Summary r eport for Executive Committee, 

TG/RCC, 5 Feb ruary 1975 

*[NOTE: this repor t was originally desi gned by the author for 

verbal presentation . The editor felt that its content warranted 

wider distribu ti on. ] 
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NBS INTERAGENCY TRANSDUCER PROJECT 

PROJECT ESTABLISHED: 1951 

SPONSORS 

- NAVY 

- ARMY 

- AIR FORCE 

- NASA 

OBJECTIVES 

BUREAU OF AERONAUTICS 
NAVAL AIR SYSTEMS COMMAND 
NAVAL AIR TEST CENTER 

WHITE SANDS MISSILE RANGE 
ABERDEEN PROVING GROUND 

WRIGHT AIR DEVELOPMENT CENTER 
ARMAMENT DEVELOPMENT AND TEST CENTER 

OFFICE FOR ADVANCED RESEARCH AND TECHNOLOGY 

- INVESTIGATE THE PERFORMANCE CHARACTERISTICS OF ELECTRot~ECHANICAL 
TELEMETERING TRANSDUCERS REQUIRED FOR MEANINGFUL MEASUREMENTS OF 
PHYSICAL QUANTITIES 

- DEVELOP TECHNIQUES AND APPARATUS FOR THE DETER~1INATION OF THOSE 
CHARACTERISTICS 

- DISSEMINATE EFFECTIVELY THE KNOWLEDGE OBTAINED THROUGH PUBLICATIONS 
AND PARTICIPATION IN TRANSDUCER STANDARDIZATION ACTIVITIES 

SOURCES OF FUNDING 

- JOINTLY SUPPORTED NBS INTERAGENCY TRANSDUCER PROJECT 

- NBS STRS CONTRIBUTION 

STAFF 

- FOUR PROFESSIONALS 
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I 

NBS INTERAGENCY TRANSDUCER PROJECT 

DIRECTIONS OF PROJECT EFFORT 

MEASUREMENT METHOD FOR : 

- DYNAMIC CHARACTERISTICS 

- ENVIRONMENTAL EFFECTS 

- RELIABILITY AND DURABILITY 

- NEW PRINCIPLES AND IMPROVED MATERIALS - FEASIBILITY 

- VOLUNTARY PERFORMANCE AND EVALUATION STANDARDS 

- EVALUATION OF NEW TRANSDUCERS 

OUTPUTS 

- 13 NBS TECHNICAL NOTES 

- 7 PAPERS 

- 53 PERFORMANCE TEST REPORTS 

- 1 PATENT 

- 4 STANDARDS 

- 1 RECOMMENDED PRACTICE 

- 8 TAL KS 

- 2 TRANSDUCER WORKSHOPS 

- PARTICIPATION IN 8 STANDARDS COMMITTEES 

- NBS-DEVELOPED TECHNIQUES IN USE AT 12 LABORATORIES 
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NBS INTE RAGENCY TRANSD UCER PROJE CT 

USE OF PROJECT RESULTS 

DEVICE 

STEP -FUNCTION PRESSURE 
CALIBRATOR 

EARTH 1S FIELD DYNAMIC 
ACCELEROMETER CALIBRATOR 

SHOCK TUBE FOR PRESSURE 
TRANSDUCER EVALUATION 

HYDRAULIC SINUSOIDAL 
PRESSURE CALIBRATOR 

DUAL CENTRIFUGE 

UTI LI ZATION 

NASA LANGLEY RES EARCH CENTER 
SANDIA LABORATORY 
GENERAL MOTORS RESEARCH LABORATORY 
NAVAL AIR TEST CENTER 

NAVY METROLOGY ENGINEERING CENTER 
NAVAL AIR TEST CENTER 

GENERAL DYNAMICS/FORT WORTH 
NAVAL PROVING GROUND 

NASA LANGLEY RES~ARCH CENTER 
NASA MARSHALL SPACE FLIGHT CENTER . 

AVAILABLE COMMERCIALLY FROM 
TWO MANUFACTURERS 

HIGHLIGHTS OF FY 1974 

MEASUREMENT METHOD DEVELOPMENT AND APPLICATION: 

- INITIATED DEVELOPMENT OF THERMAL TRANSIENT TESTER FOR PRESSURE TRANSDUCERS 

STANDARDIZATION AND DISSEMINATION: 

- DRAFTED SECTION OF ANSI GUIDE FOR STATIC CALIBRATION OF PRESSURE TRANSDUCERS 

- REVIEWED OTHER SECTIONS OF ANSI GUIDE 

- DRAFTED SECTION OF TG/RCC TRANSDUCER-BASED END- TO-END CALIBRATION STANDARDS 

- REVIEWED OTHER SECTIONS OF TG/RCC STANDARDS 

- REVISED ISA STANDARD ON POTENTIOMETER PRESSURE TRANSDUCERS 
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NBS INTERAGENCY TRANSDUCER PROJECT 

CURRENT PROGRAM 

FY 197 5 

MEASUREMENT METHOD DEVELOPMENT AND APPLICATION 

- COMPLETE DEVELOPMENT OF THERMAL TRANSIENT TESTER FOR PRESSURE TRANSDUCERS 
- INITIATE DETERMINATION OF BASIS FOR PRESSURE TRANSDUCER PROTECTION 

AGAINST THERMAL TRANSIENTS 
- INITIATE DEVELOPMENT OF EVALUATION TECHNIQUES TO ASSESS EFFECTS OF THERMAL 

TRANSIENT PROTECTION ON PRESSURE TRANSDUCER PERFORMANCE 

STANDARDIZATION AND DISSEMINATION 

- REVISE ANSI GUIDE FOR STATIC CALIBRATION OF PRESSURE TRANSDUCERS 
- REVISE TG/RCC TRANSDUCER-BASED END- TO-END CALIBRATION STANDARDS 
- RE-AFFIRM ISA STANDARD ON POTENTIOMETER PRESSURE TRANSDUCERS 
- PARTICIPATE IN TRANSDUCER WORKSHOP OF TELEMETRY GROUP, RANGE COMMANDERS COUNCIL 

FUTURE ACTIVITIES 
FY 1976 

MEASUREMENT METHOD DEVELOPMENT AND APPLICATION 

- CONTINUE DETERMINATION OF BASIS FOR PRESSURE TRANSDUCER PROTECTION AGAINST 
THERMAL TRANSIENTS 

- CONTINUE DEVELOPMENT OF EVALUATION TECHNIQUES TO ASSESS EFFECTS OF THERMAL 
TRANSIENT PROTECTION ON TRANSDUCER PERFORMANCE 

- INITIATE EVALUATION OF THERMAL TRANSIENT PROTECTION FOR PRESSURE TRANSDUCERS 
- INITIATE DEVELOPMENT OF METHODS FOR THE CALIBRATION OF LOW RANGE DIFFEREN-

TIAL PRESSURE TRANSDUCERS AT HIGH LINE PRESSURES 
- INITIATE DEVELOPMENT OF ~1ECHANICAL FILTERING SCHEMES FOR ACCELEROMETERS 

STANDARDIZATION AND DISSEMINATION 

- PUBLISH FINAL REPORT ON THERMAL TRANSIENT TESTER FOR PRESSURE TRANSDUCERS 
- CONTINUE PARTICIPATION IN ANSI AND ISA STANDARDIZATION ACTIVITIES 
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PROTOTYPE EARTH'S FIELD STATIC CALIBRATION FOR ACCELEROMETERS 
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TRANSIENT RECORDER AND FREQUENCY ANALYZER FOR THE DETERMINATION 
_OF THE DYNAMIC CHARACTERISTICS OF PRESSURE TRANSDUCERS 



PROTOTYPE HYDRAULIC SI ~ USOIDAL CALIBRATOR FOR PRESSURE TRANSDUCERS 
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PhOTOTYPE DUAL CENTRIFUGE FOR ACCELEROMETER CALIBRATION 
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PROTOTYPE LIFE CYCLING SET -UP FOR PRESSURE TRANSDUCERS 
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IMPROVED LIFE CYCLING SET-UP FOR PRESSURE TRANSDUCERS 
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PROTOTYPE THERMAL TRANSIENT TESTER FOR PRESSURE TRANSDUCER: 



IMPROVED THERMAL TRANSIENT TESTER FOR PRESSURE TRANSDUCER 
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Nat i onal Bureau of St andards 

NBS Int eragency Transducer Project 

Notes fo r 

Summary Report 

For Executive Committee, TG/RCC 

Report Number 174 

February 5, 1975 

This is a progress report. The work is incomplete and is continuing. Results and 
conclusions are not necessarily those that will be included in a final report. 
Performance test data were obta i ned from one or two samples of several transducer 
types, and do not necessarily represent the characteristics of all transducers of 
a given type. 

Funding: NAVAIR SYSCOM Purchase Request N00019-75-IP-59001 
White Sands Missile Range (Supplemental Funding) 
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NBS Interagency Transducer Project 

1. Current Assignment 

The Transducer Committee of TG/RCC has assigned the following task to the 
NBS InterAgency Transducer Project: 11 Develop a test device and generate a test 
procedure to impinge thermal transient inputs on pressure transducers. The 
requirements of the test device should include: 

a. Inexpensive to build; 
b. Simple to operate; 
c. Easily reproducible by transducer manufacturers, test ranges, 

or range users; 
d. Capable of impinging thermal transients of any duration 

greater than l millisecond; 
e. Controlled heat flux inputs capable of being quantized. 

Documentation of this test procedure and the devices constructed should be 
fot·malized in report form. In addition, this report should relate the heat flux 
capabilities of the test device to actual thermal transient environments. 
Quarterly progress reports should be submitted to the TG Transducer Committee.~~ 

2. Experimental Method and Apparatus 

A method for generating and applying thermal transients to pressure transducers 
was described in an oral presentation to the Executive Committee TG and to the 
Transducer Committee at the July 1974 TG/RCC meeting. The method in brief consists 
of exposing the pressure transducer to radiation resulting from the ignition of a 
photographic flashbulb or from the discharge of an electronic flash while monitoring 
transducer output. 

The experimental arrangement is as follows: The flashbulb or flashtube is 
mounted in a vertical position at the center of an optical bench; mounted on the 
bench on opposite sides are an energy meter and the transducer mounting fixture. 
The diaphragm of the mounted pressure transducer and the sensing element of the 
energy meter are aligned with and equidistant from the center of the flash unit. 
The energy meter and transducer may be moved along the bench to vary the 
respective distances between them and the flash unit, which is held fixed. Also 
fixed in position is a photodiode mounted at right angles 15 em from the bench 
center and used as a flash output monitor to check the operation of the energy 
meter. All four elements are adjusted in position vertically to be coplanar. 

In a test the quantities monitored are as follows: (a) the output of the 
pressure transducer displayed on an oscilloscope, (b) the digital reading of the 
energy meter {which displays the total pulse energy in joules, {c) the energy 
meter output displayed on an oscilloscope (peak amplitude is proportional to the 
energy input), and {d) the photodiode output also displayed on an oscilloscope. 
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3. Experimental Results 

When the energy meter and electronic flash were received in September 1974, 
experimental work began . Mos t of the work was exploratory in nature to determine 
parameters for future experiments. 

The approximate amount of energy available from the electronic flash at the 
150-W·s setting was measu red with the energy meter a few em away from the flash 
(within the range over which there was little variation observed with change in 
meter-flash dis t ance) . A level of from 0.3 J to 0.4 J was measured by the l-cm2 

circular sensing area of the energy meter . Using the same experimental arrange
ment with a #22 flashbulb, approximately I J was measured. 

A number of tests were conducted to establish the repeatability of the flash 
energy from various sources . The standard deviation for repeated flashes from 
the electronic flash was found to be about 2%, for the photo flash bulbs about 
5%. 

An energy-distance investigation showed that the data obtained follow closely 
the well-known inverse square law governing radiation from a point source. 

These tests indicated that energy levels ranging up to 2 J could be obtained 
with this test method using #22 flash bulbs, about 800 mJ using #5 bulbs, and 
about 100 mJ using the electronic flash, at distances of 6 to 7 em. The minimum 
working distance is set by the location of the sensing element of the energy 
meter, which is located inside a protective shroud 2.5cm from the front aperture 
in the shroud and by the distance from the outside of the flash bulb to its center 
line. 

An investigation of the duration of the thermal transients from various sources 
showed values of about 6 ms for the electronic flash and 29 ms and 37 ms for two 
type of photoflash bulbs. 

A transducer was tested using the method described. The maximum transducer 
zero shift observed amounts to roughly 0.027% FS/mJ, and 0.031% FS/mJ, and 
0.029% FS/mJ for electronic flash, #5 and #22 flash bulbs, respectively, for trans~ 
ducer X, a flush diaphragm semiconductor. 

These results suggest that the transducer response to a thermal transient is 
directly proportional to the energy content of the transient and that transient 
duration has little bearing on the response. 

4. Future Plans 

In addition to tests on sixteen commercial pressure transducers representing 
seven different models. the following experiments are planned: 

a. Measurement of the response of selected transducers to energy incident 
at an angle other than normal to the exposed surface 
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b. Measurement of the response of selected transducers with the transducer 
itself measuring full-scale pressure 

c. Measurement of the response of selected transducers with the transducer 
itself measuring vacuum pressure 

d. Measurement of the energy transmission loss through a glass window . 
e. Determination of the effect of aperture size on the energy measurement 
f. Measurement of the effect of line-voltage changes on electronic flash 

energy 
g. Measurement of the effect of battery-voltage changes on flashbulb energy 

h. Measurement of the output of selected semiconductor strain-gage pressure 
transducers when exposed to thermal transients and with no transducer 
(electrical) excitation 

PUBLICATIONS 1974-75 

1. Lederer, P.S.; Development of a Dynamic Pressure Calibration Technique- A Progres~ 
Report, NBSIR 73-290 (October 15, 1973). 

2. Vezzetti, C.F., Lederer, P.S., and Hilten, J.S.~ Development of a Dynamic Pressure 
Calibration Technique - A Progress Report,NBSIR 74-503(R) (June 15, 1974). 

3. Hilten, J.S.,and Lederer, P.S.; Space Shuttle Pogo Pressure Measuring System
A Progress Report, NBSIR 74-562 (July 15, 1974). 

4. Hilten, J.S., and Lederer, P.s.; Space Shuttle Pogo Pressure Measuring System
A Progress Report, NBSIR 74-604 (December 20, 1974). 

5. Lederer, P.S., and Hi1ten,J.S.; Space Shuttle Pogo Pressure Measuring System
A Progress Report, NBSIR 7o-560 (to be published). 

6. Lederer, P.S., and Hilten, J.S.~ NBS InterAgency Transducer Project- A Progress 
Report, NBSIR 75-654 (to be published). 

NBS TECHNICAL NOTES 

1. Vezzetti, C.F., and Lederer, P.S.~ An Experimental Technique for the Evaluation 
of Thermal Transient Effects on Piezoelectric Accelerometers, NBS TN 855 (January 
1975). 

2. Kraft, R.; Note on a Vibratory Phenomenon Arising in Transducer Calibration, 
NBS TN 856 (February 1975). 

OTHER 

Lederer, P.S.; Transducers in the Real World, Joint Measurement Conference, 
N8S, Gaithersburg, MD {November 1974). 
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STANDARDS ACTIVITIES 1974-75 

1. RCC STU 106, Chapter 9 11 Transducer Standards 11 reviewed September 1974. 

2. RCC 11~ 11 Transducers Based System Calibrations 11 reviewed July 1974. 

3. ANSI MC88.X-1975 11 A Hydraulic Sinusoidal Calibration Method for Low Range 
Pressure Transducers 11 prepared, revised December 1974. 

4. ANSI MC88.Y-1975 11 A Guide for the Static Calibration of Pressure Transducers 11 

draft reviewed December 1974. 

5. ISA 537.6 11 Specifications and Tests of Potentiometric Pressure Transducers 11 

revised for reaffirmation, September 1974. 

6. ISA 537.8 11 Specifications and Tests for Strain Gage Force Transducers~~ 
reviewed January 1975. 

7. ISA 37.12 11 Specifications and Tests for Potentiometric Uisplacement Transducers 11 

reviewed January 1975. 
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8TH TRANSDUCER WORKSHOP 

22-24 April 1975, Dayton, Ohio 

INTRODUCTION OF MILLS DEAN, III, BY HENRY FREYNIK, CHAIRMAN, SESSION I 

Last but not least is our sixth speaker, Mills Dean . He has been 

with the Naval Ship Research and Development Center for 30 years as a 

member of the Instrumentation Department. He is best known for his work 

in reporting . He edited the first reference book of semiconductor and 

conventional strain gages in the early 1960's. He is also widely known for 

his pioneer work and continuing efforts in strain gage waterproofing. 

As Pierre Fuselier mentioned, Mills has an unusual document in his 

possession--official travel orders marked "NO COST TRAVEL ORDERS." Total 

money granted for trip: zero--in every appropriate bureaucratic place. 

I couldn't help thinking, here's a man who has 8-10 years of testing 

on destroyers and has recently installed 100 strain gages on a propeller, 

ran this propeller in sea tests and lost only 4 out of 100 gages, and you 

would think a grateful nation could send him here--a nation that can 

afford to send Henry Kiss i nger's 4,000-lb car to California could well 

afford to send 200-lb Mills Dean to Dayton. 

I'd like to briefly introduce a very important member of Dean's group, 

Marty Dean, in the back row. She bears the secret burden of hear i ng all 

the things we never hear about, the waterproofing which didn ' t go. 
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AN ANECDOTE 

In measurements engineering we sometimes lose sight of that all too rare 
quality called 11 common'' sense. Let 1 s see if we can recognize part of ourselves 

in this account of a measuring procedure. 

EDITORIAL: BALANCED PRECISION 

Cow Rocks I 

While I was in graduate school, I worked part-time for a wise old con
sulting engineer, who had grown up in Russia. One of his favorite stories 
dealt with how the peasants in his former homeland used to weigh a cow. 
They would locate a suitable tree and place an axe blade in its fork to serve 
as the knife edge of a balance. They would then carefully trim a pole for 
use as the balance beam. Then they would hang a harness for the cow from one 
end of the pole and a platfrom for holding weights from the other, and they 
would whittle away bits of the platform so that it just balanced the empty 
harness. After these preparations were completed, they would attach the cow 
to the harness, place rocks on the platform progressing from large ones to 
smaller ones, and even to sand, until they achieved perfect balance. Then 
they would simply guess at the weight of the rocks . 

Eric E. Ungar 
Contributing Editor 

An extract from Sound and Vibration, March 1975 by permission from Jack K. 
Mowry , publisher. 
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BOO-BOOS 

8th TRANSDUCER WORKSHOP 

APRIL 22-24, 1975 

1. To BAt up for an unexpected flight load survey calibration of an 
airplane, it was necessary to build some simple tension load cells 
in a hurry. The load cells werA calibrated in a warm room in the 
laboratory complAX and USAd in a relatively cold hangar . 

Because of the urgency of the job, I carried the cells to the hangar 
in my car and piled them on the floor just inside of the door, .where 
the temperature was near freAzing, while I worked on my instrumentation . 

As soon as the load cells were installed, I checked out thA loading 
system, and found what appeared to be errors in my loads when checked 
by other methods. The errors were large enough to require a thorough 
check of the instrumentation system - which was operating exactly as 
it should have been. 

The next step was to recalibrate (back at the lab, in a warm room). 
The calibrations all checked, so I brought the load cells back to the 
hangar, unloaded, and repeated the entire sequence - including finding 
apparent errors in the system. 

The problem? The strain gages on the load cells had been protected with 
a tarry substance which, in itself, should not have caused any problem 
over the temperature ranges encountered. The difficulty arose ~cause 
the material touched the load CAll covers, gluing thAm in placA when 
cold, thus providing a parallel load path. In the warm calibration lab, 
the problem went away because the material was too soft to provide 
noticeable restraint. 

2. Physics Law #8 

It works better if you plug it in. 

J. During a critical test, thA ZAro-line on a cathode ray oscilloscope 
developed a sudden strange desire to angle up the screen at about 45 
degrees. During coffee breaks everything worked fine only to go off 
again after the break. Finally it was determined that for that model 
cathode ray oscilloscope this 45-degree zero line would occur at high 
sensitivity if the line voltage dropped below 90 volts. During coffee 
breaks with everything else shut off the line voltage returned above 90 
volts. Use of an autotransformer to bring voltage up near 110 volts 
cured the problem. 

·4. In the course of developing a pressure transducer embodying an LVDT as 
the displacement sensor, the happy fact of intrinsic zero temperature 
compensation presented i tself. 
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Since both the transform~r and core were to be mount~d on equal length 
sections of the same material, displac~ent betwe~n th~~ due to t~~p~r
ature variations would be essentially nonexistent. 

However, when the first temperature tests were conducted, the zero shi ft 
vas very large. When rational thought once again became possible, after 
the usual string of unprintable epithets followed by doubts about such 
basic physical parameters as thermal expansion coefficients, it ~came 
sadly apparent that we had not considered the multitude of diffe rent 
thermal coefficients existing within the LVDT assembly. A copper trans
former wound on a ceramic bobbin, contained within an aluminum sleeve, 
which was epoxied in a s tainless steel housing. All this resulted in a 
null position which varied significantly with t emperature. 

Needless to say, considerable time vas spent developing a temperature 
compensating scheme. 

And, once again, the immutable laws of ~dsel Murphy were proven to be 
alive and well. 

5. This measure~nt "Boo-Boo" occurred 'While recording acoustic data during 
a fatigue test. For this test, an array of microphones had been placed 
in front of the section of aircraft structure being tested and had been 
connected by way of coaxial cables to voltage amplifiers and recording 
equipment located some distance from the t est area. With a sound 
pressure level of about 160 dB on the structure, the microphone signals 
were being recorded and simultaneously monitored on an oscilloscope. 
Strangely, one mike signal vas observed to have a normal spectrum but 
the level for this channel vas a good 20 dB lover than the rest. We 
weren't sure why. Was it the amplifier? Something that vent wrong 
during calibration? Or had the transducer failed? 

After the test, we were shock~d to find the coaxial cable for the 
questionable microphone channel lying on the floor. Oh yes, this vas 
the extra channel (and cable) not being used on this particular test. 
Neverth~less, the open circuited cable in the high intensity noise 
environment had acted like a transducer. It even looked l ike a mike 
signal, just a bit low. 

6. When measuring blast pressures with piezoelectric transducers, we typi
cally use a layer of black plastic electricians tape over the trans
ducer face to ac t as a thermal barrier. In an effort to improve the 
per formance of t his thermal shield a roll of pressure sensitive Teflon 
tape vas obtained, after much moaning over the cost ($15.00 per roll). 
Obviously the Teflon should provide a better thermal shiel d than 
electricians tape, when used in a test; however, the pressure records 

, appeared to have a strong thermal pulse superimposed on the pressure 
signal. The transducers used were Susquehana Model ST-2. Laboratory 
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7. 

8. 

tests were conducted using a flash bulb as a thermal source. These 
tests revealed that the ability of a materi al to provide "thermal" 
shielding depended on its optical opacity rather than on any thermal 
characteristi cs of the tape. Thus, the effect we observed was some 
type of photo effect rather than a thermal effect. We are still using 
black plastic electricians tape. 

At a certain laboratory, a sinusoidal calibration technique for 
pressure t ransducers was under development. Being poor and using 
unsophisticated equipment , during the f~quency response determi
nations both amplitude and frP-quency were adjusted manually at each 
point. When a resonance was approached, the amplitude of the 
pressure stimulus was reduced so as not to overrange the transducer. 
Having suddenly inherited some money, we bought an automatic control 
system including a frequency sweeping amplifier with automatic input 
amplitude control to assure a constant input at all frequencies. 
During the first calibration run, the automatic system swept t hrough 
the resonance and overranged and destroyed the transducer under test. 

Moral: Think before you push that button. 

I was life testing some pressure transducers at room temperature by 
applying and releasing the pressure at the rate of five times a second. 
About a week later I happened to touch the cycling apparatus and found 
out that my room temperature test fixture was hot. A quickly applied 
thermocouple showed a sizzling 1500F. I was 3 million cycles late in 
making what ought to have been an obvious check. 

A routine installation of thin semiconductor strain gage dynamic 
pressure transducers on the inner duct wall of a ducted fan (well 
downstream from the fan) was intended to monitor the small pressure 
disturbances expected at blade-passing frequency. 

The same instrumentation had been used before with perfectly satis
factory results. An outdoor test stand was being used for the first 
time, however. The test engineers were more surprised than pleased 
to find that some of the transducers reported enormous pressure 
fluctuations (at blade-passing frequency), orders of magnitude 
larger than any experienced in the past. 

The cause was traced to the photosensitivity of the transducers. Sun
light, striking at an angle, was being chopped by the fan blades. Lab 
tests confirmed the behavior. 

The transducers in thi s case had only a very thin "opaque" coating of 
RTV covering the diaphragm, and this coating turned out to be not 
opaque to strong sunlight. 

The general conclusion to ~ drawn from this experience is simply to 
light-test every installation where a photosensitive semiconductor may 
see intense visible radiation. 
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10. In d~signing transduc~rs for us~ at 6500F to 1300°F, succ~ss d~p~nds 
on the mat~rials sel~cted ~ing compatibl~ with on~ anoth~r in various 
ways. The Boo-boo related ~low is an illustration of on~ typ~ of 
probl~m not~d: 

Us~ of Aremco Pro~uct Co. #505 (Briar Cliff Manor, New York), aeramic 
cement in a small volum~ ~nclosur~ can l~ad to disastrous ~sults 
because the 505 gen~rates at least 1500 psi pressure when its tempera
tur~ is raised abov~ about 700°F. Thin diaphragms, bellows or oth~r 
structural components not intended to ~ exposed to such pressur~s 
are thus caused to fail. Careful pre-baking or the 505 to its end
us~ temperature ~ro~ sealing its ~nclosure do~s not eliminate the 
generation of gas. Aremco 505, though, is a product quit~ useful to 
t~mperatures well above ?00°F if not sealed in a gas tight enclosure. 

Saureisen #8 ceramic cement (Pittsburgh, Pa.) serves similar uses as 
Aremco #505, but does not generat~ high pressures after pre-baking. 

11. In using a pressure transducer in a high temperature environment 
(especially a transient one), it must be remembered that the s~nsing 
element will change its output both in magnitude and in time if a 
proper ablative coating is not used on the sensing surface. Over
sight of this fact will lead to erroneous pressu~ readings. 

12. A wet-wet~ P transducer was specified as a sensor in an airborne 
engine diagnostic system. The unit vas specified for 28 VDC exci
tation, 1500 ohm bridge resistance, and zero balanc~ trimmed to 
0 mv ±1% F.S. Due to input circuit restrictions it vas later found 
necessary to change from the grounded 28 VDC supply to an alternate 
20 VDC isolated supply and operate at reduced sensitivity. When the 
system went into operation it was found to be in error at the zero 
end by nearly 5% in some cases. 

The problem was a balance shift due to variations in bridge heating 
at the lesser excitation voltage. Solution was to have the manu
facturer trim the bridge balance at 20 VDC rather than at 28 VDC. 

lJ. In an attempt to provide one kilovolt isolation ~tween a pressure 
transducer and a water medium, I introduced a J mil Lexan film 
between the face of the transducer and the vat~r. The film was made 
to conform to thA transducer face (Endevco 8503), but was not bonded 
to it. Film thickness was selected to give about 1% decrease in 
sensitivity. 

Behavior was fine at room t~p~rature, but the shift of zero with 
temperature was enormous. Tht!S! Lexan had been clamped at its edges, 
constrained to the thermal expansion of the metal cas~. Its middle 
was free to follow its own large thermal expansion, and buckled with 
increasing temperature. 
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Possible cur~s would have been th~ us~ of very compliant rubber film, 
or provision that the film ~ perfectly flat . Actual cur~ was that 
~ndevco put the required isolation inside the case. 

14. ±100 g accelerometers were installed in the aircraft whe~ls to measure 
the acceleration experienced during aircraft landings. It was found 
that the actual peak acceleration was ±18 g with corrP.sponding output 
of ±25 mV. 

Signal conditioning was rpquired to make output signals compatible with 
the recording syst~s. Due to the high gain of the amplifiers, noise 
was also amplified to a significant level. 

Instead of low-pass filtering the unwanted signals, rubber pads were 
used to chock-mount the accelerometers to eliminate noise or spikes. 
Hence, the peak acceleration at landing was considerably reduced. 

In the course of the test, aircraft wheels were raised. In doing so, 
the 14-month instrumentation installation, as well as the mounted 
transducers, were wiped out. 

15. Failure of the power generator on an A4M aircraft ~quired measurements 
to determine whether vibration had caused the failure. 

A bracket was fabricated to mount a triaxial accelerometer on the front 
of the generator. The three axes were calibrated to ±10 g. The first 
tests showed that the accelerometer outputs were saturated and the pre
dominant frequencies were 1 kHz and 3 kHz. The accelerometer was 
recalibrated to ±20 g and the next test showed saturation in some phases 
of the test. Again the predominant frequencies were 1 kHz and 3 kHz. 

After much discussion someone finally thought of checking the acceler
ometer mounting bracket. When the accelerometer was r~calibrated with 
the bracket, very definite resonances were found at 1 kHz and 3 kHz. The 
bracket was redesigned and the following tests showed no high peaks at 
those frequencies. 

The reasons given for not originally checking the bracket we~ (1) it 
looked strong and bulky, and (2) installation was on a tight schedule 
which didn't allow for tests. 

16. Test Objective. To study the plastic rP-sponse of beams to impulsive 
loads. 

Arena Layout. The arena was a 5 ft. x 30 ft. concrete pad with a 
4 ft. x 4 ft. x 2 inch armor plate mounted vertically at one end. The 
armor platA had a one ft. square window through it across which was 
clamped the l-inch wide beam to be tested . A 4 ft. x 4 ft. x 20 ft. 
FAE bag was placed on the pad to serve as the explosive forcing function. 
Due to physical limitations the bag could not be placed flush against the 
vertical plate,thus an air space of approximately 3 inches was present. 
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Instrumentation. Four PCB Model 102M24 pr~ssur~ transduc~rs we~ 
mounted in the vertical armor plate, one just abov~, bAlow, and to 
either side of th~ window, in such a configuration as to ~asur~ th~ 
face-on pr~ssur~ at the plate. Kistler Model 504D Dual Mode Ampli
fiers w~re used as signal conditioning and s~t such that th~ ~xpected 
800 psi at the transduc~r would produce 5 volts out to th~ analog 
recorder. 

Test Conduct. Upon detonation of the FA~ bag the enti~ system 
saturated and rang. The beam being tested had ripped loose from its 
mounts and was found in the grass some distance from the test pad. It 
was obvious that the pressure experienced at the plate was greater than 
calculated. 

Explanation. The reason for the unexpected high pr~ssure was found by 
conducting subsequent tests with the FAF. bag placed varying distances 
from the plate. At separation distances of sev~ral feet it was noticed 
that two separate and distinct pressure fronts were present at the 
transducers. The first front was found to be an air shock while the 
second, which occurred sometime later, was th~ decaying Chapman-Jouquet 
detonation front. The fronts added algebraically at the transducer. As 
the separation distance of the plate and FAE bag was lessened the sepa
ration distance of the two fronts did likewise. At a distance of less 
than one foot the algebratic sum of the two peak pressures ~came 
greater than the peak pressure of either of the two. At a separation 
distance of J inches there was no noticeable time lag between the two 
pressure fronts and t~ peak pressure was about one and one-half ti~s 
the expected calculated pressure from this type of explosive. 

17. We tried to make air flow measur~~nts to determine wind speed behind 
a jet engine. The meast1rement technique employed was to measure the 
differential pressure with a Pitot tube and the flow t~perature in 
order to calculate the velocity. The measurements were made about 120' 
behind the engine which was about 8 1 off the ground. The measurement 
program was a disaster due to the turbulence behind the ~ngine. We have 
as much negative as positive differential pressure as a function of time. 

18. In setting the taper on subcarrier oscillators it must be r emembered 
that the input threshold of a frP,quency counter may be too high to 
register the output from the low level oscillators. This oversight of 
counter characteristics could lead one to believe that the oscillators 
themselves were defective. 

19. While this account is not in the measurements field, it is certainly a 
classic boo-boo. 

YOU SEE, SIR, IT HAPPENED THIS WAY -

According to the International Woodworker, the following letter from a 
brick layer in Barbados, West Indies, was written to the employing firm 
in England. It was verified as true by the British nll'!wspap@llr, "Manchester 
Guardian." 
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~sp~ct~d Sir, wh~n I got to thA building, I found that the hurrican~ 
had knock~d somA bricks off thA top. So I rigg~d up a bAam with a 
pull~y at the top of th~ building and hoistAd up a couple of barrels 
full of bricks. Wh~n I had fixed the building, th~re was a lot of 
bricks left over. 

I hoist~d the barrel back up again and s~cur~d th~ lin~ at the bottom, 
and th~n went up and fill~d the barrel with extra bricks. Then I w~nt 
to the bottom and cast off the lin~. 

Unfortunat~ly, the barrel of bricks was heavier than I was and befor~ 
I knew what was happ~ning the barrel started down, jerking me off th~ 
ground. I d~cid~d to hang on and half-way up I mAt the barrel coming 
down and receiv~d a sevqre blow on the shoulder. 

I then continu~d to the top, banging my head against th~ beam and g~tting 
my fing~r jamm~d in the pull~y. Wh~n th~ barrel hit the ground, it 
bursted its bottom, allowing all the bricks to spill out. 

I was now heavi~r than the bar~l and start~d down again at a high speed. 
Half-way down I met the barrel coming up and received several injuries 
to my shins. Wh~n I hit the ground I land~d on th~ bricks, getting 
several painful cuts from the sharp qdges. 

At this point I must have lost my presence of mind, because I let go of 
t~ line. Th~ barrel then came down giving me another heavy blow on the 
head and putting me in the hospital. 

I respectively request sick leave. 
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