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TRANSDUCER WORKSHOP
OPENING REMARKS
by
JACK LYNCH
Chairman, Transducer Committee
NATC, Patuxent River, Md,

Good Morning. Welcome to the Fourth Transducer Work-
shop., The members of the Transducer Committee of TWG extend
their appreciation for the fine response to this meeting,
Particularly we would like to acknowledge Mr., W, G, James,
who has done such a fine job of coordinating the Workshop,
and of course, the speakers who have put forth much time.
and effort in preparing the papers,

, Most of you have been associated with the transducer

field for a long time, far lonper than wmyself, and need not

be reminded of the constant advances in the state of the art
and the need for new apnroaches to solve new problems., It is
because of these changes that meetings such as this are neces-
sary. The Transducer Workshonp affords us the opportunity to

get together, to listen to new solutions to new and old prob-
lems, and to exchange ideas. I wottld urge you to take ad-
vantage of this opportunity by actively enterinp the discussion.

For the new attendees, let me briefly summarize the ob-
jectives of the Transducer Committee of TWG, This committee
informs the TWG of significant progress in the fields of tele-
metry transducers; maintains any necessary liaison between the
TWG and NBS and their transducer program or any other related
telemetry transducer efforts; coordinates TWG activities with
other professional technical groups; collects and passes on
information on techniques of measurement, evaluation, relia-
bility, calibration, reporting, and manufacturing and recom-
mends uniform practices for calibration, testing, and evalua-
tion of telemetry transducers, I am current chairman of this
- Transducer Committee and the associate member of TWG from the
Naval Air Teést Center, Patuxent River, We at Patuxent are a
large user of transducers and test instrumentation, In 1957
the Bureau of Aeronautics established at Patuxent.the "Special
Flight Test Instrumentation Pool,” NATC was assigned the
responsibility for detemmining the kind and amount of Special
Flight Test Instruments required as incidental to the Bureau's
development and procurement of piloted aircraft, Since that
time the scope and capacity of the pool have increased until
today the inventoried equipment is valued at $25 millions,




Items "other than transducers, such as oscillographs,
galvanometers, and tape recorders are included in the Pool
equipment. Ilowever, we currently have transducers on loan
to over 100 contractors, povernment activities, and non-

- profit orgdnizations, Most of the equipment on record at
any time is located at contractor's plants or 6ther test
agencies, :

The limited attendance at the Workshop allows us to
conduct interesting and stimulating. dlscu551ons. As we
proceed with the papers, I would again remind you that a
. successful meeting depends not only on well written and
well presented papers, but also on actlﬁe particination

from the audience, .
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SECTION IT1

CONSIﬁERATIONS IN THE SELECTION
~QF A TRANSDUCER TO
MEASURE BOTH STATIC AND DYNAMIC LINEAR ACCELERATION

by

Robert D, Bronson
General Dynamics/Fort Worth
Fort Worth, Texas




INTRODUCTION

This paper pertains to transducers that respond to steady-state irmput accelera- =
tion. Therefore, discussion of the self-generating types, such as velocity pickups
and plezoelectrlc accelerometers is omitted. The author does not care to argue the
point that certain electronic circuits may be devised to pc-mm.t nearly steady-state
response from piezoelectric devices. :

For dynamic measuremerts, the most. important characteristic is amplitude-
frequency response. In the wide temperature envircnments. encountered in flight
tests, temperature dependence may grossly affect accurate .dynamic measurements.

In viscoUs damped instruments the transducer. transfer function or sensitivity
for dynamic inputs may be less than half of normal at minus 65 degrees Fahrenheit.
Some transducers fitted with thermostatically controlled Heater jackets have been
used with mediccre success. The long term reliability of Both the heater and
thermostat in certain units 'is most questionable and each is subject to cata- '~ ~ =
strophic failure. Perhaps a solid-state modular control circuil might supersede
the simpler but unrelizble bi-metallic thermostat. Heaters. should also be improved.
Cvaluation tests must include life cycling tests .while .the assembly is subjected
to low temper'atur'es, ten@erature variations and vibration, shock and steady state
accelerations.

Tt would be much better if true dynamic temperature compensation could be
achieved without a heater jacket. If the operating temperatures are not tco wide,
the damping provided by gaseous, electronic,: electr'omagnetn.c, or perhaps viscous
means may give degsirable results without a heater.

GENERAL PERFORMANCE CHARACTERISTICS

Important transducer characteristics are defined:in' Instrument Society of .
America Tentative Recommended Practice RP 37.1 entitled ."Nomenclature and Specifi- = -
cations Terminology for Aero-Space Test Transducers with Electrical Output.”

SPECITICATIONS GUITZE

The Instrument Society of America Tentative Recommended Practice RP 37.5,
entitled "Specifications Guide and Tests for Strain Gage Acceleration Transducers..
for Aerc-Space Testing,” is excellent reference material .on the strain-gage de- -
vices. If enough of us use it for a procurement specification reference, perhaps
the manufacturers who helped put the document together will come to recognize it~
for that purpose.” With slight modificationsthis Recommended Practice makes a
good guide for transduction principles other than the strain gage type. Inci~
dentally, according to RP 37.5, a standard G is 980.665 CZI'IJSECQ.‘ - At” General Dy-
namics/Fort Worth, when we use "earth's gravity" for plus.or minus cne-G cali~ -
bration, we recognizé that the local US Geodet:r.c Survey figure of 979.458 cm/sec?
furnishes only about plus or minus 0.989 G.
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REQUIREMENTS
General

For any particular measurement task the instrumentation engineer must examine
his requirements afd decide.what end result is needed. Just as a simple, moistened
finger may serve to .detect the direction of the wind, perhaps an accelerometer with
a low natural frequency is desirable.or satisfactory and. perhaps an overall dynamic
amplitude accuracy tolerance .of. .plus or minus” 58 per. cent may be tolerable for a
particular measurement..

General Dynamics/Fort Worth

In our Aercsystems Instrumentation Group at General Dynamics/Fort Worth we
are usually interested in pushing the state-of-the-art for maximum frequency re-
sponse and minimum error tolerances.  Maybe we are prejudiced but we carmmot under-
stand how one manufacturer can recommend a virtually undamped device. Granted
that it would be desirable. to make measurements without phase. shift, what will pre-
clude ringing at the natural_ frequency? In a itransducer. which approaches conform-
ance to a standard second-order system, it is. preferred. that.the frequency response
be predictable and repeatable through the rated ambient temperature range. The
amr-iification; if any, near the. natur:al frequency should.not..present an unreascnable
peak.

PROCUREMENT
Specifications

The procurement’ of transducers. should. be based-on performance specifications
which are commonly wnderstood by the manufacturer, the vendor, and the end user.

Acceptance Tests
The user's laboratory calibration and quality acceptance tést procedures
should be similar to the factory procedures and the.user.would.be wise to request
written test provedures from the vendor as part-of. the procurement activity.
DYNAMIC RESPONSE

Formula

In a second order system, dynamic amplitude response,

SO i [m—-]

where: fg = foreing frequency
f, = natural freguency (80-degree'phase shift)
h = damping ratio.
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Generally, . if" the-damping retio can-be relied upon to stay between about 0.50
and 0.85of .critical, “the devices known to approach second-order-systems
'will produce dynamn.a data with sinusoidal inputs-up to a frequency equal

to onesthird 'of the natural frequency: with less than plus or minus 5 per
cent error.due ‘to-dynanmic.considerations.

Damping.Ratios in Standard
Commercial Units

The damping .ratioc in wvarious.commercially. availabie. acceleremeters
is as low as~0.06. and ds. sometmmes greater than 8.0.at -85 degrees
Fahrenheit.

Alternate Method of Specification

Amplitude~frequency response may alse be.specified for-a -particular
frequency range and érror tolerance consideration.without reference to
damping ratio or natwral frequency. This:alterrate method is useful
whether or. not. the - transducer conforms to: a standard second-order system
curve. : - -

Measurement

The method of" 1aboiﬁ:tbrgr.{méasuremant“.of';naturalﬂfrequency and
damping ratio. should be agreed upon: by the: vendor.and- usesr, - Perhaps
if sinusoidal- mpnts are.expected. in the actual. measurement, these
should be used.in.the laboratory calibration:--If.transient-analysis
is more important in end use,:then: these: charae‘tem.stlcs may be ob-
served. better-in the decay curves which result from.a step change in
the input- stimulus.

FIGUREE OF MERIT FORMILAS
- Mr. Lederer

Mr. P.' S. Lederer:(see Reference 1): sugges‘ts a.figure of merit
for accelerometers:

(fn)2

G

H]

where ~f, = natural frequency -

G

It

~full renge span in G's.

In the simplest. terms.this means- that for argiven range, the higher
the natural frequency, the better.. ~And.lederer:squares the natural
frequency, so, doubl:.ng the natural frequency guadruples the figure
of merit for a given renge accelerometer. Lederer's report concerned
only strain-gage “transducers. : :
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The Authcr

Since-good. instrumeritation reguires a high signal to noise ratio,
a new figure of merit formula might be:

Figure of Merit:

E | [ee)2
M = ....9. n
G N o
where E, = full range open .circuit output voltage: (for a specific
excitation voltage)
G = full range span in G's
£, = natural frequency

N = madmum output noise voltage; peak to peak.
Note: E, divided by.G is the-accelerometer sensitivity.

Nothing has. been said.yet.about temperature.dependence which in-
cludes thermal zero.shift, thermal sensitiwity shift;-damping changes,
and output resistance .changes. ‘Also, what about IESQJ.UIJ.OI'I, linearity,
hysteresis, “threshold, fransverse- sensrtluty, and- response to high
level sound pressure?

TEMPERATURE' EFFECTS

Damping Ratio Variation
With Temperature

Concerning damping variations with temperature, Mr. Lederer wrote, -
"It appears,-then, that “temperature . control . is-imperative for accelera-
tion measurements at-low. ambient: femperature with fluid.damped acceler-
cmeters," This information-was.received too.late.as.we had already pur-
chased units-from two vendors.who.still produce:heaterless transducers
—advertised suitable.for: ambient temperatures.of. =65.to.+250 degrees
Fahrenheit.  0f course, .these transducers-are pretty good.at laboratory
temperatures ‘But,: this is.a-direct.quotation from cne.vendor’s catalog
sheet:

"Damping- of - the. accelerometer:is achieved:by viscous oil
shearing. . Very low viscosity oil-is.used, permitting
exceptionally .small viscosity changes in-low and high
temperature applications: . This, in“turn, minimizes
damping change."

And-ancther- advertisement makes -this grossly misleading statement:

"All X transcucers, of.any ‘type; share-one thingin'common:
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they are designed to produce accurate data unimpaired . B
by the envircnments in which they operate.”

Thermal Zero-Shift

The typical maximum error tolerance for thermal zero shift is an
of + 0.01 per cent of full scale per degree Fahrerhelt over the
rate ambient temperature range. - -

Thermal . Sensitivity Shift

~Thermal sensitivity shift maximum error tolerance is also typically
+ 0.01 per cent per degree Fahrenheit: Since this is slope change, the
error is percentage of actual maswand rather than full scale.

Output’ Res:l_s-t:ance

In certain semiconductor bridge tr'ansducers, the output resistance
varies drasta,cally with temperature. If the user has an amplifier with
very high input impedance this effect will be negligible. However, with
a 10,000 Ohm load . there would be an appreciable error due to this char-
acteristic, which is usually not even mentioned in vendor specifications.

OTHER IMPORTANT CHARACTERISTICS
Threshold

Threshold is an interesting but often intangible charactemstlc ' PR
Occasionally-we are asked, "Why don't" you use s0 and so's accelerometers;
it has threshold and resolution each 10-5 G?" -Perhaps such a device is
well suited to'a closed loop system application, but for instrumentation
purposes we feel that unifonn'anplitudewfrequmcy response is our top- — -
priority specification item, Also, again; dependent on the desired end
resul-t 1t is ‘quite likely that in a measurement circuit, neither the
aceuracy heed nor the necessary readout”electronics equipment would be
available to read 10-5 G. (Note: The % 1 per cent nonlinearity error
tolerance of one differential transformer device cerfta:nly does not
help the user capture 10-5 G as an "accuracy.")

Nonlinearity and Hysteresis

‘Nonlinearity and hysteresis combined are usually less than % three-
fourth per cent of full scale in open loop transducers.

Resolution
Resolution may be a problem with potentiometer-type accelerometers,
wherein only a discrete number of different output levels exist. Thus, low
amplitude sinuscidal measurements may show severe stairstep distortion.
Transverse Sensitivity

Transverse sensitivity may be appreciable, especially in pendulcus
accelercmeters. However, a tolerance for this error may be arranged if
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it isproperly recognized:and -accounted: ﬁor)vas necesgary for the de-
sired end result.

Acoustic Noise Sensitivity
+ If the environment: to. be.measwred includes . very-high sound pres-
gure levels,: it.would be.appropriate: to. establlsh- the. aceustic noise
sensitivity~of the transducer. .- :

NATURAL .FEEQUENCIES- FOB. PLUS OR MINUS
5. G ACCELEROMETERS ON'‘THE. MARKET

“The natural .frequencies. span the  following.frequencies, grouped
according to trensduction principle:

Potentiometer: . ~ .11 to 45 cps
Bonded Strain Gage: © 15 ops
Differential Transformer: 17 to 65 cps
Reluctance Bridge: . . 75to 250 cps
Unbonded: 8train Gage, S
Viscous damped: 300 to 375 cps
‘Servo-torquers: 50 to 300.¢ps (or higher)

Unbonded Strain Gage,
Gas damped: : - About 500 cps

COMMENTS. ON COMMERCIAL: UNITS BY
- TRANSDUCTION PRINCIPLE

Gas Damped

The gas demped strain gage accelerometer offers.higher frequency
response than previously available in fluid damped units. The manu-
facturer. claims to-have overcome.the norilinearity error which Mr. Lederer
suggested would-be: encountered. (see: Reference.l).. .. No heater is required
and frequency response ‘is. excellent: at ambient: temperatures -65 to +270
degrees Fahrenheit.../The Aerosystems. Instrumentation.Group at General
Dynamics/Fort. Worth-intends to.use.this. type device for. flutter accelera-
tion measuremernt in flight: tests. of the F-111 aircraft.

Diffexvential' Transformer
In our instrumentation group we have somehow: avoided use.of accel-
erometers which use either adifferential.transformer-or two arm variable

reluctance bridge: tremsduction prineciple. -Formerly, this type device was
not available with-a.low nc»nllneamty tolerance. . Now units can be

I1-6




obtained with an adver*t:.sad maximum nonlinearity tolerance of plus or
minus one per cent.

Potentiometer

One manufacturer produces 'a. poten‘tlomter-'type acceleration trang-
ducer which has a flexure to.provide axial motion of the seismic mass,
higher natural frequency' than competitor's- similar units; and damping
ratio less sensitive to. temperature changes due to.a special damping
orifice design. We are cons:Ldermg this transducer. for the input to our
airborne loop recorder. It is. desirable to minimize complications of
the electronic: circuitry associated with. this loop recorder and, since
greater error. tolerances:arve. satlsfactory, “the- poten:u.toma ter type is
well suited to:the application.. Only in case .of ‘a.flight "incident"

'will the last-few minutes.of flight~data recorded on :this loop recorder
be’ analyzed.

Servo-Torquer

The most intriguing.linear accelevation transducerion the  market is
a servo-torquer device which uses .the:same seismie:mass.and spring re-
straint for all ranges' from plus-or minus.0.5 to.plus or minus 50 G.
The transducer's integralvelectronics supply the .transfer functions
needed to provide a-high naturel .frequency  and. uniform second-order
system response characteristics. Damping wvariations are minor since
damping is obtained.electronically. This transducer.provides 5 volt
output and error tolerance-as low as plus.or.minus. .0.05 per cent of
full scale for static input stimulus. It offers distinet precision mea-
surement possibilities for aircraft "normal' acceleration.” The high de-
gree of accuracy. attained in the transducer dictates: J_mprOVen‘en‘t in the
recording system electronics.

VERIFICATION OF PROCUREMENT
. PERFORMANCE - SPECTFICATIONS

In' conclusion, the: customer would be wise to. require 100 per cent
factory test.data on.important specification reguirements. Perhaps
some characteristits can be logically considered. for qualification or
"type" tests.and a transducer lot might-be-subject to, say, a 20 per
cent random-sample complete testing to verify the Integrity of the
over-all performance specifications. "If.this.approach is used, vendor
specifications may be satisfactory. Eighteen or twenty pages of per-
formance procurement specifications written by the customer will achieve
very little unless tolerances are. proved by tests.

REYERENCES
1. Lederer, P. S.y General Characteristics of Linear Strain Gage

Accelerometers: Used' in-Telemetry, National Bureau of Standards
Technical Note 150, June 1962.
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EVALUATION OF A
TRANSDUCER. INFORMATION CENTER

As many of you know, Transducer users were surveyed in 1959 and 60
to determine their needs.for information and services. This survey was
conducted for the TWG Transducer .Committee by Mr. Paul Polishuk of
W-PAFB. As a result of this survey, the Transducer Handbock was pre-
pared and periodically revised.and up-dated, which went a long way toward
meeting these needs; coples of the Handbook and its revisions were quickly
and aggressively acquired by industry. It was recognized, however, that
a more comprehensive,: .gpecialized- service was.needed by the transducer
industry.. Therefore, in August of 1962, .the Aiv Force solicited bids
for an evaluation of the feasibility and a pilot.line operation of a
Transducer: Information Center; the Batfelle:Memorial.Institute of Colum-
bus, Chio"was the successful.bidder for this.effort. This paper repre~
sents essentially a progress repert on this.activity during the past
twelve months.

It is~dimportant.te.note .that this .information center is. not-intended
to- be simply an~ “abstracting" or-'"indexing! service nor is it a report
retrieval operation. .It is-intended to be ar broad.service, directed
toward collecting technical information in- the specific area of trans-
ducers and “toward evaluation and filtering of this.information inte a
form of coridensed: information useful to manufacturing, application,
vesearch, development, and plamning activities. It is an organization
staffed in part-with scientists and engineers, and, to:provide a basis

for its primary serwvice function, it conducts a selective data and infor- =

mation acquisition and processing program. "It is, therefore, more of a
question answering serwvice than a document retrieval program; it is
assumed that the' latter function can'be adequately satisfied by activi-
ties such as the  Pefense Documentation Center, NASA's "STAR" Activity,
and/or direct inquiry to the-original source of . the information.

This kind of specialized.service appears to. be strongly needed for
the field of Transducers. (Sensors). for several reasons:

a. There are.an extremely large number. of . transducer manufacturers .

(estimated at- 6000 companies), each with a number of standard products;
there is a general lack .of standardization of terminology, nomenclature,
specification-shéet formats, and test techniques which further compli-.

-———cate the problem for individeal applications: engineers. or engineering
groups. - This bulk and variety of information can best be handled by a

" sPecn.a_'I.J.st information center.- It will also help to solve the standardi-
zation problem as a secondary purpose in -a-manner supplemental to the
efforts of “the NBS,' and the Professional Societies. -

b. Figure-l shows the recent growth in the transducer literature
as further evidence of the dynamic. state. of researich, development, and —-
applications activity in transducers,. and. the. increasing inportance of
transducer requirements. :
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Number of Transducer Documents Generafed
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FIGURE 1. ANNUAL LITERATURE GENERATION ON TRANSDUCERS

Note: The apparent decrease in the number of new
articles and reports generated in 1962 and
1963 is due to the lag in secondary publica-
tion (abstract and announcement bulletins).
The extrapolation line for the generation of
documents includes trade literature.
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v, -Further evidence-of the need :for a-transducer information center
is the natural evoluation of localized-activities. of this general type
and the response of..industry:to theser activities.. A Transdueer Handbook
was published~(WADC TR £1-67) which gave-a.general :discussion of trans-
ducer-techniques. and .listed descriptive’ information on ‘some of the cur-
rent. transducers available:from industry.:” Demand for these handbooks
was instantaneous; ewtensive,. and lastingy approximately 800 ecopies have
been distributed directly .(net .counting-ecopies. distributed: by DDC) and

‘requests are still-averaging about 2 per .day. : .In'September, *1963, the

ISA published-a TransducersCompendium vhich 1ists an.even greater num-
ber of ‘transducers and their chapacteristics. - The:significant point
here-issthat thervery fact . that these detivities have evolwved and the
strong responsesto.these limited activities.is positive eviderice—of the

“strength "of the'need. for a.centralized, integrated T. I..C.~of adequate

scope” to~satisfy: the. demands- for quick and specific suppert of trans-
ducer veseareh, development, . and applications efforts. :
d. Govermment groups .responsible for transducer technology are
widely scattered 'and although specialized:by application have a~signifi-
cant amount-of commonality in meastrement: parameters. .and techmiques.
Results~of~pertinent testingy-applications studies, development and re-
search-efforts ‘are’ often not separated into sepavate::reports but are
instead distributed. or buried.in cneror mére volumes of a report on a
vehicle,” system; or.subsystem; furthermore, wide digtribution of these
reportsroften: lags +the initial:draft: of the:report.by.8 to 12 months
and’ sometimes. lags+the completion of~the transducer portion. of the work
even more.  ~The.existence.and effective-operation-of ar T: T. C. would
help solve both-the problem of coordinatien-.androf timely and relatively
camplete ~cognizance.of pertinent transducer work in progress; finally,
an"acceptable’ degree. of.sinters and’ intra=service: coordination carnot be
maintained without the. operation of a T.. I. C.

2. Transducepr.user groups: have: a very.wide renge of interests
and needs which cantbest.be. satisfied by a. central; integrated,
T. 'I. C. operation.. Transducers.are used to.support several types of
activity with many: ecmmon: needsi:for transducer.informationT Basic and
Exploratory- Research, Bystem or=Préduct Develdlopment ,  Performance Demon-
stration (quatificeationor certification), “Cortrol.and Monitoring of
Operational Systems, and ‘Product: Improverent..: The dominant needs are
of two~general classess. .. (1) .. Identification of available transducers,

or-nearest possible match; to-meet requirements ¢particularly for unusual

enviromments' and/or parameters), ‘and (2) establishing confiblence in
selected transducers.in terms ‘of other test. results.and/or applications
experience. Both of: these needs cam be efficiently met by a T. I. C.
with due consideration rto AF Regulatdion 80=24. :As a-bonus for meeting
these needs, quentitativerinformation is-mssimilated for use by govern-
ment organizations to support planning and programming concerning the
stater of -thé arfh capabilities.andy of more: usefulness, "actual needs and
requirements: of ~the: nation which either-carmot -be met, or can be met
only marginally.
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f. Finally, T, I. C. operatidns. shotld also benefit-the product
improvement activities. of transducer memufacturers by bringing test re-
sults and applications experience forcefully -to thelr attentiom;, thereby
encouraging, focussing, .and: shorteningthe preduct improvement cycle, as
well as providing .a means-for the marufacturers . to indicate chanpes made
to correct operational- problems.

Arcareful review of the. above. needs for a Transducer Information
Center will lead to: a.rather detailed understanding .of. the potential
users of such.a serviee.and of the types-and scope.of: the services they
need, which,:inturn, should provide the: general frameworlk for organ-
izing and- oper'atmg aT.I.C. .

a. . The most  obvious: asset of” such anrinformation center is a con-
vinuouslyupdated .file on.avatlable rtransducers and their characteris-
tics; both as:claimed. by-the. manufacturersand: as confirmed by labora-
tory cor. applications experience.’ - Thertypleal -customers interested in
this-kind of capability include:transducer users,'(e.g., missile and air-
frame prime - contractors,.their major sub-contractors, . testing agencies,
and researchers): and Government -Agencies.cencerned. with ther management
and direction of the. development of advanced systems;: in.addition, this
information-would.be .of .vital significanmce to.researchers active In
other areas, “such“asy medicine, 'bionics; or.the general physical sci-
ences who haverneedifor transducers;toaid their research, but have
neither the time nor-the Inmclinationfor. developing special transducers
for their purposes. :Typical of the questions-expected from this group
are:r - "What trensducers are-avatlable for measuring some parameter- (such
as;:blocd flow rated):in some given range to.a'given accurecy and in the
presenceof ‘specified environments?" eand “What -test experience is avail-
able on'the performance of the: Sensitall. Company's Model 101 pressure
trensducerfor sensing :fuel pressute on operational missiles?" Success-
ful serviting of this-need would restlt] inimproved: quality of instru-
mentation” being used,” reduced duplication intesting and evaluation
efforts; “improved-identificationof .critical -problemareas with the re-
sulting focussing of attention and-test and evaluation, .and “improved
confidence insthe reliability; accuracy andvalidity of the instrumen-
tation -used .for.seolving applications problems.

b. Closely related to semcxng the" ebove need area, is-the poten-
tial of the T.. I.:C..for improving manufacturer's' product :r.mprOVement
activities-and encomraging and helping- iE:c> form standardization in test-
-procedures; datarsheets, reports, Ttestmg methods; specification”sheets,
ete: - "Toravoid the possibility of -favoratism or misleading test results,
transducer manufacturers “sheuld be allowed :anduencouraged t review and
‘comment upon -any -test.results-accessed “into “tha:T: I. C. concerning per-
formance. or- applications. ,experience ‘with “hel: transdueers; problems
and areas needing-improvemertt -in their treneducers:will thereby be
brought” directly “and.forcefully to their ettention-ang changes made in
the transducerdesign or manufacture—to overcome experience deficiencies
‘and made quickly known tospotential users. - Thus the product. improvement
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cycle is shortened, encouraged, and focussed with the resulting benefits
to both the manufacturer and users. Standardization .in the test methods,
data:sheets, reports, etec., will be' a natural. long range development
which will result from any large scdle dttempts to exchange needs, re- -
quirements, test experience, applications experience, and the related’
transducer- characteristics;-this is.confirmed.in that the most imme-
diate and apparent pressure.resulting from the.publication of the Trans-
ducer Handbook, the ISA Trensducer Compendium, and the efforts of the ISA

and TWG Working Groups, .is. indeed toward:the standardization of nomencla—- o

ture, terminology, and specification and data sheet formats.

c. Another-service of the T. I..C. of value to R §.D activities in
transducers is to provide.a functional .interface with other information
agencies. Tor example, materials characteristics needed for preliminary
transducer design is not normally available in the materials information
centers in a form or.from the viewpoint suitable for interpretation and
use by the transducer .researchers; in addition, transducer researchers
are often not fully aware of.the Information available.from other cen-
_ters and/or find it difficult. to.phrase their.requirements in a form
suitable for answering by.these.other services.. Similar problems and
questions’ exist on the. interface.with radiation effects, infra-red.
characteristics, ground test eguipment,.etc., areas.of information —
center operation. As a short range benefit, .the T. I. C. could smocth
this interface in both directions; in and out of the related information
centers, making the information required quickly accessible to the trans-
ducer researcher; as a longer range benefit, the typical needs and char-
acteristics required by the transducer. industry might be made known to
the related information agencies.whe in.turn could.alter.their informa-
tion structure as reguired tc make:the .direct.interface with transducer
users more” practical.

d. TFinally, as a nearly free benefit. of satisfying the above needs,
the information is-available.for improved.R.& D .plamning, both by indus-
try and govermment activities.and for improved coordination within and
between government agencies responsible:for transducer research and
development.. . For exampie, -pericdic.review. of the numbérs and types of
requests for transducers: whose requirements:in.terms of accuracy, en-

vironmental resistance, reliability, etc., could.not.be.met by currently .

available or advanced. development transducers would.provide quantitative
indication of .specific transducer areas requiring additicnal R € D
activities.:- Precontract investigations of alternate.approaches to prob-
lem solutions, state of the art, and related R & D programs could be
conducted by the government agencies-invelved, thus reducing the con-
tract time period-required, .and the amount of uninformed unproductive
duplication in centracted.efforts sponsored by various government
activities. :

e. There are-at-least.two vital. and essential characteristics of
any T. I.7C. oper'atlon required for:successfully, accomplishing’ the above
services: First, quick.accuraste access to.information both from trans-
ducer manufacturers and-transducer users is required-in order-to main-
tain a truly current information lewvel:iand awvoiding the 12 = 24 month
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publication lag presently being expemenc:ed ‘through normal publications
channels; and secondly, the orgam.zatmn ‘respansible .for the T.: 1. °C.
operation should have and: maintain the image: of being both technically
capable, and of hawing no 'axe. to.grind" either present. or -future, as
either a potential manufactirer cr-a user of transducers. I believe -
that without these two.characteristics, any .attempt.at T. I. C. opera- '
tion would result.in.only superflclal coverage .and would be a total
waste-of time and effort.

During the Battelle.study, appmximateiy.mo transducer users.
were surveyed to obtain a more quantitative indication of their needs.
The phys:Lcal ‘parameters,. the env1ronmen‘ts, and.T. I. C. services are -
listed in Table 1 in .order of their-relative importance as expressed ,
during this' survey. -

PARAMETERS . = . ENVIRONMENTS T..I..C. SERVICES

Pressure -~ High Temperature State .of Art Reports
Temperature - Room Temperature Inquiry Response
Acceleration - - - Nuclear Radiation Data Sheets (On Request)
Vibration Cryogenic Temp. Visit Provisions

Strain Vacuum Accession Lists

Shock ©~ T - Corrosive Vapors = Bibliographies (On Request)
Force ST B - Special Reports

Aly Flow =~ 7 7 - Data Sheets (Routine Basis) -
Load S Contract Compilations
Radiation - :

TABLE '1: .. Definttion' of Industry Needs

After thusdefining the needs of a'T.- I, C., several data retrieval sys-
tems were evaluated, including computerized: 'tedhnquIES, with respect to
the total costs .involved bothin- inputting and outputtlng of the system,
and with respect to the scope and flexibility inherent in these data
retrieval systems. A manual system of 'data retrieval has been-selected
for initial-implementation whith is suitable for eventual conversion to
a computerized method when the scope'and use rate of ‘the information
center grows®to the point where the computer:.zed system is -justified.
Details of. this system are described in the Technical ‘Report FDL-TDR-
B4-3L,

L

A small scale pilot operation of a transducer -informatidn -center
has been-conducted with very limited funds: during “the past & months,
Approximately 600 carefully selected documents were read into the system
and coded with respect. to research reports,  performance data, proprietary
and classified restricticns, -manufacturers specification, trade litera- -
ture, survey reports, state of the art reports, bibliographies, internal
papers, trip reports, ete. Extensive travel and personal contacts were
accomplished with key .persomnel among transducer manufacturers, users,

p———
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and government .agencies to-encourage inclusion of.truly current informa-
tion, 'and for check-back contacts to obtain feedback on the actual suc-
cess .or difficulties in the T. I. C.-operation. All.companies visited
were very ccoperative and strongly encouraged..the continuetion -and expan-
sion of the T..I. C. operatlon The hard products produced by the T. I. C.
include the following: :

a. Four quarterly accession lists were published which indicated
the reports in abstract:form which had been read into the T. I. C. sys-
tem. These accession lists were ‘published in one. hundred copies which
were soon exhausted by industry requests.

b. Two data.summary lists were published indicating data on file
concerning” specific performance :characteristics:..of specific transducers.

¢. A number of-manufacturers' specification sheets were photograph-
ically reduced to a.b .x.7 card.size to demonstrate the eccnomic feasi-
bility of this technique,.the readability without special: aids of the
5 % 7 reduced size, .and the.ease of filing -and retrieval of this re-
duced card size.. ~Typical eof-hard products.which could be preduced by
full -scale T. I. C.,.but which were not generated amder the pilot run
operation; include special report extracts, .special summary reports and
monographs on-selected measurement pmblems, and state of the art and/or
survey reports.

The "soft" product of the T. I. C. was quick, positive response to

inquiries.  Inquiries were received both by telephone . and by letter and —~ *

were averaging approximately 12 a month, even though publicity on the
operation of the T. I..C. was intentionally and:specifically restrained.

- The costs -for-full. scale cperation ofra transducer .information cen-
ter: have been analyzed. and separated into:the fiwed.and variable com- -

ponents. The total costs.depend, of course, upon the number~and scope of  © . ..
special reports-required, the use rate, and the quantity of hard products . . .

produced. * An initial.funding level of appmxunately $200,000.00 per year
would allow accession of current literature, accession of previously pub-
lished transducer literature at a reasonable rate, and a utilization

rate which appear reascnable. This funding rate also appears reascnably
consistent with the funding rate of other information centers known to -
be in operation in other technical specialty areas.

In conclusion, the needs and benefits of a comprehensive transducer
information ‘center have .been definitized, and operatiocnal feasibility
has been at least partially demonstrated by a.limited. pilot-line opera-
tion of such a center at Battelle Memorial Institute. Some minor prob-
lems of implementation-still reguire additional evaluation such as, the
feasibility of truly assuring protection of sensitive material--includ-
ing both proprietary and security restrictions—-the establishment of
smooth links with sources and users of~the information both transducer
manufacturers  and users, and finally the solution of the problem of
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handling test results on specific.commercial products in terms of possible
conflict with'Air Force Regulation 80-20, industry restrictions, and the
associated ‘legal problems. These aspects of . T. I. C. operations will be
evaluated in the subsequent piilot operation of the T. I. C.
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SECTION IV

SOME ASPECTS OF TRANSDUCER

CALIBRATION TECHNIQUES

by

Paul 5, Lederer
National Bureau of Standards
Wwashington, D, C,




Dynamie Characteristics of

Pregsure Transducers

The need for the precise measurement of rapldly varylng pressures has

been increasing rapidly. The fidelity with which the output of a pressure —

transducer represents the pressure input at a partlcular Instant depends
on the dynamlc characteristics of the transducer.

Accordingly many efforts are under way to determine the dynamie char-
acteristics of such pressure transducers. If a pressure transducer is a
linear system, the dynamic characteristies are given by the "transfer func-
tion” of the device, usumrlly expressed by two curves: one showing the
ratio of cutput amplitude to input amplitude as a function of frequency;
the other-one showing phase suift (or time delay) between output and input
as & function of frequency.

For pressure transducers, these two curves cannot ve obtained direct-
1y in most cases, since sinuscldal pressure generaiors of sufficiently

wide amplitude and freguency ranges are not available. It l1s theoreticelly

possilble to obtain the transfer function of & device such ag a pressure
transducer from its response to a transient input whose mathematical de.
scription is knowal. The best one for the purpose appears Lo be the step-
function of gas pressure generated by the shock tube, provided the rise
time is fast enough to shock exelite all resonances &f the transducer under
test.

Pressure transducers are relatively complicated systems as showa by
the shock tube responges of some typlieal ovnes in Flgure 1. It is spparent
thet & number of reésonances are present in each response. In theory, the
transfer function of such a complicsted system can also be cbtained fr
its stepfunction response. Several techniques have been described? 3 s
some of which employ digital computbter technigues to calculate the transfer
funetion from transducer output amplitudes at proper ssmpling intervals.
These amplitudes sre usuzlly read off a photograph of the transducers
stepfunction response. Even with sophisticated computer techniques, the

determination of the transfer function takes a relatively long time, Fur-

thermore this operation is not fully justified unless the transducers out- -
put during the actual measurement 1s also sampled similarly so that the
input time function .(the actual pressure smplitude) can be computed from
the output and the previously computed trensfer funcilon. This secaond
computation takes even longer. Very little informstion is svsilable on
the effect of errors (amplitude, sampling interval, etc.) on the calcu-
lated results, particulerly on the fidelity of the final values of the
computed input pressures.

In view of this, we have suggested a different and simpler &pproach.
Most of these transducers have a number of lightly damped resonances,
Sinee a resopance has & 180° phase shift associated with it, translents
with frequency vomponents on either-side of a resonmance will be distorted.
Aceordingly, we feel that a transducer should be relied upon to reproduce

Iv-1




Taithfully only those transients whose frequency content is below ths
lowest resonance of the transducer. We believe the frequency response
aod phese response for & Lightly damped system below the lowest resonance
will be very similar to those of a single degree of freedom system, pro-
vided the transient pressure to be meagured does not shock excite the
other resonznces. We feel that the lowest freguency of rescnance consti-
tutes a reascnable limit for the proper use of such a transducer.

An experimental teckmique was developed at. the Fational Bureau of
Standerds for detecting the lowest resonance of a pressure trensducer
from its shocktube response”?. This technique consists essenxtially of
subjecting the transducer to a pressure stepfunction by means of a shoek
tube and feeding the resultant transducer output to am oscilloscope (for
a photographic record) and simml taneously to a special magnetic transient
recorder. This recorder records and preserves the transducers transient
output, which is played back repetitively 60 times per second into an
automatically scanning electronic spectrum analyzer. A photograph of the
screen of the amslyzer, with an exposure time of about one minute, pro-
duces & pleture showing the frequency components present in the transient.

The major components useéd: 1) the shock tube, 2) the megnetic trakis
sient recordery,i) the spectrum analyzer, aré shown in figures 2 and 3,
A detailed description as well as the results of system tests are given
in reference 5. The system is capable of detecting the presence af reso-
nances in the range of 1 ke to 100 ke. System tests indicate that in the
presence of a major resonance with a freguency between 10 ke ard 100 ke,
a second resonance with a frequency of up to 80% of that of the major
resonance can be readily detected if its amplitude is at least 5% of the
major resonance. As the separation of the frequencies increases, low
frequencies with amplitudes of less than 3% of the major are detectable.
For & mmjor redcnanceé near 5 ke, a second resonance of up to 3.5 ke is
detectable if its amplitude is at least 9% of the major. .

One source of error exists in the recorder circuits whilch themselves
may be set Into.oselllation by the transient signals. : Their Eesonances
occur at about 1.3 ke and 4.2 ke and are readily identiflable in all. photo-
graphs of transducer anslyseés. : : : -

Results of the ahalysis of several commercial pressure transducers
are shown in the following plctures. Flg. 4 shows the shock-tube response
and spectrum analysis of an unbonded strain gage pressure transducer, range
50 psig, with a flat disphragm. Mz=nufacturers' literature indicates a
natural frequency ranging from I ke to 15 ke for transducer ranges from 10
psl to 150 psi. Based on this, the computed natural frequency for a 50 psi
range would be sbout 9 ke. The litersture further states ™flat frequency
response to 10% of natural frequency,"” in this case up to about 500 eps.
From the response to a pressure step of 52.2 psi two resomances can be seen
readily. One appears to be near 20 kc, and the other one, of much smaller
amplitude, near 4O ke. Spectrum analysis confirms these valuds.by showing
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two high-frequency resonsnces close together, 36 kc and &1 kc. The photo
also shows the Low-frequency spectrum with the major resonance at 16.6 ke,
and the two inkerent electrical system rescnances (1.3 ke and 4.2 ke),
Then &t 6.8 ke it shows, fairly pronounced, what! appears to be the lowest
resonance of the transducer (a value close to the computed "natural fre-
quency” of 9 ke),

Fig. 5 shows responses and analyses of a 50 psi-range, flat diaphragm
pressure transducer employlng a different unbonded strain gage system. As
is apparent from the shock-tube responses, there Is very little damping
present. The ringing contlinues for more than 8 msec. The main ringing
frequency appears to be 8 ke with a super-imposed small amplitude near
L8 ke, Spectrum analysis confirms these values as a double peak near 8.2
ke and single peak at 55.6 ke. Examination of the low-frequency end of
the spectrum does not reveal any significant low-fredquency restnances
other than the two electriecal resonances previcusly referred to. Pre-
sumably, the lowest significant resonance is given by the lower value
(8.0 kej of the double-peaked msjor resgnance, The manufacturer's value
of approximate natural freguency for this type of pressure transducer,
50-psl range, is given as 9 kec.

Fig. 6 presents shock-tube response and spectrum anslysis of a pres-
sure messuring system congisting of & quartz crystal pressure transducer
and a one-stage electrometer amplifler, This transducer is capsble of .
sensing pressures up to 3,000 psi and is described as having 2 "natural
frequeney" of 48 ke. In Fig. 6, the response to a step of 47 psi, shaws
a small amount of ringing at about 50 ke confirmed by resonances at about
Lo ke and 46 ke, The low-frequency spectrum, in addition to the electrical
system resonances, shows a low resonance at T.l ke, followed by another
smaller one at. about 8 ke.

The results obtained with a miniature guartz crystal pressure trans-
ducer and chenge amplifier are shown in Fig. 7. This transducer, designed
to sense pressures up to 5,000 psi, is described as having a 'natural fre-
quency” of 150 kec. Trke picture of the system response to & L48.4 psi step,
ghows the dominant ringing freguency to be about 130 ke. This is beyond
the range of the recorder-anglyzer system and was therefore not confirmed.
A rather strong resonance ®xists at 43.5 ke. The low-frequency spectrum,
includes the two familiar electrical rescrances, and what appears o be &
small resonancé at 6.9 ke, and a small triple peak centered at about 10.k
ke, The 6.9 ke resonance 1z believed to be a true transducer resonance,
a8 shown by 1ts absence in the plcture in the lower right corner of Fig. T
which shows the response of recorder-anslyzer systém to an electrical
square wave,

Fig. 8 shows test results on an unbonded strain gage pressure trans-
ducer, range 1,000 psi, with built-in damping. The response to a 493 psi
step 18 shown., TWote the relatlvely small a#iplitude of ringing. The apal-
Jeis indicates the major resonance to be about 56 ke, Alsc ghown is the
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low-fregquency end of the spectrum, which is explored in greater detail.
The latter shows, in addition to the usual two electiieal resonances, a
small resonance ‘at about 46 ke and a larger one at 6.6 ke. For this type
of transducer, manufacturers'! literature lists "approximate natural fre-
guency” as 23.5 ke,

Finally, Flg. 9 shows resulfs obtained from tests on a capacitive

--pressure transducer, range 50 psl, to a pressure step of L& psi, A

phencmenon sintlar to creep is apperent. In the same figure the response
of this tramsducer to & step pregsure of 42.5 psi is shown with a faster
time base. The freguenty of ringing in this pleture is about 45 ke, con-
firmed by the spectrim anslysis. The low-frequency end gf the spectrum
shows, in addition to the usual inherent elactrical resomances, a pro-
nounged resonsnce at 8 ko, Manufacturers? litersture elalms a "natural
frequency” of 112 ke for this transducer.

Fig. 10, the shock tube response of a ”damped" straingage pressure
transducer shows the presence of creep again, -

The existence of creep and hysteresis in many pressure transducers
intended for statlec or gquasistatic measurements, has been recognized for
some time, &z shown by the common practice of exerciszing s pressure gage
over its range just prior to calibration or use for precise fieasurements.
Pregence 6f creep or hysteresis for such devices can be detected by static
calibration technigues.

The last two pictures present evidence, however, that these non-
linearities exist for such short relaxation times that they c&n not be
uncovered statically. Ray Smith of our group has been investigating
these non-linearities with the aid of a liquid medium step function cali-
brator, based om a design by Dr. D. "P. Johnson of NBS and whith is shown
in Mg, 11. i

The requirements of a dynamic pressure generator for uncovering
such a phenomenon 2§ short term creep, is that it generates s monotonic
pressure change (one without overshoot) with a fast enough rise time to
permit study of the creep character, but nﬂt so fast as to shock exeite
the transducer Into oselllation.

A detailled account of the construction and operation of the deviee,
as well d8 sone of the results obtained with it are given in reference 6.

An exsmple of the characteristics ong mey encounter is shown in the
followling pletures. Fig. 12 shows the results of staiic calibration of
an thbomded stralngage pressures trunsducer which heEs been in storage for
about fiye years. Fig. 13 shows Its response to the stepfunction of pras-
sure of Fig. 14. Fig. I5 finelly shows the respomse of the transducer

to the same pressure step after several dozen operations, Irom zero to

2000 psi and & few operstions zero Lo 3000 psi. Subsequent static cali-
brations of this transducer dizclozed no measurable hysteresis.
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The liquid stepfunction calibrator was useful in. determining how much the

creep had been reduced by exercise. In. other cases it is the only device. . .
to uncover this. creep as shown below. ’

Fig. 16 shows the response of an unbonded straingage pressure trans-
ducer to a pressure step of about 300 psi gernerated in the Liguid medium
calibrator, after the transducer had been allowed to rest over night.
Fig. 17 shows the response of the same transducer after 1t had been exer-
cised over the pressure range, Q0 to 300 psi, 120 times since the response
of Fig., 16. Static calibrations, before and after these two responses,
showed nc meéssurable hysteresis,

Two techniques have been described for the determination of some of
the dynamic characteristics of pressure transducers which affect the trans-
ducers abllity to correctly reproduce transient pressures.

Paul S. Lederer

Research Engineer

Mechanical Instruments Sectian
Natienal Bureau cof Standards
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RESPONSE OF A BONDED STRAIN GAGE TRANSDUGER
CONSIDERED A FAITHFUL ANALOG OF THE STEP- -
APPLIED TO THE GAGE OF SLIDE {2

Fig. 14

Fiq.15 RESPONSE T0 A STEP-FUNCTION OF THE TRANS-
DUCER OF SLIDET2 AFTER EXERCISE
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THE EVALUATION OF SEVERAL COMMERCIAILY AVATLABLE ACCELEROMETERS

By Tom D. Finley*
NASA Langley Research Center

Ten years of experience in calibrating accelerometers at Langley Research
Center has revealed that often these instruments will not meet claims as adver-
-tised and that many factors affecting performance are not included in menufac- _
turers® specifications. This has led to the accelerometer evaluation progrsm
presently underway at Langley. The purpose of the program is to aid in the
effort o obtain more accurate and more religble data from commercially avail-
able accelerometers.

This paper discloses some of the problems encountered during accelerometer
calibrations and discusses some of the techniques, in particular the continuous
Plot, which can be used to reveal instrument errors.

The first and major portion of this paper deals with one accelerometer of
the servo type, Brand A; the second part is a collection of findings on accel-
erometers of different types (The names of the manufacturers are withheld to
avold prejudice and allow the reader to look objectively at the problenms
discussed.)

I. Brand A

Brand A servo accelerometer was the first brand to be tested in our present
accelerometer evaluation program. FEvaluation of this accelercmeter is still

incomplete. It was chosen for our filrst evaluation because its design features
as advertised indicated conformance to Langley Research Center telemebry and
general application requirements, and because this brand of accelerometer was
in frequent use in ground facllitlies and in space payloads. . Figure 1 is a
sketch of a cutaway view of Brand A and figure 2 is an operaticnal block dia-
gram. These figures will be bhelpful in a discussion of the instrument's opera-
tion. The flexure-supported seismic mass, which houses two capacitor plates,
moves wlth respect to the stationary capacltor plates when subjected to accel-
eration. This motion unbalances a capacitance bridge (made up of the sensing
capacitors and two fixed capacitors which are not shown) and the bridge output.
current flows in the force coil of the seismic mass. This forece coll current .
in the magnetlc field provides the restraining force whlch servo controls the
position of the mass. This current also flows through a range resistor which
can be selected to vary the range of the accelerometer.

1. The nonlinearity and hysteresis wer~ determined using three methods.

Each method had limitations but it was felt that all would help to better deter- .. .

mine these characteristics.

(a) The results of the first method are shown in figure 3. The
instrument was renged for *0.5g full scale and positioned on a dividing

*Aerospace Technologlst.
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head. The output was read directly on a differential voltmeter. The
upper graph is a direct plot of the gccelerometer's ocutput versus the
input acceleration obtained by tilting in the field of gravity. The 3
second graph represents the deviation of the output from a best straight
line. With this method 1t was determined that the nonlinesrity was
approximately 0.0L percent full scale and the hysteresis was 0.0l per-
cent full scale.

(b) The 'second method employed self-test or current inserfion
(fig. %). The plot shows the error between the output voltage of the
accelerometer (ranged at *3g) and the voltage across a resistor in the
current insertion circuit. (The force simulating acceleration was
obtained by passing a current through a compensating coll wound on the
same core as the forcer coil.) This method indicated approximately
0.0l-percent full-scale nonlinearity and 0.0l-percent full-secale -
hysteresis.

(c) The third method used was the error plot technigue in which two
similar accelerometers (ranged at +50g) were accelerated simultanecusly
on a centrifuge and the difference in the outputs of the two instruments
was plotted continuously on an X-Y plotter. The plot in Fflgure 5 shows
the results obtained using this method and indicates that the difference
in linearity of the two instruments was 0.0l5 percent full scale and the
hysteresis difference between the two accelerometers wae 0.005 percent
full scale. Thus all three methods indleate hysteresis of 0.0l percent
ar less and nonlinearity of 0.04 percent or less.

2. The effects of temperature on the scale factor of the accelerometer
were investigated by performing *lg cslibrations on the instrument at -28° F
o4 F, and 180° ¥. The scale factor change for the 208° P change was only
0.00L percent/oF (menufacturer claimed 0.02 percent/OF). The zero shift of
four Brand A accelerometers is plotted in figure 6. It should be noted that
one of these instruments ranged for =50g shifted 0.1 percent full scale which

would be 10 percent full scale when ranged for:%%g.

3. The dynemic characteristics of the accelerometer are a functlion of the
load resistor (fig. 7). The curves show that as the load resistor increases
(1.e., the range decreases) the natural frequency decreases and the dsmping
ratio increases. (The data shown are based on f5-volt full-scale ocutput.) Fig-
ure 8 shows the resulting change in response of the instrument when ranged for
*0.5g and vwhen ranged for *50g. In the latter case the response is flat within
15 percent to 400 cps while in the former the flat response extends to only
10 cps. It should be noted that if less output is permissible (a smaller load
resistor) the wider flat-frequency response can be mailntained.

Iyl
L. Damping stabllity ~ Tests were also performed on the accelerometer to
determine the change in frequency response with temperature and vacuum. Fig-
ure 9 shows the aceelerometer’s freguency response under atmospheric pressure
at 78° F, atmospheric pressure at 175° ¥, and 0.02 psia at 78° F. There was no
change in response. This dynamlc stabllity constitutes a notable advantage
over many other types of instruments.
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5. Damping technique - One unit was available for testing on which the
hermetic seal bad accidently been broken. The portion of damping force due to
the air in the Instrument was determined from the frequency response at pres=
sures of 1_atmosphere and 1 mm Hg. (The manufacturer claimed that the instru-
ment was electrically damped.) The results are shown in figure 10. Ranged
+50g, the accelerometer changed from 0.8 critical to almost zero damping with
the removal of the air. Ranged at *lg the accelercmeter changed from 1.5 to
0.25 critical damping which indicated that, although there 1s a small amount of
damping due to other factors, most of the damping developed was from the
encased gas (or air).

6. The input voltage was one factor which affected the accelerometer's
frequency response. The manufacturer rates the Ilnstrument at an input voltage
of 28 volts d-c 10 percent. Figure 11 shows the freguency response and natural
frequency changes when one unit was calibrated at 26 volts, 28 volts, and
30 volts. Note that the response varled as much as 20 percent near the natural
frequency. From tests on several other samples 1t was found that the magnitude
of the change was greater on underdamped unlts. '

. The anmlitude of the iImposed dynamic acceleration also affects the fre-
quency response of the accelerometer (fig. 12). The response of a *#50g instru-
ment varied as much as 20 percent near the natural frequency vwhen calibrated at
lg =2nd at 50g. Determination at 1lg and at 10g differed by less than 2 per-
cent. The amplitude effects on dynamic response were acedmpanied by progres-
sively greater distortion above about 20g. The peak value of the output wave-
form was only approximately 1.25 times the rms value when subjected to 50g
sinuscidal V1bration.

8. The problem of mounting resonances was investigated by plotting the
instrument's response from 10 cps to 10 kc. On several Brand A accelerometers
the respomse remained below 10 percent above 500 cps. On another unit the oub-
put increased to 5.6 times the input at 5700 c¢ps (fig. 13).

9. The electrostatic aftraction between the capacitor plates of the accel-
ercmeter can present a problem. When the instrument was ranged tO"i%g the

servo loop gain was so low that when the power was applied to the accelerometer,
the selsmic mass would remain against one of the fixed capacitor plates. Under.
these conditions the ocutput volbtage would go to 13 volts and the instrument
would remain Inoperative until the mass was shaken loose or power was removed
and applied while the instrument was in another position. The mamufacturer
suggests the use of zener diodes to remedy this problem.

10. Tests performed employing current insertion in the compensation coil
provided an accurate measure of the varlation in oubtput current per g with a
large change of range resistor, 500 to 50,000 ohms (%50g and *0.5g, respec- .
tively}. The difference between the output current and a fraction of the inser-
tion current wes plotted against the value of the inserted current (similar to
fig. 3). The inserted current simulated acceleration. Of the two units tested,
the output current per g of one accelerometer increased 1 percent and the other
decreased the same amount. Thus, for grester accuracy, range resistor changes |
on the accelerometer should be followed by calibrations or the accelerometer
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should be calibrated originally with several range resistors to pérmit future
range changes in the field.

11l. The accelérometér's sensitivity to acoustic noise was in ‘guestion
because of the configuration of the seismic mass and the gas coupling. Acoustic
noise from 20 to 2000 cps at levels of 120 to 140 dB was imposed on an acceler-
oneter ranged i5g and ranged i50g. The effect was small and the data fell '
within the experimental error of the tests.

12. The scele factor change With input voltage variation was determined on
seversl different Fanges. With a f10-percent change in the input. voltage
(tolerance given by the menufacturer) sensitivity of en accelerometer ranged

at ¥0.5g changed approximately 1l percent. The higher ranges were less affected.

13. Some preliminary life tests have been conducted on Brand A accelerom—
eters. The units were subjected to a two-axis vibration of 8g to LOg peak and
frequencies from 10 cps to 2000 cps. One unit siuffered e failure after TO hours.
Another unit was placed in the environment and failed after 14 hours. In the
final test in this series a sample of this sccelerometer from a lot recently
delivered to Langley was subjected to this enviromment for L1000 hours with no
effect on performance.

iL. The following is a collection of findings on accelerometers of dlfferent
types:

Brand B Servo Accelercmeter

The instrument was lightweight, 1.7 ounces, and relatively inexpensive.

The sample tested was a flg wnit with a full-scale output of *7.5 volts. The
unit was placed in a 10g vibration fleld for 1000 hours, suffered no failures,
and later repeated its original celibration. The frequency response was flat
within *15 percent to 170 cps. In terms of static response the Llineerity wsas |
0.03 percent and the hysteresis 0.16 percent. One very serious effect occurred
when the negative input voltage was reduced (the manufacturer reconmends a
+l5~volt d-c¢ input power *15 percent). When the negative voltage was reduced
15 percent the -g sensitivity decreased approximately 10 percent (fig. 14).

Brand C Servo Accelerometer

This #3g unit had a O~ to 5-volt d-c output and a 28-volt d-c input. The
unit was found to have flat frequency response 2 percent to 120 cps and
*10 percent to 40O cps. The static calibration repeated within 0.1 percent
after approximetely 1000 hours in a 10g vibration field. There was a region
near 300 cps where the output displayed noticeable dlstortion. .

Brand D Servo Accelerometer

Brand D air-damped servo .accelerometers, although much lighter and less
temperature sensitive than the oil-damped units, had unusual dynamic charsctér-
ictics. The freduency response dropped off and then rose in the region of the
natural frequency. A very serious defect in the instrument was its fragile
bearing structure. After the units were subjected to dynamic calibrations near
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their netural frequency, the output waveforms were distorted (fig. 15). The
manufacturer said that the bearings had been fractured and stated "We wish to .
stress to you . . v that we do not recommend high gain electrically demped units
to be used for relatively high g vibration studies." It should be noted, how-
ever, that the fajlure occurred during a calibration within the amplitude and
frequency vange of the instrument as specified in the manufacturer's literature.

Brand E Strain-Gage Accelerometer

-

These ligquld-demped unbonded strein-gage accelerometers are in wide use at.
Langley because of their size, weight, simplicity,: hnd cost. Most of these
units perform satisfactorily but many have dlsplayed difficulties because of .
trash and gas bubbles in the damping fluid. Reproduced in figure 16 is an

X-ray photograph of two transducers which plainly shows the presence of gas
bubbles. IFigure .l7 shows continucus plots of a Brand E accelerometer output
versus acceleration imposed.on a centrifuge. The malfunctlon was repeatable
and was caused by trash or debris in the damping £iuid. It should be noted
that these malfunctions would be very difficult to discover without the use of
a continuous plot. Figure 18 represents a direct plot of the output of a '
Brand E accelerometer versus acceleration. ThESe excursgions were not repeatable
and it is presumed that they are caused by Y bubble in the fluid. Figure 19
shows a continuous plot of the frequency respdnse of another Brand E accelerom-
eter. As the plot was proceeding, the shaker was inverted, righted, and
inverted again. The gas bubble thus passed over the seismic mass giving a
changing response.

Conclusions

1. Accelerometer acceptance tests should include tests for the following
characteristics:

{a) Distortion:

(1) Static - Discontinuities can result from trash and air
bubbles in the damping fluid.

(2) Dynamic - Damaged bearings, air bubbles, and nonliunear
damping can cause poor wave shapes or unstable frequency response.

(b) Damping Stability -,The instrument should be calibrated under
vacuum to determine if the seal i1s sufficient to meintain damping (either
air or ligquid).

(c) Resonances - The instrument’s response should be continuously
plotted to.lO kc or higher to disclose any mounting or spuriocus resonance.

(d) Scale factor vs. input voltage.
(e) Demping vs. input voltage.

(£) Damping vs. amplitude.

./
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2, The following techniques can be used effectively to detect faults in
accelorometers: ! , '

(a) X-rays of liquid-demped instruments.
(b) Continuous X-Y plotting (Dynamic and Static) - Many of the

problems discussed in this psper would have been virtually impossible.
to detect without the use of this technique.
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RECENT DEVELOPHENTS TN THE
SEMICONDUCTOR TRANSDUCER FTELD

by
i, CHELNER
North American Aviation, Inc,.
Canoga Park, California

ABSTPACT: A number of pressure, force, and fluid
velocity semiconductor strain rape transducers have been
developed over the nast four vears by the Rocketdvne
Research Instrumentation Groun., These transducers are
specifically desipgned {or investieations into rocket
engine probleh areas, many ol the transducers ére minia-
ture, They have been installed inside of the rocket
engine obtaining measurements at nositions that were here-
tofore inaccessible, Others are excemtionallv durablie and
are used to obtain measurements in severe environnments.
All o? the transducers where desiened for a snecific
application but are not Iimited bv their desiegn and are
capable, with winor modifications, of nresentine solutions
to a number of instrumentation nroblem arcas.

There are two characteristics of scmiconductor pages
which nermit designs leading to ereatly imnroved performance,
The first is the hipgh pape lactor which is anproximately
100 to 200 as commarcd to the 2 to 4 obtained from con-

ventional wire pares, Secondly, the semiconductor nature
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of the gage permits usage of technology which allows
‘miniaturization. The end product is a very high fre-
quency, low mass, acceleration insensitive, product.

The one big disadvantage of semiconductor gages 1is
thelr temperature sensitivity, 'Temperature stabilization
has been under study for many years with the resulting
&evelopmént of a number of compensation techniques,

The following transducers are some of those-develomed
.‘specifically to answer research project needs.’ Their de-
sign objestife, design, and characteristics will be dis-
cussed as well as some of their applications. The PE-60
HDN is a medium frequency (fn=20KC) température compensated
probe pressure transducer especially useful for chamber
pressure measurements, Its long 1/8" diameter probe is
pressure sealed agéinst the measuring media with two 0O~-rings,
the probe tip being erodable, contourable, and replaceable,
This transducer has préved to be very rugged and durable
having a history of survival through severe explosions and
liquid oxygén fire§.

A miniaturized version of the probe transducer is the
PE~621 HDN, This transducer has a natural frequency of
approximately 50 KC andjis small enough to be mounted in
the injector ring of a rocket engine., A number of trans-
ducers lbcated across an injector are used to determine
the type and characteristic frequencies of instability in

a rocket engine,
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For very high frequencies, the PE-40 HDN diaphraem
‘type miniature semiconductor pressure transducer is used.
The transducer is 1/4" in diameter, weighs less than 3
grams, has a natural frequency in excess of 100 KC, and
is relatively insensitive to acceleration in all planes,
It is thin enough to mount inside and normal to the sur-
face of impellar blades, a number of transducer monitored
continuously being capable of describing the dynamic pres-
~sure loading on the blade. These transducers have also
been successfully mounted in the fuel ring groove of a
rocket injector., When used in conjunction with the PE-621
HDN transducers, they define the coupling between the feed
system and the combustion zone.thereby qualifying the
relative stability of an injector design,

The SLC;IOADNB is a low compliance semiconductor load
cell especially useful in defining the pulse mode of space
engines, Present modeis being used at Rocketdyne have a
spring constant of approximately.1.4 x 106 1bs/in and are
designed to operate at the 25 pound force range with 15
millivolts output. A very new inovation in force measur-'
ing techniquesris the SLC-20 ACC. By design, all force
applied to this transducer is supported directly on the
surface of four transverse piezo resistive gages., The
result is a minimizing of  the compliant section thereby

producing increased frequency response and or output voltage,
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For,high'fréquency fluid velocity measurement, the
'SFVS-20AFW has proven exceptionallyluseful. This trans-
ducer utilizes four longitudinal piezo resistive gages
in a fully active bridge configuration diffused into a
small cantilevered silicon wafer. The transducer has a
naturél frequency of 20;000 cycles in air, It has been
used to ﬁeasure high frequency_flu%d velocity oscillatory
phenomené'in sipgle pulse and continuous pulse feed sys-
tems, These tests were designed é? characterize the re-
Sulting natural frequencies and‘ﬁéye modulations with a .
computer program in order to obtain modéling factors
for bends, constriction, etc,, in fypical focket engine
feed systems,

Additional designs and new c&ncepts are presently
| being formulated or are on the draﬁing boards. In the
application and usage of the semicbnductor strain gages
for transducer develoPﬁent, the surface has been barely
scratched. For instance, it is w}thin the present tech-
nology to pfoduce a pressure ﬁrqpsducer having 200 mv
output, 350 ohms impedance, cépégle'of calibration by
electrical simulation, amd having a natural frequency of

over a megacycle,
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ELECTRONIC LOAD CELL APPLICATIONS

IN ROCKET AND SPACE VEHICLE TESTING AND DESIGHN

Load cells, along with pressure and temperature measuring devices,
are the work horse transducers of space vehicle testing and design. A
large majority of all measurements are made with these devices. Today,
we will concentrate on. the electronic lgad cell application in Rocket and
Space Vehicle Testing and Design.

- Structural Testing:

Handled primarily. by the P&VE Lab, Experimental Structures Section,
load cells are used in series with hydraulic cylinders and electro-mechan-
ical shakers to determine the amount of static and dynamic load applied to
practically every shape, and/or configuration used in a Rocket and Space
Vehicle. These tests are made as required on air frames and-components
of the vehicle. A typical ekample of this type test was performéd on the
Saturn out board LOX and fuel suction lines to determine lateral and an-
gular translatipn..

The fuel suction line was mounted on the test fixture. The top
flange, normally attached to the flowmeter, was connected to a trans-
lationlmechanism which translated that end plus or minus one inch in thé
three required directions, (1) horizontally parallel, (2) horizontally
perpendicular, and (3) wvertically perpendicular to am axial line through
the turbopump flange. The flowmeter flange face was always moved parallel
to its ;rigninal position, The LOX suction line was similarl& mounted and
translated. The sign of the translation directions were takem as plus

when the turbopump flange was moved away from the flowmeter flange.
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The translation directions are shown relative to the turbopump flange but
would be identical to the actual procedure of translating the flowmeter
end in tﬂe same.directién but with opposite sign.

The turbopump flange was attached by use of load q?l;s and flex joints-
to a rigid suppoft. Six load cells were used to measure loads and moments
during the traﬁslation in the three (3) prévibusly mentioned attached
flex Jjoints transmitted loads along the axis of?each individual load cell
with a minimum (iess than.i%) error dpe to loadé in a transverse dire?tion.

All test stands structures and fixtures are tested by simulating loads
'with hydraulic cylinders and load cells and meaéuring the effects of load-
ing with strain gages.

Ground sﬁpport and launch equipment is similarly tested.
Weighing:

Load Ceils are daily increasing tﬁgif =ale in high accur;;y precisioﬁ
‘weighing and in many applications, replacing the bulky mechanical lever
type systems.

Speciaily tailored electronic load cell s;sﬁems are approaching ac-
curactes of .02 percent reading. These applications include dry weight
determination of Space Vehicles.

' Propellant Weight:

The amount of pfqpeilant is weighed with various load cell config-
urations and used for topping and level control. Load cells are used at
lift off rto determine the mass of the vehicle as it leaves the launch pad.

The volume of ﬁhe'propellant tanks on Space Vehicles are determined

by weighing the tanks filled with water and converted to volume.
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Level sensors and level controllers are checked by the same

. method.,

Load cells are used to determine the center of gravity and mass
moment of inertia of all Space Vehicles.

Thrust and Torque:

Thrust is a measurement of engine performance, therefore, each

vehicle on the Test Stapdé=is provided with a set of load cells for

3

thrust measdfgmentn- Accuracies of .5% of reading are easily attained.

bompgnent Testings

| The Componenis Test Section of Test Laboratory use load cells for
measuring performance of models, gas turbine torque, steam generators;
gear boxes, pumps, mofors,fand etc. "

Thrust Measurement on Saturn V. (Force Transducer for Project Saturn):

Saturn I, with 1,500,000 pounds thrust, aﬁd its successor, Safurn v,
with 7,500,000 pounds thfust, require many force measurements during
design, fabrication, and testing stages of development. Fer the most part,
commercial available strain gage load cells are used for these'measurements,
but as the thrqst and total vehicle weight in;reases, comuercial or indus-
tridl off-the-~shelf load cells are not available, especially in the size
or dimensioﬁs required. Saturn V, for instance,‘requires four 3.5 million
pounds cells with a 10% x 10" £-4" high outside dimension. These load
cells measure hold down force and weight. These transducars were, however,
furnished by the industry. A prototype was built by MSFC as a backup.

This lbad celi‘was built by the Instrument Design Branch of fest

Laboratory.
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Several appreoaches were considered, among them, the "swiss cheese! design,
which is nothing more than a piece of steel with holes d#illed symetrically
throughoﬁt the load bearing area. The holes are gaged with strain gages
and arranged in a parallel series fashion, in order to integrate the out-
put, making the cell less sensitive to load distribution. ‘Anoiher approach
considered was the concén#ric ring design. This design uses a number of
rings, one inside the other, each ring having a number of strain gages in
series and parallel. A ﬁufti-éolumn approach was considéred, which utilizes
a number of one inch rectangular columns.

4 design using ten rectangular columns arranged in a parallel fashion
and bolted t; a base and bridge plate was selected., .It was felt thag this
design offered several advantages as a study model. Number one, it %as
easy to build, machine, and gage. Lf the gage should failf it could be

'éisassembled and easily.repaired. Also, each column could be studied and
tested separately»to its capaéity. The cell was designed with a safety
factor of at least two.

The columns were made of 4340 steel and properly heat treated for
desired strength.

Each column was magnifluxed, gaged, and tested separately to 200,000
pounds in a load cell calibrator. Each gage was read sgparétely to, c¢heck
the effects of off ‘center ‘loading and load distribution. The cell was
then assembled and sent to Denver, Colorado, Bureau of Reclamation, for

calibratiom in a 5 million pounds testing machine.
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A HYDRAULIC STEFP FUNCTION PRESSURE GENERATOR FOR
TRANSDUCER EVALUATION

INTRODUCTION

The problem of determining the dynamic response of pressure transducers has
been recognirzed for meny yesrs., Many techniques have been used with some successl
bus no combination of them has been sufficient to answer gll questions. Particularly
there has been a gap between very fast test loading, as with a shock tube, with pocr
smplitude sccuracy and limited duration, "static” calibration with very high accuracy,
but requiring loading times of at least tens of seconds. The device discussed here
------ is one possible compromise, combining relatively fast-loading and indefinite duration

»

with ressonably good amplitude accuracy.

. This Step Function Pressure Generator is based on a fast opening valve developed

. by Johnson and Cross of the Naticnal Bureau of Standards in the course of a program
on dynamic pressure callibration supported by the U. S. Army Ballistic Research

" Laborstories. 4 50,000 psi prototype was built in 1958 and gave some very promising

results but it was cantarkerous and difficult to operate. When BRL support was
terminated the equipment was pub on the shelf. Subseguently, the Interior Ballistics
Levorstory of BRL had built, under the supervision of J. L. Cross of NBS, & 5000 psi
version. This is the eguipment which will be the principal subject of this paper.
At about the same time R. 0. Smith of NB3 had another 5000 psi version built by -

American Instrument Company.

___ Johnson snd Cross published none of their data although a descripiion of the
device was given by Dan Johnson at the Sixth Meeting of the JANAF Solid Propellant
Rocket Static' Pty Panel in August 1958. One of their records has been published with
brief description by Schweppe, et all, and was included by R- O. Smith in a paper
on his experience with his 5000 psil versicn presented at the Winter Meeting of the

- ASME, November 19652. Some of our early experience was presented in & paper at the

11th Meeiing of the JANAF Solid Propellant Rocket Static Test Panel in September log2—"

oL Schweppe et al, "Methods for the Dynamic Calibration of Pressure Trausducers,”
NBS Monograph 67 1963

2 g, o, Smith, "A Liquid-Medium Step-Function Pressure Calibrator,” ASME Paper
Funber 63-WA-263

3

J. D. Dykstra, "Evaluastion of Pressure Transducer Response With a Pressure Step
Generator,” in the Eleventh Meeting Bulletin of the JANAF Solid Propellant Rocket

tatie Test Panel, SPSTP/11, September 1962 (Meeting Bulletin is -classified . ... -

CONPIDENTIAL)
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DESCRIFPTION

A simplified drawing of the basic device is shown in figure 1. The Fast
Opening Valve (FOV) is completely contained in a cylindrical pressure vessel B
with provision for closely coupling the test transducer Lo one end, and for bleed-

ing the mounting cavity. The enbtire system is filled with oil.

If the bleed wvalve and bypass are open, bhe FOV will be held closed by pressure
in the reservoir. A step ls initiated by closing the bleed and bypass valves and
opening the dump valve. Reservolr pressure forces the piston into the cylinder,
at a8 rate controlled by a constrictlon in the dump line. As the piston moves, it
gtretches the thin valve stem until the pull on the head about balances the
pressure holding it closed. VWhenibhe valve begins to cpen the pressure in thes
port rises quite rapidly due to the small volume, thus reduecing the restraining
force cn the head and allioWing the stretched stem to fully open the valve very
guickly. The thin stem provides both efficient energy storage and decoupling
of the vaive head from the mass of the piston so that the head can move much

faster then if the piston alsgo had to be accelerated.

The essential features are (1) a valve mezhanism combining a large amount
of stored energy with lLow inertis to allow fast opening, and (2) a design allowing
very close, simple coupiing betweeen the pressure reservoir and the test transducex
The latter characteristic is a result of inclosing the valve mechanism in the .
pressure vessel End use of an integral low volume bleed valve. While these

Teatures are not unigue to this device, they are essential for good performance.

The FOV is cloged by applying = siight overpressure in the cylinder which
forces the valve head into the port, sfter which the bleed valve can be opened,
dropping the pressure in the port, and the bypass valve opened to release the
overpressure. The siem gulde is a close-fittlng sleeve around the stem, fastened
only to the piston. It provides alignment and prevents buckling of the stem

during valve closure and provides some control of head motion during opening.

The ERL device was designed %o generate gheps in the range of 1000 o
5000 psi with rige times of less than one millisecond, and to be semi-automatic
in operaticn. The wnit as delivered is largely self-contahed, requiring only
110 V AC and 100 psi air for conbrol functions in addition to the test transducer
and aszoclated equipment. It is contained in a2 6—1/2 foot relasy rack (Fig. 2).
Pressure is generated by 2 hand (or foot) pump under the table and controlled

by manual pump and rebturn valvesg and a precision bourdon‘gage'bn the panel.
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Operate and reset cycles are 1nitisted by push butitons and controlled by a
stepping relay programmer. Figure 3 shows the back of the rack. Electrical
control is at the top. The Fast Opening Valve is contained in the verticsl
cylinder near the center of the rack with the test transducer mounted in the
top. Other components are auxiliaries required for the automatic cyeling. All

of the pressure plumbing is in 1/16 CD stainless tubing.

PERFORMANCE

e oo - In practice the BRL @evice has been found to operate well in the regicn T
from 500 to 3000 psi with the valve stems currently svailable. The upperﬁ
. limit for a given stem has been set by the strength of the head-stem and stem-

piston commections and it is not known how far this could be extended by redesign.

The lower limit for & particular stem should theoretically be the lowest pressure

éé which sufficient elongation of the stem would occur bvefore stem tension overcame
pressure on the head. In practice the limit has been found to be considerably
higher due to a tendency for the valve to leak glightly as stem tension increases. -
Pigure 4 is a record of an extreme case of thisz The source of the trouble appears
to be misalignment of the head, stem, and port and the condition will vary
somewhat from test to test as well as from cne assembly to the next. AT low
pressures several factors combine to magnify the effect. There is less force
on the head at low pressure so seating is not as good, piston motion is slower
. 8C the leak lasts longer, and a given pressure rise will be a larger fraction
of a low pressiure. The record of Figure 5 is more representative of the . -

performance in the useable cperaiing range.

~ The piston motion during valve opening causes ah increase in next

-reservoir volume and therefore a drop in pressuré. Since the motion is slow,

pressure equilibrium in the reservelr is mdintained and the test transducer will - —

“ not see the pressure ramp which occurs before valve opening. In pracitice, however,
sope piston travel occurs after vealve opening and that portion of the pressure

- ramp also appears on the Gest record. Flgure 5 shows both reservoir pressure

and test transducer for a fairly severe case. The magnitude of the effect depends

on relative piston displacement to reservolr volume, con cil compression and

therefore pressure, and on amount of piston travel after wvalve oprening. Only

the latter is adjusteble and in our unit only with some difficuliy. However,

ramp 1s typically held to less than 5% of etep and lasts anywhers from 10 to

100 ms.
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Two other effects may be mentioned. One is a slight tendency Ffor port pressure

to rise during bleed valve closure before firing., This is a function of poxrt
volume snd bleed valve design and our worst case has been aboub 5 psi. It is
generally nct detectable. Another 1s a slight drop in port pressure just before
FOV opening. This is presumably caused by & slight movement of The head as
stem tension increases, without breaking the seal, due to relief of deformation
in the head-port contact area. Thiz drop cannot exceed 15 psi plus any increase
on bleed closure, and for our unit 10 psi is the most observed, generally much
lesg. The effect also tends to cancel any slight leak.

The leading edge of the step generally consists of a smooth inflection from
The base line into a fast rising portion lasting 200 to 300 us, followed by
varying amounts of oscillation (Fig. 6). In the BRL device two distinct types of
- ogelillators have heen obgerved. One has a frequency in the range of 1500-2500 cps -
and amplitude of up to abtut 20% of siep level, peak to peak. This frequency
is detectable only with near minimum port voivmes and close coupled high
frequency trangducers. It appears to be directly related to the rise time and
so considerable effort has been expended on identification of its source. It now
appears that this is relabed to mechanilcsl oscillaticn of the head-stem system.
The freguency is very close to the mechanlecal resonance of the head an&‘stem
measured in alr, and replacement of the original head and stem with a lighter
assembly raised the frequency of the pressure oscillation and shortened the

rise time.

Both the most direct evidence, and the most puzzling, is shown In figure 7.
Here for each head weight are displayed simulteneously both pressure osciliation
{(upper trace) and head displacement (lower trace) as sensed by & piezo electric
pressure transducer and capacitance Type proximity transducer, both located in
the valve port. The correspondence of both frequency and damping ls apparently
exact. The record in figure 8 was made after insertion of a tefion snubber
between the valve head and the end of the stem gulde. The different head
motion is refleetga in the pressure record but some additional disturbances are
also seen which were apparently masked by the head-iaduced oscillation before.
These records raise a question however ag to the nature of the coupling between
head motion and pressure oscillation. A firet inclination is to consider the

velve head as a piston moving irn and out of the port. However, the indicated
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phase of The displacement and pressure variatlon is incorrect o support this
view. It sppears that as the valve head rebounds, re-entering the port, the
pressure in the port decreases. Neither the transit time of a pressure wave from
the valve head to the pressure transducer nor any electrlcal or mechanical phase
shift in the pressure or displacement measuring systems appesrs to offer an
explanation. Acoustic resonance of the oil column in the reservelr was

considered and this freguency was calaulated to be of the right order of magnitude,
but 8 test in which the reservoir length was effectively halved with an aluminum
filler showed no change in the pressure oscillation or head mobion. Thus the
guestion of a coupling mechanism remains unanswered even though a cause and

effect relationship has beern reasonably well established.

The second type of oscillatiorn observed on the pressure step appears st
'Iconsiderably higher frequencies, typically 5 to 20 Kc, and appears to be
related tb the size and shape of The port and transducer mMouhting cavity. Its
smplitude may be over 50% of the step, peak to peak, with varizble damping and
often several mixed frequencies. In most records &t other than minimum volume
it hides the low frequency component except for control of rise time. Figure 6
is fairly typical of this type of signal. Although 1ittle study has been made
of it, it appesrs that excitation of these high frequencies by an apparently
slow rising pressure wave implies generaticn of & shock wave in the port. The
general motlon of the valve head is well below sotnlc velocity in the oil, but
other factors of geometry étc. msy combine to allow formatior of & shock. It is
believed in any case that these higher frequencies can be eliminated from the
signal seen by the test ftransducer by increased damping in.the port, either by
port constriction or use of a higher‘viscosity oil than the very light fluid now

. used, or bhoth, without sewiocus degradation of the rise time.

DISCUSSION

Brief study of the gynamics of the system will convince one that pfediction
of the pressure waveform for a giveh set of parvameters is extremely difficait if
-not imposgible. ‘The interactions between mechsaical snd fluid systems are quite
complex and the fiuld system itself is not well described by a simply linear
model but has aspects of both viscous bulk fiow and elastic wave propagation.

However, some limiting conditions and genersl effects may be noted.
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If the valve opens rapidly enough, conditions approzching those in a shoek
tube hold and equilibrium time is largely & funciion of the pressure transmitting
characteristics of the liquid (velocity of sound) and the size and shape of the
port. It has been found in shock tube studies that under thése conditions in most
. Pluids, pressure and viscosity have little effect on rise time. Considerable
oscillation is possible with damping dependent largely on port geometry and F£luid
elagticity. A different. behawior will occur if the valve 1s opened very slowly.

In the limiting case the orifice 1s so small that pressure equilization within
the port is rapid compared to the rate of change of pressure. Then the rise time
become independent of port shape but is controlled by port volume, fluid viscosity,

and pressure. In the limiting case, apprcach to final pressure is assymphotic.

Practically, 1t may be assumed that the pressure step generator operates
somewhere between these extremes, with some characteristics, e.g. the valve head
induced oscillation, not related tc either model. In fact for Tthe BRL device it
appears that actual rise time is largely determined by the head-port interaction in
the case of the free head, and by other factors if head motion is restrained as
in the case of Figure 8. Over the limited range from 500 to 3000 psi no effect
of pressure on rise time can be detected. WNeither can any effect of port volume
or shape over a fairly wide range, although changes in the nature of the oscilla-
tion are obvious. This is perhaps plausible since in all.cases the acoustic
resonance of the port has been well above the head-stem frequency that appears to
determine the rise time. A1l the evidence suggest that In these tests the flow

limited condition has not been approached.

It is interesting to compare these results.with some obtained with the other
versions of the device. The design was conceived in a study of high pressure
calibration techniques, and the prototype operated most successfully in the range
from 5 K to 50 Kpsi. Both subsequent versicns were designed for up to 5 X psi.

The BRL device has been used mostly in the 500 to 3 K psi region. Smith at NBS has
reported only work in the region below 1 Kpsi?. A comparison of Some of the
important physical characteristics of the devices is found in the sketches of

*
figure 9 . Internal dimensions are to approximstely equel scale. from one design

Sketches and numerical data in the following are the regponsibility of the author.
Prints of the equipment, records, and other information were made avsilable by

Jdo L. Cross, Pressure & Vacuum Section, ¥BS & P. S. Ledere, Mechanical
Instruments Section, NBS, and their help is gratefully acknowledged.
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to the other, though many details are cmitted for ciarity° Some of the salient
factors are tabulated in Table I. Note that the pressure range given is. that

for which some data is avallable. Where several gtem dlameters are avallgble,

it is not expected that each will work over the entire operating range. It is
believed that Smith has done most of his work with the .062 in. and heavier stems
snd most of -the BRL work has been with the ,078 in. stem, The stem dismeter

ris of interest becuase with port areaz, pressure, and stem length it determines the
elongation of the stem at valve opening and therefore the distance thru which

the valve moves guickly. Force on the head at the upper opersting pressure is

_quite different from one unlt to the nexi, and if the stems do not vary accordingly,

the elorgation znd consequent rapid valve opening can also be guite different.

The maximum opening for the prototype was somewhat less than in the BRL
device., Figure 10 shows some typicsal wecords: obtained by NBS with the prototype,
using light oil., The effect of pressure on rise time appears to be small,
Freguency of major oscillation changes in the pressure range from just over 6 Ke
to about 8 Kc at the higher pressure, This,frequéncy is well above the calcuiated
stem resouance gnd appears likely to be oscillation in the long connecting passage.
The directlion and magnitude of the frequency shift tend to support this view
because of the increase ir sound velceity with increasing demnsity due to compression.
The rise time of about 150 us is not consistent with this frequency but would

correlate. with a périod of shout 500 (s or frequency of 2 Ke.

The effect of an extreme change in fluid viscosity is shown in Figure 1i.
Theée récords were obtained by NBS with the prototype filled with SAE 50 cil,
At the lowest pressure ( and smallest rapid valve opening) the rise time is
materially increasged, At the higher pressures rise time is gtill somevwhat.
greater than with Thh light oil, but is not strongly dependent cn pressure, The
oscilllaticon however is essentially eliminated. It may be noted that the effect
of viscosity cen be gulte somplex if there are aress of flow restriction other than
the vaive, e.g. the small connecting passage of both NBS designs, and particulsyly
at high pressure where viscogity increases guite rgpidly.

\ 2. . . R . . . .
Smith's reported work i1s in some contrast to this., Hiz effort is direchted
toward use of the device to measure transducer creep rather than dynemic sensitiviity,

though the two are admitiedly related. For this he feels that any overshoeot in

the pressure step is&,indesirablej including effect of piston generated ramp.
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Therefore, much of his effort has been directed toward slowing the rise time and
damping the xinging in order to generate & monotonic step. He states that he has
found that he-could achieve this for any one pressure by empiricel adjustment of "t
port and mounting cavity shape and volume, and oil viscosity. Figure 12 re- )
produced from Smith's report shows a typical variation of waveform with pressure.
Although the corditions are not stated in the report, this is believed typical of
results cbtained with the 1075 in. stem, SAE-20 or 30 oll, and some cavity
extension, The rise times here range for a few hundred.gs to 2 ms. His mono-
tonlec steps seem typlcally to have had rise times in the%range from 2 to 10 ms.

Recerds taken with light oil and minimum cavities aﬁ around L Kpsi seem to
look much like those made with the prototype, with rise‘éimes of about 200 us.
The frequency of oscillations however seems to range from 1.5 %o 3.5 Ke. Smith .
1s also bothered by pressure rise on bleed valve closure?and a small pressure |
varigtior ijust before the step. Both conditions are exagerated by the low‘
Pressures used, but in meny cases seem worse eventaﬁ 1 Kpsi than in ouxr experieﬁce.
The bleed valve ﬁroblem mey be due to use of a rathér large screw-opersbted valve
stem and a long constricted bleed pessage running past the stem. Marnual operation
of the bleed valve probably tends to encourage hoth faster stem motion and greater
volume displacement than is provided by the air 0p§rated valves in the prototype
and BRL "equipment. The shape of the pre-step tranéient sﬁggests the presence of
an 'elastic wave in the stem prior to Valve opening., This is reinforced by the
observetion that failure to equalize the cylinder and reservoir pressure prior to
dumping the cylinder, so that the steﬁ is initially under compression rather than
relaxed, seems to incfease the amplitude of the transient. Both the prototype and
the BRL equipment use constricted dumprlines to limit the rate of cylinder pressure
‘change in order to avoid excessively rapid piston motion. In the prototype it -
was found necessary to use some 9 £t. of 1/16" bore high pressure tubing between
the cylinder and a fast dump velve to eliminate haszsh on the baseline and rising edge
of the step. In Smith's device piston rate is probably determined primarily by
the opening rate of a relatively slow air operated valvé;,though tubing resistance
and the setting of a manwal valve glso in the line may hdvg some effect., Piston
travel time prior to opening is not available for either NBS!'s device. In our
unit it is typically 40 to 80 ms. : ‘
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It is the opinion of this author that Smithls device, as reported used, is
operating on the borderline between stretched and solid stem behsvior. Many of
the reported characteristics are consistent with this view but the most direct
are the effect of pressure on rise time, the 2-10 ms rise times of his monotonic
steps-against the 200-300 us produced in the prototype with even heavier oil,
and the extremely small calculated elongaticons for stem and pressure combinations
known to have been used. BSmith's work certainly is valuable and the approach
is legitimate within his frame of reference. I do not feel, however, this his

dats can be taken as characteristic of the stretched stem valve system.

It is interesting that there is little evidence to show that the head-stem
regonant frequency has any direct effect on the rise time of either NBS device,
although our experience would suggest it should., The calculated frequencies are .
only approximations but the range is considerably greater than the observed
differences in unmodified rise time. However, there is also no evidence to prove
it haes no effect and while it would appesr that at most head frequency is only cne

of several factors in rise time, the question must be left open.

TRANSDUCER TESTS

Most of the BRT work with the pressure step generator has been directed

toward understanding the characterigtics and limitations of the equipment
and little specific testing of transducers has been done. However, in the course
of the work about 10 different transducers have been used for varying amounts of
testing. These have included several bonded and one unbonded strain type, one
capacitance type, and several varleties of piezo transducers. They have been
exemined with varying precision according to the immediate test objective and
several spparent anomslies have been found. Figure 13 shows one of these cases. _
- —.—-.  The tranasducer is & hydrostatically loaded tourmaline crystal in a BRL designed ——
housing, used for measuring gun chamber pressures., These transducers are typically
filled with beeswax or silicone grease, but this particular unit was experimentelly
potted in a soft plastic. Not only ﬂas the normally present oscillation been
glmost eliminated but pressure rise appears to continue for several miliiseconds.
Figure 6 was & test of a similar transducer filled with siilcone grease for
__________ comparison. Although the step pressure was not high enough for a definitive test.

of a high pressure transducer, it appears that significant loss of high freguency

informatfén might have been expected with the plastic filled unit.
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Figure 1k is from a test of another piezo ﬁransducer, a commerically available
unit having & diaphragm loaded quartz element. The upper trace 1ls reservoir pressure,
the lower the test transducer. Both channels had their zero level suppressed;
the sensitivity was about 50 psi/cmj The test pressure was zbout 1 Kpsi. The

1n1tial 1"es;ponsc—z of the tast transducer as seen in fas%er sweep racords appears

normal This longer recowa reveals a rise of about 10 psi over the flrst second

after the step. This effect has not been noted in other samples of the same type.

Smith2 hes also reported finding creep effects with durations of from several

_ms to several seconds.in various transducers, and feels that some of these effects

would not be detectable by shock tube or static testing.

CONCLUSIONS

The limited test data presented seem to indicate that the respdnse of a
pressure transducer to a transient may deviate from that predicted from both
static calibration and shock testing and that a step generating device with a
rise time of a fraction of a millisecond and indefinite duration can be useful
in studying such response., A pressure step generator bhased on the stretched-
stem valve of Jounson and Cross appears to have sowe promise for this application.
tis not obviously supericor in all respects to some other approaches however.
Smith?’s work would seem to indicate that a roughly similar device with an
essentially non-stretching stem can be useful and is probably less prone to
generstion of oscillation even if somewhat slower. Many of the side effects in

eltner approgch can be reduced by careful Jesign. A smaller valve port would

reduce the stem load and ailow use of a smaller piston with conseguently less
volume displacement for a given opening. 7Pressure reéduction due to pilston motion
can also be reduced by lacreased reservoir volume, preferably obtained by
increasing vessel dismter rather than lengch to reduce any effect of the
reservoir resonance. At low pressures a different type of bleed valve might be

ugeful, e.g. a ball valve or stopcock.

If the stretched-stem design 1s retained, use of a shorter stenm and/or
lighter head offers scme possibility for decreasing rise times. More effective

control of head motion to prevent excessive bounce may help to reduce oscillation.




More basic than the type of valve actuation is the choice of pressure
medlim. It may be that for pressures below about 1 Kpsi a gas Wouid have
significent advantages., Several problems in the low pressuvre step generators
¢an be Ltraced to the very low compressibility of oils in .this range., Small volume
changes would be much less troublesome using a gas and might allow use of smeller
Totel volumes. If the more éifficult lesk problem can be overcome, helium
cffers gound veloclty and therefore cavity resonance freguencies not greatly
iower than oil, and if cavity sizes can be reduced may provide appreciably
faster sbeps. Aaronsong,of the Naval Ordnance Laboratories has reported a gas
mediuvm step generating device based on an impact operated valve. His valve head
is a flat plate with an "0" ring seal located inside the pressure vessel, with the
valve stem extending out through the opposite end of the vessel to the impsact
assembly. With this simple device he generates gteps with a rise time of arcund
102 ps and modsrate oscillation at pressures from near zers to 100C psi. It
appears gt least possible that development of this idea might provide a unit with
better performence at low pressures than a new generaition of ligquid medium stretched-

stem valve devices.

There seems little doubt that at pressures above perhaps 1000 to 2000 psi
g ligquid medium is indicated for safety and convenience and the stretched-stem
valve designs dilscussed here offer at least a starting point for further develop-
ment. It is believed that the work reported offers considerable hope that a
practical device for evalustion of the dynamic response of pressure Lrensducers
in the 1 mg and up time scele can be achieved and that at least a few 1deszs

abcut how it might be done have been generated.

,ﬁ%,,Fo,ﬁEm%§EQE§QQ"%@@_BEUH-“Waﬁﬁr;TEressurarEulse_Generator for the Calibration of -

Pressure Gages,” U. S. Naval Ordnance Laboratory Report Ne. NOLTR £%.-10h,
November 1963
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CHARACTERISTIC

Pressure Range (1) pei
Reservoir I. D. (1) in
Reservoir inside

length in
Net Reservoir -Volume in
Port diameter'{2) in,
Port ares (2) in
Force on valve head(3) 1b
Stem diameter (4) in

) . 2
Stem area in
Stem stress (3) (L) KPST
Stem length in
Stem elongation (3) (L) wﬁm
Piston area in
Piston area/valve

port area
Piston displacement 3

(min) (3) (&) in
Yolume change %
Equiv Pressure Change(5)%
Head weight 1b
Approx head-stem

resonance KCPES
Transducer cavity (7)

length in
Transducer cavity (8)
1 volume HSU

1. Operating range for which dats is available

2. At valve seat

NBS { PROTOTYEE)

5K-50K
1.25

20.5
19.5
@ mm
.03k
1700
=re)
. 0%
50
7

. 029
075

2,2
. 0019

.01
.05

= o e -

2.8
1

.016

3. At maximum operating pressure (note 1)
)

.. Where several dismeters are listed not all will necessarily cover the full operating range, but

caleulations given ignore this fact.
. Assuming linear oil compressability of .4%/KPSI

. Alvwminum, all others steel

)
6
T With minimum transducer volume
8

. With valve seated

TABLE T

500-3K
1.3h

17.8
25.5
=59
.119
551

062

. 003
119
17
070
14T

1.2
. 0090

.038
3.2

L0034
MGW
.188

013

.078
. 005
Th

. Olily

- Oom
.02k

021

1.7

200-1000
3.25
20
160.5
3
Noyal
71
e)iTe} 062
. 0013 . 003
56 2h
18
.0%36 015
.196
2,8
. 0059 . 0025
. 0038 . 0016
.91 o

. 065
.55 .81
1.Lh5
.0L6

075
.00k

- 010

. 0017

.001L1
.28

125
.012

» 00k

. 0006

. 000L
.1

Hﬂm
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Fig. 12 Records Ffrom Smith's report on
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Fig. 13 Response of a tourmaline traensducer with
short texm creep effect
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ABSTRACT

Generslized equations for two surface non-homogeneous temperature
sensors with burled thermocouple junctions are developed using Green's .
theorem and eigenvalue solutions. It is shown that ﬁhe response function
of & system containing linear conductivity and heat. capaclty characteristics
,can be expressed as a series of exponential terms with correlated coefficients
and decay rates. The convergence of the'series 1s rapid and constaﬁts can
be applied bto find a few lumped parameter compensation asnalogue networks,
which effect real time pompénaation snd surface cbﬁdition computation,
‘Besponse ﬁesting of sensors and experimental compensation illusitrates

application of the theory. System noise and dead time are considered.
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I. INTRODUCTION '

When a thermal sensor ls used to track a temperature or heat
flux, serious errors may be caused by Intrinsic time lags, which prevent
the sensor from following repldly varying inputs. DPrevious methods of
compensation for this effectl’2 have required computation of the response
function of the sensor‘from knowledge of its.geometry and'material ‘
properties,.whiph is then uséd in ‘s digitel coﬁrection program, However,
the materi;;'properties’and geometry are oftenkpot Imown very éxactly, and
the digital methods are not wel} sulted to real time compensation applications.
In this paper & metho@ is presented which effects the desired com-
pensation using simple analogﬁe fechniques:and isjééfiicable to a rather
" general class of thermel sensors; The fb@ﬁdation of the métbgé.ig a
theorem which shows tThat the response fungtiong for this generalAﬁlass of
sensors 1is always a sum of decaying exponentials, the paramefe}s‘of which
" may be found from auxiliary experiments. iThese paremeters may then be used
to determine the constants of the analoéue compensation network,
The appliesation whigh prompted ithis work was a temperature attitude ’
§ensing system3 where 1t was possible to extend the usable frequency domsin
by a decade using the present method. In any situation where time lags are

present there 1s a-possibility for application of this method for response

1mprovement; .,

II. DISCUSSION COF THE METHOD

A. A Typical Thermal Sensor

The basic thermal measurement device that will be considered here
1s the thermocouple Junction, which measures the temperature at a single point, .

the Junetlon. However, the complete thermal sensor is alwsys more complex,

IX-1




as the Juncition is‘ surrounded by the {herrﬁocouple materials, which in

turn are ususlly imbedded in other materisls. The thermal phenbmenon to
be measured usually ocours at the surface of the c;amplete sensor, removed
spatially from the location of the jJunction, and this introduces a time)
lag into the measurement.

Figure 1 diagrams somewhat schamatica.lly the featuresa of a tﬁicﬂ

thermal semsor. I& consigts of several meterials, A, B; .C which oceupy s
région of space R bounded by é. surface O . This bounding surface may be

|

| further su‘lndivided Into two surfaces, O] and O; cealled the front surface
and back sul.:c.'face,' ;:'esp'ecﬁzively. The thermal phenémenoﬁ to 'l;e measured
dccurs at the fropnt surface O) , only. The point merked £ on the diagram
is the location of the thermécouple junctionL -

B. The Heagt Egquatlon

‘The materials composing the sensor willl be considered.to have
constant thermal properties, so that density, @ , specifi;:lﬁeat, c§, and
‘- thermal conductivity, X, .W'illl. gll be independent of temperature. They.may',
"however, vary arbitrarily with position; in particuler, the functions
e ('J?'l), Cp(?) , and XT) wil.‘l'. be defined over the entire reglon R of the '
sensor, g0 that interfeces between materials may correspond to surfaces of
discontinuity of these functions. With this understood, the heat equation.

governing the témperatﬁre T'(;t) of the sensor is

h 2 22 .
—— ot v 4 ) = ‘ .
{Cr 3% —v- e { TP =0 (1)
Some typical boundary conditions which mey be employed are: 1) specification’
of the flux on O , with an adisbatic flux condition on O ; 2) specification
)

of the indident flux on O, with a Newton's cooling law over &, and &5 . L

These boundsry conditions fall under the general form of
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N(Y) FEGD on o
N / s / ( > ‘
K{¢) %(r“)-VT 'I"‘D.U')T =

N(?j 3 on o (2)

where the‘forcing function F(t) is assumsd tp be constant over the entire
surface Oy . This is a necessary assumption, for a forcing Ffunectlion which
may vary with both position and time is equivalent to many forcing functions,
and more than one thermocouple weould be reguired to perform sny compensation

computations’.

Before solving.thése equations it 1s convenient to solve the system

7. (k) $(F) =0
(3)

KZ-V%?’D? = N(?) on oI (L)

for the time independent function f£(r), which is the solution to (1) and
(2) in the sbsence of any foreing function. Subtracting this function from .
T’(rt) gives a new function T(rt) vhich 1s the temperature disturbance caused

by the presence of F(t). This function satisfies

9 - TN
T ACAY T =0 (5)

F&) on G

K97 + D1 = { (6)

O on G,
© Tt 1s convenient to desl with the function T(3t) rather than T'(T%t) and this
wlll be done for the remainder of this paper. Ignoring the time independent
» -y .
solution f(r) only smounts to a re-zeroing of the thermocouple readings.

Pinally, let u(;) be defined by
L@ = pEF GU¥) T(E,0) ()
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I

2

1t is also shown that

This 1s & convehient measure of the initial temperature distribution.

' The system of equations {5), (6), and (7) mey be solved by the
method of Green's functlons and éigenf'unctibn expansion, and this is done
in Appendix I. The trangfer function ’E & (‘5) deseribing the response of

the thermocouple temperaturg T £ (%) to the forcing function F(t) is

defined by | : Y
Te® = K () F) (22)
where the bars denote Leplace Transforms of the unbarred quentities.
In Appendix I it is" shown that _Kdg(s) has the form 5
KE (&)= ZN-: S .,;- ’); o ‘ | 63)

I

Depoting the time response of TE(t) to & ,pnit step input of F(t) by H £ {(t)

| -2 't
Hg o)~ H () = Z AL T

(k1)

T
5

"In these equations the quantitiles }%ara positive and are elgenvelues of a

certain differentisl operator associated with the Iiea:b conductlon equation.

The qua:atities Aﬂ_ may be posltive or negs.tive. Jf:}_‘. o

N
. The results (33) and (41) are particularly useful because they give

g priori informstion ahout the response functions of the sensor. It is not

evident Just how much infoxsma:bion Iis cc:mts.ined in these relationships ; but

»f.,experiencé has indicated that for a tyﬁical sensor s only a few of the

parameters An and ')\ need be determined in order to effect an adequate

compensa.tion. This seems to be due to the fact that in mos® reasonable
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sensor geomeiries the successive vulues of the 7kn_are quite separate,
in fact at large Y1 they are approximately prcportional to n2.

Step input response data is sufficient to determinz the parameters
A, and ?L n using equation (L41). For this purpose plotting the unaccomplished
response on semi-log paper ls gquite useful. Once these parameters have been
obtained, equation (33) glves the ﬁrénsfer function for the response of .the
thermocouples %o the forcing function F(t).

¢. Compensztion Methods

The basic ides of the compénsator;is to find a network with a
transfer function which 1s the inverse of_thé transfer function describing
_the response of the thermocouple reading tgfthe forcing function, that is
Kf (s). Tﬁére ere many vways of accomplishing this, but perh@pskfhe éim;f;st
is the Transfer Funetion Method of SimulafionT which may rpquire as little
as one operational amplifier, for which the already necessary.thermocouple
boosting amplifier may be used. In a&ditﬁoﬁ to the small amplifier require-
ment this method seems ideally suited to deal 'with functions like Ay A m/(S +Ap)
6ccurring in (33); which need only resistor-capacitor networks for simulation.
Diagram 2a shows a compensatfng network with a transfer Tunciion
%C(S ) which is the inverse of (33), and this would provide the general
solutién of the compen;ation problem if the values of A, were all positive
(or all negative). The network of figure &b gives'a minus sign in front of
the A, term and maylthus be useful. "

D. "Dead Time" and Noise

It is well known for special cases, and is proved in general in

Appendix IT, that the temperature rise in the interior of a solid due 1o =a
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step Input at the surface 1s extremely slow in the vieinity of t=0. This
singular behavior introduces an effective tinme delay in the response in

the presence of noise since the compensation cannot be carried to the point

1 .

where the compensator must work on signsl levels smalle;' than tﬁe noise_
level. Bven decreasing the nclse by 8 large féctorﬁ:i_ll have negligible
ef:feé-b_ on decreasing this "dead time", because the response function
approaches zero so rapidiy at t=0. |

A rough valug of the "dead time" may be defined as the .'timel it
takés for & step input of ."average” velue to produce a signal at the

thermocouple above the nolse level.

III. COMPENSATION OF A SENSOR

Al application of the method ﬁill now be described. The sensor’
was a nickel disk with an attached thermocouple vhich was mounted so azg to
be almoét thermally isolated from the supporting structure. It was designed
to operate at high temperatures (about 20000F) whilch were oﬁtained‘by
placing the sensor in a lamp radistion faciliﬁy. The incident i_leat flux
balanced the radistlon less of the disk at equillibrium. The incldent flux
could be controlled quickly by changing the position of the sensor relatlve
to the 1a'iﬁps. A myltichenel recorder tracked the incident flux, themécoﬁpié
output, as well as otl:ler data. | |

Note that for sxﬁali flux changes (in this case less than 10 peréent)
it is sufficiently accurste to linearize the exact equations to get them in
"the form. considered in Part I,

The step response of the sensor was found %o be that given in
Figure 3. Tangent lines were fitted %o the initial and final portions of

this ¢urve, and this date was used to fit a two-term equation of the form

(41). This ylelded
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0.914 ﬁ
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0.276 sec

0.086

e
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1

0.218 sec™t
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At first only the time constant ')\,‘ was compensased for. It was

I
H

expected that the long time constant 11_Wbulﬁ persist: as it did, but in

1

addition, another short time constent )\ax 4 sec™ was discovered which is

not obvious on Figure 3. A circult compensating for 'b‘oth A , end ?\3 sho*»mi_
in Figure‘ha was tested aﬁd vielded excellent high-frequency response, but
poor low-frequency response dué to the uncompepsa;ced llconstant. Response
curves are'giveﬁ in Flgures 5 and 6., Figure 5 shows the step response *:which
shows a sharp rise 1n the compensated output, but also a slow drift due to
the 1‘1 constant. Figure 6 shows the response to an arbitrery signal fed in
manue;nlly in a somewhat random fashion. The compensated output follows the
input amazir;gly well, even 1.,arhra]:x the uﬁcoyzpensa.ted signal shows scarcely any
variation at all.

Flgures T and 8 show the amplitude and phase response -to sinuvsolidal
inpubs. Ilt mgy be seen that the ampﬁ-bucie has been very nearly compensated,_
while the phase is a:bnos'brlinear with frequency, indicating a time delay of
gbout 0.05 seconds, which is the "dead time" for this arrangement.

An additional elrcult shown in Figure Lb was used’ to compensate for
the long constant 7\1. The resulting step inpu’c: response is shown in Figure
and it may be seen thet the drift has been eliminated. .An arbitrary
response curve using this elreult is shown in Figure 10, é.nd it may be seen
that the high-frequency response is s*hil_i excellent.

IX-7




IV. CONCLUSIONS
The methods presented here should be of use in many situations
vhere thermsl time lags occur, and improvements in response comparsble with

the example presented here may be expected.
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APPENDIX T
e

To solve equation (5) sublect tor(6) and (7) we use the method of

.

Green's-functidnh. We solve for a function G(Tt; Ft) satisfying

{CPP% -V wv‘)} GUrT V) = §(F-#) ety

(8)
and subject to
Kn VG +DG&G=C, en g andoy : (9)
and,
: g ,“
GEE L) =0 when t4t . (10)

- It may be shown5 that G also satisfies .

‘ o - >/ 0 = _ —:?—..?'I "- .
Fogd v g GFE R SEHE0

with

K,;:‘-L. \Y) G(\:’{t} Ft) -ﬂ»D G‘éf’t{?‘k) = QO own 4§, and '5'2 . (12)
e -t ot =T N { ( g
G(rEvyE)=0 1<t ' (13)

I¥-9




Multiplying (5) vy G(r‘t' T t) and (11) by ‘I.‘(rt), subtracting the two,

in'tegre.ting over R and over + from C to t"", amﬂ_lsing the divergence theorem
A

we have % o | | " ' - | ‘(‘D-q._
: ’ ' -t e b : . ” !
TFO = S(dlf) G Foyulr) t_g &t Sds' e (GVT--TW)K.“”)

.¢ 7 The surface integrel may be written

. o \
. J dr{G(KII GT+DT) =Tk VGt pe,)‘-i} (15)
5 a A |
snd using the boundaz:;y conditions (6) and (12) we see'that (15) may be
written
M | f do G (P4’ Pt) F(2) | ‘ | '(15)'-‘:__

]

: . . g
Now 1t 1s clear from (11), (12) and (13) that G depends only on the difference

(t-t ), not on t and t separately. Thus we write

- it s ' ﬁ:
‘ GUrére) = C-}(rr5tvt') (27)
, N f z
Using this fact along with (16), we mow write (14), lettingr = {7 and
interchange t and *l:.‘r s a8 r 4
R . ! ‘l'.‘ fa
 —-m Y ’ 4 .
7?(1‘) =f(dv) G(E r; {-)u(r) fj dt Kg&-f.‘ )Fft) (18)
: Yk . - -
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Where

()= T(E¢)

(19)

o
i

‘ o .
Kg(ﬁ)ﬂj do G5 r; t) (20)
Equation (18) 18 a basic re'sult, for it gives the {temperature varlation of
'l;he thermocouple T e:@licitiy as a function of 'the Initisl sensor tempersture
distri‘nu'bioq ‘and ;ch_e time behavior of the forcing function F(t)} on the.
«;xte:r'ior surface . To avold the necessity of carrying slong the term
involving the initlal temperature distribution, let us choose the zero of
time such that U(r) = 0. In berms of re-entry conditions, this means that

;we start measuring time before the sensors become heated significantly. Thus,

we wrlte

(21)

t
’ ' v
TIZ.Lt)-J;th K; (¢-#) FUt)

Let us take the Laplace transform of (21) uging the convolubtlon theorem for

Laplace trensforms. This ylelds

Te(s)= K (5) F(s) (22)

K (s) = | do G(§755) |
KE(S) jo.; g ) (23)

IX-11




{epps-v-tm} G751 = 5679

We may solve (2L) in terms of en expansion in eigenfunciions ’f:t(r) of the

elgenvalue equation

S -' 7 — I . ‘
% v-(kv,) A | o (25)
with |
-, } ‘ - ' | .
Kn v, 4 D’l/)% =0  ony, andv (26)
These eigenfurctions are orthonormal and comple‘bes. That is_,

fx () Y, (7)Y (P) = 4, - (er)

s.pd

B A K AP | (28)

Let'E'be expanded in terms of these eigenfunctions

G#%s)= 7 BoolS)Y, (71 1) (29)
i .
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inTo (24}
Substituting (28) and (293’1 end using (25) we have

LAY [(50,)8,,,0) ~(Gf) 8n) =0

which yields .
(e
ma (S) = JL J‘””’l
S+ A m”

Substituting this into (29) gives

-} '
o (cpe) YulF) Y (%)
Glrrjs) = ) & S+ -

n

and with (23) we have finally

_ Yo A (B)
Rels)= 7

S+ A,

where

Anl®r= £ WD) [do (cp) ¥, (F)
%

(30)

(31)

(32)

(33)

(34)

Note that the eigenvalues are all positive. This may be proved as follows:

Multipiy (28) by CP(O'#’%(?):

Y7 (k) ==, Gt

(35)

. Integrating (3) over volume R, using the divergence theorem snd the boundary

condition (26) we obtain
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e . z .1
] fﬁkdﬂ k (vm}f :D-D«h .

X, . T _
| Cee § L) Yoo

(36}

from which it is easily seen 'thafb_

This 1s equivalent to the statement that the solutions to the hesat equaition
are stable,, which fequires the poles of the transfer function (33) to be in

=

the left half plane.
- ' : L
The velues of A {§), however, may be positive or negative, depending upon -

q N
- Whether the sign of the eigenfunction "}’n( £ ) and the sign of the integrsl

in (34) are the same or not. Q.13

a,.

The transfer function is related to the Leplace transform of the unit step

inpub responae E;slhy o | o - ﬁ@;ﬁ
‘ ) o
SHy(5) = E,s.;s)= é i 'LQA?;;(? A  (38)
.=.s.o'r that i |
g _ . - Aulg) N .
f H§(5) = é—- ;A,‘(E) — é St (39)
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The quantity ;7 A, has en important interpretation. Using a well kmown

" .
theorem on Laplace transforms and (38) we have

YLy

- RN

o _:_ -Q.\...\ N — _ . —F .
Hy () " o H) = f_*;;s HA8) = % AL (E) (ko)

Thus, Z A.n(;) is the fins.l value rea.cﬁed at the thermocouple after a
long ti;:e Wwhen the exterior surface 1s sﬁbjected to a unit step input. We
nowl in‘_\rert'E 3 (8) ' back ;into the time -fitoma.ink, using (3) and (40). This
glves

R S
Hy ()~ He () = g Awt? (k2)
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APPENDIX 1T

It will now be proved that the initial response of an interlor

temperature to a step input rises slower then any power of %, or,

equivalently, the derivatives of the response are all zero at t=0. Denote the p-ih

derivative of H & (t) at t=0 by H {;) (0), p > 1. Then from equations

(25}, (34), and (41) 1t follows that &

o)

H (;,(u) : jd&‘('c,,g)" [-(c[,e')" V-(}{ v)] 4 *'2; v (,:'m 6w -

and, using (28)

N
(P o g, P - ’
H(;M"“' 5‘ da(c?f) E(Cff) $ré (KV)] J{ﬁ_g)gﬁ (43)
a \ - | '
. 1 ' .
The integrand of this is & sum of terms each containing & factor of a
mltiple gradient of & S -:‘L‘zmctic;ﬁ S ( 2?'? -—? ). For. g not on the

surface; this integral must clearly vanish. Thus

H(P){ = Y £ not on B (4h)
¥ ) = 0 | F// ) not on ¢

and our assertion is proved. = |




REFERENCES

Beck, James, V., Correction of Transient Thermocouple Temperature
Measurements in Heat-Conducting Solids; Part I, Procedures of* -

- Thermocouple Temperature Correction in Solids Possessing Constant

Thermal Properties:; Part II, The Calculation of Transient Heat

Fluxes Using the Inverse Comvolution; and Pari III, Certain Correc~
tion Kernels for Temperature Measurements in Low Conductivity
Materials, Avco RAD-TR-T-60-38 (Parts I, IT, and III) 8 February 1951,
30 March 1961, and 21 July 1961

Beck, James, V., Calculation of Surface Heat Flux from an Internal
Temperature History, Trans. ASME, Journal of Heat Transfer, vol. 8l,
Series C, 1962.

Viles, F. M., Rybieki, G. B.,, et al. Research on Temperature
Attitude Sensing for Re-Entry Vehicles, Phase II - Final Report,

- T0) ASD-TR-61-539, VoL, 1.

Morse, Pnilip, M. and Peslhback, Herman, Methods of Theoretlcal

Physics. Part I, Chapter T, McGraw-Hill, 1953,

Op. Cit. P. 858 The proof given assumes , Cps and K constant,

‘but the modification for our case are slight,

Op. Cit. Chapter 6, p. 6T6-T90.

Chestnut, H., and Mager, R. W. Servomechanism and Regulating Sysfems
Design, Vol. I, Wiley and Sons (New York 1959), p. 553 ff

IX-17




b

Hg(w) Hg(t) Zﬂ e
) Kg(‘) Z s+l,\
KE(SJK (5) = l ‘

FIGUEE | =  TYPICAL THEEMAL SENSOL.

IX-18




‘ : / ‘
: —AN AN ] . C
L H L
L - |

o Ca Cw
= L |
Kc($=-L§ _ﬁ’“} Ay 2o
£y, =Fy
Cn = Ai./;,,,

FIGURE Ca ~ COMPENSATOL o€ A, FPoSITIVE

"

?|‘\7,’ e‘ l lzz /

s et lincall
L‘ét—J B L

- - -/
— Ad _ Az
K.G)= i:sr), s+ 2, R A=A, 7,

-
rd

FIGURE 2b = COMPENSATOR WiTh f) 4ane R, oF ofros/TE SIGA,

IX-19




iy mm.zommmm QHHSITINODIOVNN CHZITYWEON D01 £ vandra
e L - . R
" e it N spuolas INIL ’ : S,
. 09 =T o5 ch ob G ot T 02 gl ot g 0
02 59 ' _ = 100
_ o
¥ ] 1] ' -

IX-20




/ : !
AN -
L)~ L.

0. 83 2.25

Y
:
Y

WAWAN

a3 5

FIGURE 4b ~ COMPENSATION NETWoRK (2 Dy A _g_ L ANO Dy

IX-21




FONVHD X0Td dHJS OL ASNOASHEY § 2anfrg

INIWISOrQY
4304003y

e

7 (558UIADM pI0BAISIP)
dN 038 z14/M@ §G)
MO0 238 zld/rmg bl

c e

30N7HY XM v T

-

.“i..n.w “_..w:.dnw.

. INTWiseray SRR S BERRE mzon_wwm 374N000HYIHL

mmmmoom“

IX-22




R

SNOILVI¥VA A¥VUIIGYY OL ISNOJSAY g dndry

i

t

i

!

,H
f

_

_
i

!

|

1 NMOQ 23S 11/Mi9 61
SH U NMOG 038 H/mig §
! FONVHI XNd

j

vl

I

!

v

i

T

TOIR

38N0dS3Y. 43

TUNDIS
LYSN3INOD 9

T

3 wwm I IANONONMTHL 3

[

i

P I )

IX-23




QATYSHEGNO) MV IDENIC ~ NOTIVIMVA XMII TVAIOSANIS NOI HSNOASEM WUNIITARY SALIVIEN - 2 SHODLE

 3ANLITAAY HOLIIA (4.61) 228

=1/ 0g 62°0

) : } 43 * NOILYINVA XM
ool - ol . ! 1’0 i0°0 220
ITHEAR MTTT ] TITT 1 Ty T T %79
= - pogsa" : I
L P R
— R —
— e X ~ro
n Re - -]
... a oo : s~ ]

L SﬁmzumzooIV\ —]

{\\. . " . Mk c'lll.ll.'lllcl!!!l |~T—

l B?J. - <.~.... . p—
B 4 40661 = FUNLVHIANIL ) N

B 23§~ 514/018 Gt = XA ]

= : ) | a
o= 1R 1 T O I O OO 1 O 0 2 O 1 O O = A

3ISNOJS3EH, FONLINGWY  JALIY13Y

.ﬁh‘.“

I¥-24




]

o0l

- JANLITdNY HOLO3A (40 G1) 038~ L4/Nlg G20

ol

o]

e

sd9' AON3INDIVS
o

100

e

HTTTT 1]

-~

11

S

T

]

QILYSNIdNOD \

02

N

/

19341Q

w7

[ —

I

5

e

-

/

VA

400G6I=3uNnlvd3dN3aL
03s314/018 S1=Xn74

\\:;r_ |

IR}

it dt

_

LU

_

QELYSHEJWON QY TORMIA-NOTIVINVA XYId mﬂﬂHomam q0. mqq ISVHd ASNOdSHY —~ 8 BMODIA

ov
09
08’
ool
ozl
obi
ool

oal

b3

OV JSVHd

;’f-':f-'

IX-25




NOILVSNEJIWOD HWIL ONOT HIIM INJINI JTLIS OL ISNOJSHY 6 2Indng

) ~‘..;.m_..=_-1“u.m».l— Fon
....cv..;.r. T 3 % - IR

dn o3s t4/01§ GGl
: NMOQ D35 14/M18 G
uozqzo FORE
_._:,r hiit R

1

AAFAANNAAARNPANRAL R
NGV VYTV VYV Y Y

IX-26




. NOILVSNEJIWOOD HEWIL
DNOT HIIM SNOILVIYVA XNTJ 2¥VALITIY O1 ESNOJSHY 01 aandg

Lok .QDUMWPm::mom.
“i:: NMOQ 938 14/m1g §bl
39NVHD xDJu

e o

_.*.____.___...___.___________—__ﬂ__——__u___—_h______”.__..____.,___._.._...._. N
__.::::::::?:.:::.:,:::,._:__3_:::___:::::r :..E:.:E:::;::_:::::_::,ﬂ ::::_::_:z,:_::::E::::E::__. ,

sda
quo_m 3

L CTunols -
o T ISNOdS3Y 03IVSNIW0D 1D I

wmzommwx m...n_:ouozmul._. w :

IX=27




SECTION X

VIBRATION ISOLATION OF
FLUSH DIAPHRAGM PRESSURE TRANSDUCERS
' USED ON ROCKET MOTORS

by

, Steve Rogerd
Jet Propulsion Laboratory
Pasadena, California




WEBBETON . ITSOLATION.
FLUSH  DIEAPHRAGM PRESSURE TRANSDUCERS
- . usged on ‘
ROCKET. MOTORS

Steve. Rogero"

' JET PROPULSION LABORATORY.
Pasadens, . Californla.




VIBRATION ISQLATICN' OF TLUSH DIAPHRAGM
PRESSURE TRANSDUCERS USED.ON ROCKET MOTORSL

Steve Rogero
Introduction

Pressure measurements made in the presence of high acceleration
forces, e.g., rocket motor chamber pressure measurements’ made during un-
stable combustion, can.be sériously degraded by a transducer’s -sensitivity
to acceleration: - Attempis to separate that portion of the signal produced
by real pressure  from that portion which is  produced by vibration are sel-

- dom satisfactory.  The most.direct-solution” to the problem is to keep the
transducer isolated.from vibration by using .a shockmount of scme type.
This discussion will include generdl and specific:information on the de-
sign and evaluation of .shockmounts: for flush diaphragm pressure-trans-
ducers which have been.develcped for use on programs at JPL.

A portion: of: the: Rocket.Motor Injector. Research Program conducted
by the. JPL Propulsion Research Section:.used a pentaboraine=hydrazine
propellant’ combination resulting. in' a series of extremely "rough" runs
(Ref. 1).. Chamber:pressure data recorded during this series of runs
seemed highly suspect, and.several of the.very rugged Model 352 Photocons
were damaged by exeessive vibration.: On subsequent runs Model 352's
mounted in blind taps (rigidly attached to. chamber wall, but-not exposed
to pressure) yielded cutputs up to 50% of transducer full scale due to
vibration alone. Tests of 352's on the "high g generator" (Ref. 2} at
levels up to 1000 peak gs.confirmed the manufacturer's stated transducer
acceleration sensitivity at from .801% to..002% of full scale/peak g.
Concuwrrent with the transducer acceleration sensitivity tests the develop-
ment-of a-shockmount for use.with flush'diaphragm transducers was begun.

Photocon "Shockmount. . ‘The first attempt-at-isolating the tremsducer
resulted In & mount similar in-principle to”that shown in Slide 1, but
with a different clamping and padding arrengement. The isclation char-
acteristics were relatively poor, and there was little vibBration-attenua-
tion below 8 keps.' Even sos pressure data taken using this mount were
far superior to that taken with.the transducer rigidly mounted. Refine-
ments in the original design produced the arrangement shown in Slide 1,
and vibration testsiwere conducted to determine the best material, thick-
ness, etc. for use -as.padding in the shockmount. .These tests were con-
ducted.on a ling wvibration table using a dummy tramsducer of the same mass
and shape as a Model- 352 Photocon or, in some cases, the transducer itself
with water-filled connecting lines and cables. Instrumentation consisted .
of . accelerometers mounted .on the table and .on.the transducer, or dummy.
Inputs to the mount were held constant at 10 -peak gs over the range from
50 cps to 10 keps. The isolating characteristics of the mount as deter-
mined from these tests are shown in Slide 2. These characteristics were

1from Technical Report No.' 32-624 entitled "Measurement'of the High-
" Frequency Pressure Phenomena Associated with Rocket Motors” by Steve Rogero,
Jet Propulsion Laboratory, ‘Pasadena, California, May 196L4.
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checked at meximum. shaker output (up to 50. peak gs) and found to'be the
same as for lower levels.

The fixture: to which the shockmount was .attached: during vibration
tests allewed pressurizationof the mount-to 500 psiforthe  purpose of
‘simutating the chamber. pressure seen dur:mg actual runs. (The area of
' the 'mount exposed -to. chamber. pressure is approximately. 1e5 in?; thus for
every 180 psiof chamber pressure there was a:150 1b. "preload" on the
pads. ) "Asrexpected,: an increase . in' chamber pressure produced. an” increase
+in the. stiffness of the: rubber. pads. anda corresponding inerease in the
*resonant” frequency {fy) of the mounts With the 8/8.inch neoprene pad
the fy increased. on the. order:of 150 to 200 cps for each 100 psi increase.
in chamber pressure, .i.e.,. from 250 cps.at zero psig.to 950 cps at 400 psi.

Since -the sheckmount..is a..simple spring.mass:system-and its resonant
' frequency proporticonal.to.the .square root of. the spring constant

1 |z<
fr = 2% NH

d

it was' thought' that-by using softer rubbery:the spring constant; and hence
the resonant: frequency. could be.lowered.~ Silicone’ rubber: pads 178 inch
thick in Shore~-hardnesses.of 20,.30, and 40 were cbiained and-the char~
'acterlstlcs compared with that of necprene” (appmmtely 55 Shore-hard-.
ness) s~ The results were. somewhat disappointing in-that no 1ower1ng of
resonance’ ocourred. .The: reason becomes apparent upon” inspertion of the |
curves in Slide 3. For although the silicone is quite soft by comparl— i
son with the neoprene when .both' are in -the relaxed state,-there iIs little
differente in spring constants when both are subjected torthe compressive
- forces.present-at 300 psi chamber pressure. Since the neoprene is generally
more durable, exhibits better damping, and is. easier.to.obtain, it was
used in all subsequent tests. In all cases the 'use of two or three lami-
. natipns exhibited better characteristics (especially with regard to damp-
ing} than-did a single thickness. =~ The use of more:than three laminations,
however, ‘showed mio” appmc:.able Amproverent and was “considerably more dJ_f-—
ficult~to assemble,.with:the trensducer,. intothe mount.

‘In evalua'tmg the:. characteristics of the shockmountduring actual
mn condltmns, ‘accelerometars were” munted dlY‘EC‘tly on the mOtor d'lamber
lated pownt:x.cm of the transducer, Da*tra xecorded dt.mmg urigtable ‘runs indi-
cated .peak g levels on:the’ chamber of from 28080 to 6000:gs with attenua~
_tion by the' shockmount ‘of . from 2:1 to 10:1. The accuracy of the vibration
data (generally in the.10 keps to 20 keps range) may have been severely
~compromised by~ the: frequency response capabilities-of: the tape- recordmg
systemn (d.c. to 10 keps):. Some examples of pressure-data recorded using
Photoron tremsdisers «in hard and ‘soft” meunts. are. shown- in Slide %.

#*Resonant. freguency as used here. refers to'the- frequency at which
“amplification” is at-a maximum.
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Pressure Compensated Shockmount. - It was apparent from information
gained in evaluatlng the original transducer  shockmount that a serious
limitation in lowering the resonant frequency of the mount was the pre-~
load placed on the: springs (or pads) by chamber pressure. Much consider-
ation was given-the possibility of. somehow.compensating for. the effect of
chamber pressure, with the .end result shown—in Slide 5 (a rather complex
design in terms of seals-and. assembly, but straightforward in principle).
Through a series of passages in the 1ower’portlon of the mount; chamber
pressure is allowed to act on the area A, which.is- 7r(r~2 - rlz) Then,
if the area“Ap; directly exposed. to:ch r pressure, equals the area A,
vented to ¢hamber pressure, the upward force.normally exerted on the
mount will be cancelled. (For A, to equal A1, rp must equal y 2ry J.

With the prelcad thus eliminated, the spring constant of the upper pads
(silicone’ O~-rings) may.be very low and, as was learned from tests, the
pads are required only”to.rePosition'the transducer in the event it

should be displaced by instantaneous differences in pressure on’'A; and

Ap. A prototype-shockmount was constructed and tested in the  same manner
as the original Photocon mount. - The effects of neoprene”and silicone

pads and seals: were evaluated as well as the changes in resonant frequency
with the addition of mass to the suspended portion -- with the following
general conclusions:

1. (Slide 6) The pressure-compensated mount accomplished vibration
isolation characteristics comparable to that of the-existing Photocon
mount with only 1/20 of “the mass. Similar compensation on-tlie Photocon
mount should result in a rescnant frequency below 100 cps.

2. Spring constant characteristics {at 300 psig simulated chamber
pressure) are dependent on the type of seals used rather than the pad—
ding material. In fact, at .chamber pressure, removal of the positioning
seals does not affect the resonant frequency. It appears that as the
seals are compressed they grip the sides of the adaptor and in the pres-
ence of vibration. tend to distort rather-than slide.

3. (S8iide 7) Without pressure compensation, the shockmount reso-.
nance would be greatly increased and the isolating capabilities reduced.
This can be seen where the compensating holes were plugged'and all rubber
except the lower seal.and upper pad were removed: This condition is
worse than if the . transducer were rigidly mounted to the shaker of
' chamber wall.

As a supplement to the information obtained .on the vibration table,
several tests were conducted to evaluate the shockmount on the side and
end of the shocktube.. Slide 8a shows the response of a Kistler Model 603
rigidly mounted to the side of the shocktube. Slide 8b shows the output
of the same' transducer in the same”location-with the diaphragm blanked.
The output here is due to vibration alone. Slide 8c is the output of the
same Kistler mounted in the pressure compensated shockmount. Slide 8d
is the output of a shockmounted Kistler with blanked diaphragm. Slides
8e and 8f are the outputs of blanked.transducers which were respectlvely
rigidly mounted and shockmounted on the end of the shocktube.
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A trensducer installed on'a rocket moter, or shocktube, may see
accelerations from one or both .of two sources, l.e., transm1ss1on through
the supporting structure, 'in the case of rigid mounts, or an imbalance
of foice produced by a pressure differential .across the suspended portion
of 'a shockmoonted adaptor. The latter situation is especially noticeable
in the case of a' low mass system (such as the Xistler) exposed to high
amplitude pressure spikes or steps. Proof of the acceleration source can
be seen in Slide 8g, where the shockmounted porticni.as well as~the trans-
ducer itself was blanked off in an end mounted configuration. ' (For this
test as well-as the others illustrated-in 3lide.8:the downstream section
of the tube was pressurized to 150 psl prior +to:passage. of -the shock-wave.)
 The shockmonnt  was. exposed to wall vibrations only, and;-as: Slide-8g in-
dicates; decoupling between.the end plate:and:the transducer was such
that the output:due to vibration was negligible. Acceleration:due to -
forces .on’ the transducer itself can be reduced by inereasing-the mass - -
of the suspended portion. . .The-use of Mallory 1080-(a tungsten-copper
alloy) in the adaptor would increase the mass three times and-result in
'1/3 the acceleration output ‘fora given’ force. A side effeect would be
a reduction-of .the shockmount rescnant frequenty by _L

. ‘!3

The pressure compensated shockmount ‘appears qulte usable: This
basic design; with a.few minor-changes to facilitate its operatiocnal
use, will be incorporated into-the instrumentation system on forthecoming
instability tests.

Conclusion

Qutputs due to: vibration can comprise a sipnificant portion of the
pressure data taken on rocket motor runs. The separation of vibration
induced signals: from real pressure data is difficoit, if not impossible, .
and should only ‘be attempted by comparing the output of~a Ylive" trans-
ducer with the output.cf a similar blanked -trensdocer mourted nearby.
Transducers can end should be shockmounted -whenever possible, however,
shockmounts ‘must be “carefully evaluated to prevent a possible worsening
of the vibration environment.
Slides:
1. Photocon shockmount used.en: RMIR program.
2. Isolating' characteristics ‘of variocus Photoeon~shodkoant-configurations.
3. Compressibility of materials used in Photocon shockmount.
b,  Acceleration-effects In the output of & Photeocon transducer.

5. Pressure compensated transducer shockmount.
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6. Isolating characteristics of pressure compensated transducer shockmount.

7. Isolating characteristics of shockmount with-and without chamber pres-
sure compensation.

8. Shocktube evaluation of pressure compensated shockmount.
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Abgtract

This paper defcribes a miniature pressure transducer suitable for measuring
fluctuating pFessures on the surfaces of axial flow compressor blades and vanes.
The 1/8" diameter transducer is of the capacitive type fabricated from two layers
of metalirzed "plastic film. Fluctuating pressures cause displacement of the outer
film. This motion is resisted by the spring action of air trapped in microscopic
cavities in the mating surfaces. The combination of low diaphragm mass and high
spring rate of the tiny air cavities results in a very high natural frequency.
Transducers with fundamental natural fregquencies greater than 100KC have been
tested on the rotating blades of a 28" dlameter single stage compressor at speeds
up to 10,000 rpm. The transducer fabrication and installation techniques sare
described in detail and experiences gained in calibration and use are related.
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Pratt & Whitney Aircraft.

“Tmprovements in Plastic Film Pressure Transducers”

Fl

Introdugﬁion:

One phaéb of efforts to reduce axial flow turbojet compressor noise included
researchi into noise generating mechanlisms using single stage compressor rigs.
Barly in the program it was ledarned thet a major component of the nolse was
due to the cutting of stator wakes by the rotor, and vice-versa. Since ex-
perimental date was needed of the transient serodynamics on the surface of
airfoils, & program was begun to develop a film-type pressure transducer which .
could be placed on The blades and vanes of axial flow compresgsorg. :

The Instrumentation Group at Pratt & Whitney Aircraft had gained congiderable
experience in strain gage systems {references 1 and 2). In order to bake

. advantage of this experience it was decided that: (a) the transducers should
be appligd to alrfoil surfaces in a manner simiiar to bonded strain gages, and
(v) signals should be transferred from rotating parts using existing slipring
aggenblibg. The program with these objectives has been successful. Multiple
transducers on blades and vanes have operated satisfactorily for the durstion
of a 30 hour compressor test. It is the object of this paper to describe the
febrication and installation of the transducers and o relate some of the ex-
periences gained in their calibration and use.

II  Requirements:

A. TFrequency Regulrement

A fllmetype pressure transducer insialled on rotating blades or stationary
vanes mist respond to & succession of wakes from the upstream cascade of
airfoils. An example of measurements of wakes from rotor blades made with a
hot~wire anemometer in a compressor rig is shown in Figure 1. The frequency
regponse of the hot-wire anemometer system was adequate for measuring the wake
widths, but not the heights. Both of these would be needed to determine the
frequency content of the signal. In order to determine the highest frequencies
present in sharp compressor blade wakes, the waveform wes represented ideally
ag a pulse as shown in Figure 2. The number of significant harmorics contained
in the pulse were determined amalytically. "Significant” harmonics were
arbitrarily defined as those having levels within 20db of the fundamerital.

This resulited in the relationship

n = 4.5

g,
where n = The highest significant harmonic number

d = Pulse duty cycle

Returning to Figure 1, d Tfor the sharp wakes was measured and found to be about
.08. Thus n, the highest significant harmonic, would be 55. The highest wake

Wumerzals iIn parenthesis refer Lo references cited on page 1L
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_ Pratt & Whitney Aircraft , .z

passing Trequency antlcipated was 5000 cps. Significant harmonicg would
extend t0 55 x 5000 eps, or 275KC.

B. Bensitivity Requirement

The amplitude of the pressure fluctuatfion to be measured was estimated from
___compressor noise dava, at from 0.1 to 10.0 psi peak-to-peak. The minimum T

acceptable transducer output for adeguate rezolution on the proposed readout '

equipment was about 10 millivolts., Thus the minimum transducer output would

be 10 millivolts for a pressure sigunal of 0.1 psi peak-to-peak, or 10O mv/psi.

C. B8ize Reguirement : .

1. TThickness

Because its intended use was to measure pressure Fluctuabtions on the

surface of airfoils, the dimensions of the pressure transducer were to

be minimal. A study of the effects of finite transducer size was made

by Burpo (3). For locally faired transducers located along the chord

from 1O to 100% of the chordal distance from the leading edgz and for

upstream Msch number less than 0.4 it was shown that a probuberénde.

height less than .5% of chord would have less than 1% affect on the -
pressure prefile as determined from overall performance measurements.
For a typleal compressor chord length of 2.5% the transducer height
would be restricted to .0125" using this eriterion. The effect of loecal
disturbances could be reduced by use of a sleeve extending from the
lesding edge 4o the ftrailing edge over a portion of the sirfoll span
with' the transducer diaphragm flush with the sleeve outer surface. This
would result in a smooth axial surface bui wouild present an cbsiruction
to spanwise flow in the boundary layer.

2. Diaphragm Area

The diaphragm diamester would have to be small to avold ultrasonic directivity
effects, and to reduce the effects of averaging. At ultrasonic frequencies - C
pressure perturbation wavelengths would approach the diameter of even
the smallest transducer. When ithis occurs the transducer response depends
upon the direction of incidsnce of the pressure wave. For example, in

" the transverse direction one can imasgine that for a sinuscidsl wavelength
exactly equal to a sub-multiple of the diaphragm diameter, the average
diaphregm displacement would be zero. As the freguency is increased;, the
net output for non-sub-miltiples would come frow smaller and smaller
portions of the diaphragm which would in effect reduce the sensitivity.
For the normal direction of incidence, however, there would be a pressure
doubling due %o reflection of the incident wave which is independent of .
frequency. The 1imit of smallness of the diaphragm diameter would be : —
that imposed by sensitivity and handling requirements. '

D. Weight Regquirement

The steady accelerstion that would be experienced by a transducer mounted on
e blade of a 28" dismeter rotor was calculated to be gbout 40,000 G at the
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highest rig speeds, (10,000 rpm). The transducer would have to be strong
enough and light encugh to remain undistorted while subjected to such
accelergtion. Also the adhesive used between the transducer and the airfoil
would be required to have a great enough shear strength to keep the transducer
in place. These requirements were met im the capacitive film type transducer
described herein.

IIT The Transducer:

A, Ceneral Considerations

In order Ffor = capacitive pressure transducer to have a uniform response with
frequency, the motion of the diaphragm would have to be stiffness controlled
with the nstural frequency considerably above the upper end of the desired
passband. This was achieved by using a method developed by Wright (). High
stiffness resulted from the use of microscopic air cavities typified by the
diagram -in Figure 3, which was reproduced from reference L. Each tiny

cavity cgntains a volume of air having great stiffness due to its small size,
The capacitance hetween the upper surface of the Mylar and the bottom of the
ecavities is & function of the separation between them. A fluctuating pressure
on the diaphragm causes small motions of the diaphragm thereby fluctuating

the capacitance. A method developed by Schultz (5), which used a deliberate
air cavity was tried, bul an upper natural frequency limit of 20KC discouraged
its adaptation to our needs. Flezoelectric transducers were also investigated
but were found less desirable than the capscitive transducer because of their
greater acceleration sensitivity.

B. {Construction and Fabrication Details

A sketch of a film-type pressure transducer is shown in Figure L, It comprises
several layérs of metal and plastic film bonded together with adhesives. The
base layer is 2 mil Mylar which serves as both a base material and an Insulator.:
The center electrode is aluminum foil molded over a base made of Armstrong
cexment. The cenbter conductor is connected to the electrode with silver con~
ducting paint, and bonded to the base layer with Eastman 910 cement. The oo
conductor is covered with a bondsd 1 mil layer of Mylar. The diaphragm
material, l/k mil Mylar, is installed after stretching it in a jig shown in
Figure 5. The Jjig has a rubber tipped plunger used to press the stretched
digphragn into place. HEastman 910 cement is used ag dlaphragm adhesive

pecavge of its quick-setting properties. The thiclmess of the sensitive
portion of the transducer is less than .0L0", and its diameter is 1/8".

C. Attachment to a Surface

Eastman 910 cement was also used to attach the transducers to airfolls,
examples shown in Figures 6 and 7. Since the trangducerg were pliable, they
could be attached to curved surfeces having & little as 1/4" radius.
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IV  Installation and Signal Transfer Technigues:

AD

Leadwires

Ieadwires were installed in much the same way as the transducer. A small
ribbon or wire conductor, sbout .003" diameter, was found necessary to reduce
shuwt capacity. The conductor was sandwiched between layers of Mylar. The

sandwich was bonded to the surface with Bagtman 910 cement. FElectrostatic.

shieldinguwas provided by a layer of silver conducting paint contacting the

bare metal surface of the airfoil at the edges of the assembly. The flat
leadwork was gpliced to smzll diameter coaxial cable at the first possible
point vhere there would be no obstruction to airflow.

B.

Sliprings

When the ftransducers were installed on #otating parts, the small diameter
cogxial cables were routed to a gliprimg through a hollow shaft. A photograph
of a slipring assenbly is shown in Figure 8. A standard PWA slipring was
arranged to use coaxial cable externally as well as internally. The only

- 8ignal conductors which were unshielded were the brushes and rings bhemselves.

C.

Eleztronics

The output of a slipring channel was connected to the cathode Tollower of an
Altec DC biased capacitive microphone system. This system is schematically
illustrated in Figure 9. In stationary installations, the cathode followers
would be put as cloze to the transducers as possible. The low frequency cutb-
off using this system was calculated to be less than ore cps.

v Dynamic Charscteristics:

A,

Since this transducer was developed for a specific application, determination

Introduction

of its dynamic characteristics was limited to the specific reguirements. The

_ transducer was treated as part of a measurement system, and calibrations were

performed which included: the transducer, leadwires, electroaic circuit, and
readout device. The various calibration techniques used are described below
including an attempt to determine the effect of asrodynamic performsnce of
the suppcriting surface upon_the dynamic characteristics. This was consistent

with the philoscphy that the transducer included the pressure gage itself,
its physical support, and its coupling to the pressure source.

B,

Calibration Techmiques

L. Shock Tube

Primary calibration of the pressure transducer was accomplished with the
gshock tube shown in Figure L0. The shock tube used .C004" Saran as the

KLl




Pratt & Whitney Aircraft

dizphragm material, Provisions were made to evacuate or pressurize the
tube on either side of the dlaphragm. In normal use, the short end was
pressurized to about 1.3 atmospheres. The diaphragm was rupbtured with a
plunger causing a low intensity shock wave to propagate down the tube to
the end-mounted transducer. The transducer was consequently subjected

to & pulse of 5 millisecond duration having a rise time of less than one .
microsecond. A plot of the respomse of a transducer o the leading edge
of the shock pulse is shown in Figure 11. From ithis data, The transducer
"rigse-time" and sensitivity were determined directly. A method of getiing
from the time domein to the frequency domasin described in reference (6)
was used to obtain the frequency response plot shown in Figure 12. This
shows a flat response within *3db to 34OKC.

2. HElectromagnetic Calibrator

In-vlace sensitivity checks were made using a modified warning device
comprising an electromagnetically actuated hammer striking = flat plate
at the rate of 120 c¢pg. The noise thus generated was transmitted to the
transducer by means of a high pressure flexible hose. The end of the air
hose’ was tightly beld against the transducer as shown in Figure 13. Amn
0" ring seal was used to protect the transducer and assure repeatability
by preventing leakage of sound. A typical calibration is shown in

Figure 14. The initial pulse of this waveform was produced when the

hammer struck the steel plate. This caused the plate to "ring” until

gtruck again. Thls apparatus provided a means of checking sensitivity with
an accuracy of #5%, but no rise time measurements were possible due to the
low operating frequency range.

3. .Bpark Calibrator

A modified aireraft spark plug was used to produce a gpark which could

be used to check the transducer rise time. Use of the device 1s iilustrated
in Figure 15. A typical transducer output is shown in Figure 16. The
reader is referred to reference T for further debtalls on this method.

Sensitivity

1. Manufacturing Variations

It was found that the sensitivity could be affected by manufacturing
variations, An unusually irregular electrode surface resulted irn increased
sensitivity, while seepage of adhesive between the diaphragm and electrode
cauged reduced sensitivity. A sensitivity of 100 mv/psi was generally
achieved.

2. Stebility

A ghelf-1ife invegtigation of the stabllity of sensitivity is currently
underway. Preliminary results irndicate a drift toward greater gensitivity
occurs during The first week. The effect of aging beyond one week appears
to be small. The effects of ambient pressure and temperature changes have
not yet been adequately checked.
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D. DNoise

1, Electrical Noige

Electriczl nolse was not a problem in stationary installations of the
transducer. Noisge in a rotating installation consisted almost entirely
of once=-per-revolution pulses produced by the slipring. Recernt minor
modifications to the slipring arrangement hgve lowered thig noise to 5
millivolte peak-to~peak.

K. Acceleration Sensitivity

An investigaition was made to determine the possible side effects from the
mounting of the transducers on vibrating parts wherein the transducer would
behave like ar accelerometer. The acceleration sensitivity was computed as
follows:

The equivalent inertis force per unit area of the diaphrasgm is the product
of its mass and acceleration divided by its area, or:

p=06g

Where: . = mags per unlt ares
G = acceleration in G's
g = acceleration due to gravity
P equivalent inertis pressure

This result is the same by Rule et 21 (7) in the evaluation of acceleration
- response of capacitive pressure transducers. It was fourd that the cal-

culated "and measured acceleration sensitivities were in good agreement. This S

—— wag true for frequencies well below the natural frequency.

The mags per unit area of the l/h mil aluminized Mylar diaphragm mebterial
was about 0.392 x 10-6 slug . Solving for P/G:
gq. in.

Acceleration sensitivity = g = 12.65 x lO‘épsi PET £

Tt would take 2 vibration amplitude of 4 mils at 5000 cpg to give an acceleration
output corresponding to the pressure threshold level of 0.1 psi.

F. Aerodynamic Effects

1. Test Apparatus

It was desired to find the effect of aerodynamic performance of the
supporting surface upon the dynamic characteristics of the transducer.
Some preliminary work was done using the apparatus showa In Figure 17.

A free Jet and a spoked wheel were arranged to providé 4 flow interrupted
by sherp wakes. The wake passging freguency was controlled by wheel speed,
and the jet velocity was varied up to Mach 0.2. The surface to be tested

XI-6
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was held in the fres jet Just downstresm of the spoked wheel. Tesis
were conducted on both an alrfoil-mounted and a ceylinder-~mounted trans-
ducer. Observations were limited to the amplitude of the fundamental
of wake passing frequency. Controlled variables were: Jet velocity,
wake passing freguency, anguler position of the transducer relative to
the leading edge of the cylinder (€), and angle of incidence of the
airfoil chord (e ¢4)-

2. Some Interesting Results

Results Ffor the transducer mounted on the cylinder at & =110°, given in
Figure 18, indicated that the output was a function of freguency. The

“actual Frequency was in the transducer flat freguency response region,
yvet there was g peak in the response occurring at a value of-fd/V = .2,
which corresponds to the Strouhal number for vortex shedding from a
eylinder (9). The frequency response for angles other than & =1107%
gshown in Figure 19, shows a strong & dependence. Results for the airfoll
given in Figure 20 indlcate the presence of a similar peak, corresponding
to fb/V = 4, the vortex shedding reduced frequency for the airfoil (10).
Additional peaks (not Shown) were noted at blade vibrating resonant
fregquencies. The transducer was placéd on the convex gurface midway
between leading and trailing edge.

While these tests were not considered conclusive, they indicated that
transducers with lower natural frequencies, and resultant higher sen51t1vit1es
might be useful when installed on & convex surface of airfoils, since
the frequency response of the surface appeared to be a function of the
vortex shedding freguency. The vortex shedding frequency would be guite

“low comparéd to the frequency imposed by sharp wakes.

Applications

Currently, film-type pressure transducers are being used on compressor blades
and vanes at Pratt & Whitney Alreraft. Presgure fluctuaticn dats is being
gathered relevant Lo compressor blade stall, vibration excitation, and noise
generation. Some sample results of the spectra obtained in a single stags
rig are shown in Figure 21.

Conclusion

A high frequency-response film-type pressure transducer has been developed
which ig suiteble for mounting on serodynamic surfaces with negligible
aerodynamic interference. Although the effects ofl environmentel changes such
as pressure and temperature have not been fully evaluated, it has been possible
to obtain data which has proven useful in compressor development and noise
reduction programs.
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COMPRESSOR BLADE WAKES DETECTED BY
HOT-WIRE ANEMOMETER

.l V/CM.

TIME: 100 4 SEC./CM.

ROTOR SPEED: 4300 RPM

NUMBER OF BLADES
Xp-38551 IN ROTOR-3L

FIGURE |
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SCHEMATIC DRAWING OF A HIGH-FREQUENCY
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FILM PRESSURE TRANSDUCERS MOUNTED ON JTBD StcanND STAGE
COMPRESSOR BLADE.

5/14 /64 XP-3872Y4
FIGURE 6
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FILM PRESSURE TRANSDUCER RESPONSE
TO SHOCK TUBE STEP PRESSURE PULSE OF 4.6 PSI

Ol V/CM

TIME - IO M S/CM.

XP-38952

FIGURE I
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2 CLECTROMAGNETIC CALIBRATOR FOR FILM PRESSURE TRANSDUCERS.

XP=-38723

FIGURE 13




OUTPUT OF FILM PRESSURE TRANSDUCER
USING ELECTROMAGNETIC CALIBRATOR

5 MV/CM

S

TIME = 2 MS/CM INTENSITY OF HIGHEST
AMPLITUDE 1S
.523+ .026 PSIi

XP~38954

PEAK — TO— PEAK

FIGURE 14
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FILM PRESSURE TRANSDUCER RESPONSE
TO CAPACITOR DISCHARGE SPARK

Ol V/ CM

TIME: 2 4S/CM

FIGURE 16

XP=-38953
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SAMPLE FREQUENCY SPECTRA FROM A FILM TYPE

PRESSURE TRANSDUCER INSTALLED IN A JT8
SINGLE STAGE COMPRESSOR TEST RIG

TRANSDUCER LOCATION: JT8 FIRST ROTOR BLADE,
CONVEX SIDE, 9C% SPAN,
50% CHORD

RIG SPEED 5,000 RPM 8,000 RPM 10,000 RPM
’ N SN WIDE OPEN
DISCHARGE

APPROXIMATE
PER CENT OF PEAK
PRESSURE RATIO

B PE Ak
} PRESSURE
4 RATIO

FIGURE 2lI
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SUMMARY

Ary transducer has [imited oulput in both frequency and phase response. These
Itmitations, if undersicod, can serve az ameans of selecting the proper sampling
rafe for o Pulse Code modulaiion telernetry syztern.

Studies have shown thet the proper sampling rote is a function of the ﬂ"equency
characterisiics of the input data and the degree of accuragy desired in the
recovered data. This accuracy is determined by an Interpolation process
whizh determines what hoppened beiween samples.

The interpolotion error is made up of two parts, errors of omission and errors
cf commission. The error cof omission is purely those oritled by various filters

n e ingtrumeniciion system. The iransducer is cone of these filters. If we
&cul‘.d determine the frequency charocteristics, in both pkase and emplitude of
o fransduzer, we could maich it to the methemctical filters used in a previous
study to defermine errors of omission. This would chow ¢ degrading of accuracy
az the cul-off frequency of the transducer was reached. Why then, choose your
sempling rate af some value fo vield higher accurocies than pessible.

These problems, along with a methoed for determining the frequency and phuse
respense of fransducers, wiil be explored ond exemples of the results given.
A typtual example is an accelometer with o natural frequency of fifteen cycles,
whisw is only geed enly to 1.4 cycles of 1% when excifed by second order data,
Yei tre accslometer iz relatively flat o 15 cywles. If 1% date iz desired, why
then use ¢ frequency obove 1.4 cyzles for determining the sampling rate.
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INTRODUCTION

Before attempiing to use a sampled data system, the errors due to the sampling
process should be known and understood. These errorsare a result of connecting
the output samples fogether with some kind of o line. The resulting waveform
does et maich the continuous input waveform. The process of connecting
these samples is known as interpolation and the difference beiween the input
and output waveform is known as interpolation errors.,
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THE SAMPLING PROCESS

I¥ data exisied as described by the sampling theorem and if ideally sharp
z utoff Fllters could be builf, there would be no interpelation error. The sampling
theorem stoles: "2F samples per second suffice to represent perfectly and
perrmit perfect recovery of a rime function, if that time function contains only
frequency componenis below F cyzles per second'. Figure 1A shows the
spestrum of ideal data as dezcribed by the sampling theorem which has "'only
weguennies below F cycles per second,

Figure 1B shows the frequency specirum of idecl data after it has been
sampled. The series of specira following the ideal spectrum are o result of
e sarnpling frequency plus and minus the data frequensy, and tts harmonics,
Theze images are szimilar to the spectrurn of the input data. The relative
reight of each of these Images is a function of the sampling time compared
with the Firme belween samples. Since there is no overlop or *foldover!' between
ine original data and its sompled image oround 2F, there is no interpolation
error.,

In aciual practice, however, data looks more like that in Figure IC. I¥F is
chosen o be the 3 db point en the curve, one can see that o considerable amount
ot spectrum exists above F. This spectrum will produce large errors if the
sarrpling rate is only 2F, as sesn in Figure 1D. The amount of overlap, as
ween on these two curves, is whol !s known as foldover or aliosing error. A
better name for this foldover s erreors of commission’’. This error can
be reduced by increcsing the sampling rote or by utilizing o low=pass or
pre-sompling filter, The cutoff characterisile of this filter is arranged so
the frequencies above F are reduced before the sampling process is performed,
Unfortunctely, rowever, this filter tends to remove or shift the relotive phase
ot the desired spectral components ond omits port of the original specira
producing “errors of omissiert', This, however, is only part of the errors
of omissicn; zince the same type of emission will ke mode when an interpolation
“ver i3 used in the output of the digital system. The sum of these errors make
up the interpolation error and are illustrated in Figure 2.
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PRE-SAMPLING FILTERS

The errors of omission due to the pre-sampling filter is the one of interest
for this report. It has been generally noted that most users of sampling systems
are lead to a false sense of security when they use a pre~sampling filter. When
in actuality they do themselves harm by omitting part of the input data. This
damage is usually greaier than the errors of commission would be if the
pre-sampling filter were not used. The real answer to the proklem is to increase
the sampling rate to the point where the errors of commission are below the
desired accuracy. In order fo siudy this matter further we will divide the
reguirerent for pre-sampling into two categories:

A. when the signeol into the filter is not contaminated by unwanted interference,
B. when the signal into the filter is contaminated by unwanted inier ference,

PRE-SAMPLING FILTERING WHEN ALL OF THE SIGNAL INTO THE FILTER
IS WANTED: In the case where all of the signal entering a pre~sampling
filter is wanted, it is apparent that the filier must distert this wanied signal;
i.e., introduce error, if it is fo do anything at all. However, by considering
the interpolation process, it can be seen that attenuation of the higher~frequency
content of the dafa can reduce the '*foldover error'! or errors of commission,
Thus, the question is whether this reduciion in interpolation error is sufficient
to counteract the errors of omission iniroduced by removing part of the high
frequency confent.

Spilker, Reference 1, has determined that when Wiener optimum pre~sampling
filters are used in conjunction with Wiener optimum interpolation filters, a net
gain can be realized as compared to the same process without the pre~sampling
filter. The amount of gain varies as afunction of data characteristics, Typically,
with third order data, an optimum system using pre-sampling filtering can,
with @ 10% lower sampling rate, achieve approximaiely the same accuracy as
an optimum system without the prew~sampiing filter.

— e mem R mma me rem S e e e M e e e e AR S S AR G B e M B e A e s e e Smt Sme mme e

Ref, (1} “Optimization and Evoluation of Sampled Data Filters' by
J. J. Spilker, Jr., Lockheed Aircraft Corporaiion Report LIMSD-48335,
November 18, 1958.
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Unfertunately, most systems cannet afford the complexity imposed by o
requirement of Wiener optimum pre-sampling filtering. The case in which
simple lumped-parorneter filters are used as pre-sampling filters is con-
sidered in Reference 2, In this case the complexity of the problem precluded o
rigerous general mathematical solution; however, the resuvlts achieved indicate
that use of pre-sampling filters of the simple variety considered {(Butterworth,
Gaussion or binomial) is not desirable since the additional errors of omission
caused by these non-optimum filters will usually be grecter than the reduction
in errors of commission and in any case only a small gain can be realized.
Because of this, and because of the small gain provided when even an optimum
corfiguration is used, it appeors reascriable toconclude that for most applications
in which all of the data from the tronsducer is wanted, a pre-sampler filter
should not be used.

PRE-SAMPLING FILTERING OF UNWANTED SIGNALS: in many czases the
sigral ex’si'ng or ihe iramsducer lines may contain both wonfed and unwanted
components, The unwanted componenis may be due to pickup from power lines
such as 60 cps or 400 cps ripple or unwanted outobuts from the transducer,
such as vibration when vekicle occeleration is desired. The wanted and unwanted
componenis are often zeparoble by virture of their frequency specira, the
vanted speciral components being principally located in o lower-frequency
region. In such cases o pressampler filier of even the simple variety can be
of value.

Sirme we hove shown that pre=sampling can in general preduce problems, we
shouid atterrot o operate without them. When the woveform to be sampled
zomes from a transducer, it has already been fiitered by the transducer. Why
not then chose your sampling rote based on the transducer os o pre=sampling
tilter? This is possible if a method (s used for selecting the sampling rate,
asz giver in Reference 3. Here a method of more nearly representing data has
peen estobiished., This is shown in Figure 3. The deta spectrum is described

Ref. (2) '"Computer Interpolation Technizal Report No. 2 Pari 2°', by
D. D, McRae & E, F. Smith, Radiotion [ncorporated.

Ref, (3) The Use of Digital Data Sysrems L. W. Gardenhire, 1953 Notlonal
Telemetering Conference.
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es being flat, to a break frequency, f; , beyond which the data has o rolloff of
variows inlmger muliiples of 6 db/octave. These are described as tforders®
of data. In other words, first order dato {m =1} rolls off at 6 db/octave, second
erder data {m= 2 rolls off at 12 db/octave, etc., with m =oo for ideal bandlimited
data, Although astual datamay not fall exactly into one of these orders, it provides
a rethod of cqfegomzuwg data. Even though it may be unlikely that the user will
know chead of time exactly what spectrum his data will have, it gives him
opproximate way of estimating whai his data bandwidth {ond shape) wili be,

The rescrant frequency of the iransducer can be used os the break frequency,
since this is the highest frequency at full amplitude that will come from the
transducer regardless of the frequency of the input data, iransducers roll off
at some db/octave depending vsually on the number of degrees of freedom.
This represents the maximum cose and actuctly if o frequency response
matching the resonance of the transducer is desiredone should use a tronsducer
with bigher freguency response.

By rnatching the spectral response of o given transducer with that of an analog
filter, the errors of omission at a given frequency can be determined. it is
obvious that any filter will in some way alter the data, and this error becomes
greaier oz the break frequency is approached. When the desired accuracy
is less tharn that at the break frequency of the transducer,one should reduce
the data break frequency used for selecting the sampling rate, uniil the errors
of omission are less than the desired aecurazy,Since the transducer hos aliered
the data, it is foolish to choose the sampling based on an error less than that
ot the break point of the transducer. The fransducer cannot reproduce the input
data to any better accuracy, therefore, no matier how many samples are used
the data 13 only as good as the transducer error.
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ERRORS OF OMISSION FOR ANALOG FILTERS

A study has previously been performed (Reference 4) which yields errors
of omission for various filters with different orders of input data. The method
used a numerical integration solution illustrated in Figure 4.

The input, f].-(*)f is passed through a filter providing an output f (t). The
difference between the actual output (which is the input with some ailowable
time delay) is the error omission; eg ().

All functions involved are random waveforms, and the power spectral density
of the input waveform f;(1} is known. The rms errors of omission eg(f) will
be determined. :

The problem can be simplified by considering the input waveform to be
approximated by o large number of small sine waves spaced equally in frequencies
with relative mag_ itudes corresponding in height of the power spectral density
curve at the frequency in question.

The normalized mean squared error for one of these frequencies is given

by

€nms = 2acos (@ + (JT) + a2

where

B/A = attenuation of filter at frequency (/

c —
@ = Phase Shift
T = an allowable time delay

Ref. (4) Interpolation Errors, by D, D.McRae, Radiation Incorporated, Advanced
Telemeiry Study, Technical Report No. 1 Part 2.
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The total rms error of omission can be obtained by intergrating the error
specirum over all frequencies. The normalized rms error is:

oo 1/2
fo S & e () 0
rms ,_ - fo:os(u) a()

wheres:

S{J)) is the origing! data specirum. By operating on the above equations, the
normalized rms error introduced by a given filter for a given specirum,
is obtained, The detailed operation of this process is given in Reference 4,
The dbove process was performead on the following filters:

o Binominal

o Butterworth

o Gaussian or Linear Phase

The spectral shapes cf these filters are shown in Figure 5. A given transducer
may. be matched fo one of these shapes,

For a specific application, we shall match the transducer whose frequency
response curve is shown in Figure 6, This shape maiches that of a 2nd order
Butterworth filter since it is relatively flot out fo its natural frequency, and
the slope drops off at 12 db/octave.
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STUDY RESULTS

The results of the above siudy are presented in Figures 7,8, 9 and 10 for
Butterworth type fitjers. o

To demonstrate the use of these resulis, let us assume that the input data just
maiches the response of the transducer, in other words, it is flaf to 15 cycles
per second and then drops off af 12 db/octave. Referring to Figure 8, with
n = 2 we see that K is equal to 1; when f_ is the cutoff frequency and f; the
information frequency is the same, '

Since the data into the transducer was second order, we now have fourth order
output which has been altered by 35% rms error ai 15 cycles, it would be
undesirable to sample at extremely high rates with this existing error, therefore
10% rms error, due to inferpolation, will be used which gives a fotal error of
36.5% rms. Using Figure 11, which comes from Reference 3, the sampling rate
can be determined. Using linear interpolation at 10% rims, 5 samples per cycle
or 5 x 15 = 75 samples per second would be required. Reducing the error to
35.008% (1% interpolation error) the rate would increase to 240,

If @ 1% rms error were required, 0.707% for the transducer and 0.707% for
the interpolation error, the fransducer would be good up to:

Fo= fo/K =-15/135 = 1.1 eycies

Again if the input dafa were second order and we used linear interpolation,
we can go to the second order curves in Figure 12.'lt should be pointed out
that these curves were calculated for input data specirium with only one break
poinf, Whern second order data of a low frequency is fed info a second order
transducer, the outpui will have two break frequencies, one at the information
breck frequency and one where the information spectrum cross the specirum
of the transducer. |t will then become fourth order data. When however, the
information frequency is low compared with the fransducer break point, the
second break point occurs at such ¢ high frequency liftle error is introduced
if the second order curves are used. in this case at 0.707% rms interpolation
error, 50 samples per cycle or 55 samples .per second are required fo obtain
a total error of 1%.
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Figure 8. Errors of Omission, m=2, Butterworth Filter
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If one were to use a method assuming the accelerometer was flatte 15
cycles cutoff frequency and an error of 1% rms., the sampling rote wouid
be 50 x 15 = 750 samples per second. i is therefore clear that 695 samples
per second have been wasted since the error above 1.1 cycles will always
be greater than 1% no matter how many samples are used.

Using the errors of omission for the subject occelerometer as shown in
Figure 7 through 11, the rms errors vs break frequency is plotted for lst,
2nd, 3rd and infinite order data. These curves are shown in Figure 13.

These curves show the best accuracy that canbe obtained with a given frequency
spectra at various orders,

This of course is a maximum sampling rate which will always be safe in that
any higher sampling rate will not improve the errer. Using a sampling rate
of around 60 samples per second would always make the transducer the limiting
factor regardless of what the input to the iransducer is or what accuracy
is desired. This is an operation that should never be aliowed. If the input
data is that close to the response of the transducer a transducer with a higher
resonance frequency should be used. In actuaiity you should operate at some
sampling rate below this if the characteristics of the deta are known. If for
instance, the order of the input is known, the error mix can be changed by
lowering the transducer error and increasing the interpolation error, thus
allowing a lower sampling rate for o given errcr. The lower line in Figure 14
is for 2nd order data with transducer error chosen to allow ¢ constant sampling
rate. This illustrates that the more is known about the input data the lower
the sampling rate can be.
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DETERMINING SPECTRA OF TRANSDUCERS

In many cases this is a very difficult thing fo do in that the fransducer cannot
be excited with a pure frequency. In the case of accelerometers, it can be
accomplished on a vibration table. However, most calibration curves are not
carried to a high enough frequency to determine the final slope or order of
the spectrum. For many years the [nstrumentation Engineer has aftempted to
overcome this problem by exciting the iransducer with a known input step
function (or nearly so} and in turn measuring the time response of the output.
Graphical methods have been employed to determine the rise time, natural
frequercy, and damping ratios. Such a method 13 described by Tallman,
Reference 5. This process is exiremely tlme consuming. 'In oddition, it is not
possible to obtain enough information akout the roll off characteristics to deter-
mine the final slope or order of the transducer, which is the most important item
for determining which electrical filter tc use as o comparison.

Many analog methods have been employed inaneffort fo determine the frequency
response from a iime response, The Bureau of Standards, Reference 6, has used
a scheme whereby the time response to the step functon of o transducer is
recorded on a magnetic recorder and subsequently repetitive playback of this
transient is fed into an electronic frequency analyzer. This process yieids the
various resonance frequencies of the fime response, but the accuracy of the
amplitude is very questionable, aiso no information is cbtained on either phase
response nor final slope, both of which are needed o determine the fransfer
function fo any degree of accuracy. '

Another method which has been used is a trial and error method of adjusting
analog circuits constants whereby they have the same resonance frequencies
and peak amplitude as the time funciion. This analog eircuit will produce «
response to a step function analogous to that of the mechanjcal system, the
frequency response being the same as thai of the mechanicai system. The
frequency response of this analog can then be determined by measuring the
voltage response of the circuit to o constant amplitude current input and
dividing that voltage response by the frequency. This method, however, is
only as good as the experimental maich of the original transient, and it is
ioractically™ very difficult to obtain perfect simulation.

Ref. (5) *'Transducer Frequency Response Evcluation for Rocket Instability
Research' by Charies R. Tallman, Aerojet General Corporation,
Azusa, California.

Ref. (6} NBS Telemetering Transducer Program by Paul S, Lederer
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Several people have attempted to use a digital computer for determining
frequency respense from a iime response by reading points on the time function
resporise and evaluating o Fourier integral. The most valuable of these appears
to be the work done by Bowersox, Reference 7, of the Jet Propulsion Labs,
However, many problems still exist in his method. The main two being thot he
has not been able to obtain phase response and he must sample the entire time
function until the oscillations damps completely out. This requires a great
deal of hand read samples. Alsc the final siope is not obtained.

In order to solve some of these probiems, Radiation Incorporated performed
a study resulting in a program for the IBM 1620 computer. The results of
many people were carefully studied and it became obvious that the only way
to be sure of our results was to start with a theoretical system where its
transfer function could be calculated very accurately. By knowing the exact
frecuency content of the input step, the exact amplitude at any time on the time
response curve, and finally the exact frequency response, we could compare
our solution to the theoretical and discover what our problems and errors
were,

The data used was the time response, of a second order system, with 0.2
damping to a step function, as shown in Figure 15. The frequericy response
curve is shown in Figure 16, The eguation shown in Figure 15 was solved
by the computer at 13 samples for each cycle. The results of the frequency
response curve obtained is shown in Figure 17, The comparison with the
theoretical yielded many interesting facts.

First of all, it showed that we were not taking adequate samples in order to
determine the final siope. The accuracy of the computer output was quite good
up to 15¢ycles, From this point, the acecuracy degraded rapidly as the frequency
increased. This dedrading was found tc be not only a function of inadequate
sampling but largely due to the method used in determing a given integral in
the Fourier series process,

Ref. (7) J. P. L. Progress Report 20-331, "'Digital Computer Calculation
of Transducer Frequency Response From [ts Response to a Step
Function'', by Ralph B. Bowersox and Joseph Carlson.
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Using the resuits of the sampling study as covered in Reference 3, the computer
program was changed whereby the accuracy was improved out to approximately
100 cycles, for both amplitude and phase as shown in Figure 18. These improve-
ments were possible due to our understanding of the sampling theorem and by
using the computer to interpolate poinis between the samples, whereby a large
number of samples were not necessary yet the sampled image could be increased
to a point where the final slope could be obtained.
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CONCLUSIONS

The results presented above show that a transducer is a presampling filter,
whether used as one or not. When the spectral characteristics of the transducer
is known, they can be used to determine an optimum sampling rate.

The large errors of omission shown at the natural frequency proves that o
transducer should not be used for data near the natural-frequency.

The method for determining phase response, frequency response including
the final slope, which has been presented can be used for evaluating transducers
that cannot be excited by pure frequencies,

A study should be undertcken which would evaluate all transducers that are
planned for use with PCM systems.
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INTRODUCTION

The AF Rocket Propulsion Laboratory at Edwards, California has 37
static firing positions where in-house research efforts are carried on.
The research projects range from propellant and material evaluations
through combustion studies. The large number of research projects and
variety of test objectives naturally require.a.large number and variety
of transducers. It is the purpose of this paper to discuss the types of
transducers in use at AFRPL; the problems encountered in using them; and
the new transducers being developed by AFRPL. This paper will cover
three areas of transducer technology (1) flow, (2) pressure, and
(3) thrust. - - A

FLOW MEASUREMENTS

The AT Rocket Propulsion Laboratory is involved in the use of many
highly reactive propellants such as fluorine, fluorine compounds, NoOy,
percholrate, etc. Accurate flow measurements of these propellants are
difficult at best. Since much of the work at ATRPL is propellant and
engine performance evaluations, AFRPL has a very keen interest in obtain-
ing the most accurate flow measurements possible. The turbine type volu-
metric flowmeter. is.used almost exclusively to do the job., At this time
there has not been significant evidence to indicate other flow measuring
devices are capable of measuring flow rates more accurately.

Flowmeter Bearmgs "

One of the main contributing factors that determines the performance
obtained from the turbine flowmeter is the bearings. The bearings must
be constructed of materials compatible with highly reactive propellants,
sufficiently rugged to withstand the harsh treatment, and additionally,
the bearing materials should be such that the frictional forces do not
change with time or use. The last requirement becomes increasingly
more important as the flowmeter size becomes smaller. Based on a study
conducted at AFRPL the recommendations are made concerning the use of .
flowmeter bearings.

Sapphire Bearings
Sapphire bearings are not presently being recommended for use with
most of the propellants. AFRPL has purchased several flowmeters equipped

with sapphire bearings and received very poor results from their use. The
flowmeter rotor tends to vibrate while .In operation which causes a reduc-
tion in rotor angular velocity resulting in gross errors. This problem
must be overcome before the flowmeters can become operational. The
sapphire bearings, however, may prove suitable for use in slurries.
AFRPL has a few flowmeters eguipped with sapphire bearings specially de-
signed and built by Rocketdyne for use with slurries. So far there is
no indication they are not performing properly.

Graphitar .30
. _ AFRPL purchased a number of flowmeters equipped with Graphitar 30
bearings. These flowmeters were built for use with NoOy. Graphitar 30
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has proven not to Be compatible with N o0y. After exposure to N0y, the 7%
bearing surface becdomes soft and cl:mgs to the shaft. -

Bea.r'lng Recommended for Use ' B

ATRPL 1s switching to the use of either stainless steel ball hearings
or teflon (but not necessarily limited to these materials). The stainless
steel ball bearings can be used with all propellants at AFRPL. Teflon
bearings can be used with all propellants in use at AFRPL extept fluorine
and fluorine cempounds. It should be noted, however, that when teflon is
used with N 0y or lox, the bearing should be enlarged by about two thou-
sandths'of an 'inch. Teflon will swell slightly in N,0, and the added
clearance is required. When teflon is used at cryogénic temperatures,
the bearing will shrink thus requiring extra clearance. - S8ince excess
bearing clearance normally reduces flowmeter precision, the flowmeters
with excess beam.ng clearance should not be used where it is not required.

Calibration and Installation .
7 Based on experience ‘AFRPL has found the flowmeters in use should be
‘recalibrated at least -once every 'six (6) mon'ths, Flowmeters smaller than
one (1) inch and ‘flowmeters in fluorine service will require more fre-
quency calibrations. Any meter removed from a system should normally be
recalibrated prior to re:.nsta_'lllng. The flowmeter manufacturers usually
recommend that' flowméeters be installed 'a minumm of ten pipe diameters
from covating venturies. Flow straighteners will help in cases where
proper installation cammot. be achieved. When the recommended installa-
" tions cannot be achieved, it is advisable to calibrate the plpe section
with. the flowmeter. When installing the flowmeters equipped with the
flared tube fitting, it is easy to distort the fitting even when recom-
mended torques are not exceeded. The inside diameter of the flared end
can be decreased, necessitating mechine shop work before the meter can
be disassembled. This condition can be relieved by the use of a soft
seal, thereby allowing smaller torgue value to seal the fitting.

Special Technical Factors

Accurate flow measurements and good precision factors are easily
cbtained when oPera‘tlng under the ideal conditions of a flow calibration
laboratory. However,-in field operation, additional variable are en~
countered. The AFRPL is undertaking a study of the effect these varia-
bles have on propellant flow measurement accuracy. As @ prime tool in -
this study, AFRPL has awarded a contract to Flow Technology, Incorporated
to design and build a flow proving system. The flow proving system will
provide an on-site flowmeter calibration during rocket mobor firing. The
operating’ principle of the system is simple: a piston is released during
a test run which sweeps ocut a known volume of propellant during a meas-
ured time interval. The system is shown in Figure 1.. The system will
have the following operational capabilities: '

1. Flow rates from 10-130 gpm.
2. Operating pressures up to 5000 pounds.
3. Operating temperature range 0-120°F.
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4. The system shall be designed for operation in winds up to 50
miles per hour, dust, sand, and freezing rain.

5. The system shall operate with liquids or slurry propellants.
6. Reset capability without disassembly.

7. Remote operation.

8. Designed for convenient flushing.

9. Operation accuracies of 0.1% and repeatability of 0.1%.

low Flow Requirement L

The pulsed motor research program at AFRPL requires the accurate
measurement’ of flow rate pulses. The flow pulse magnitude will vary
from 0.01 to 0.03 1lbs/sec and the duration will range from 0.001 to 1
second. AFRPL has awarded a contract to Aercijet-General to provide
study, research, and development of a flowmeter to meet these require- .
ments. Aerojet has proposed to develop an electro magnetic flowmeter
shown in Figure 2. This device has most of the requirements of an ideal
measuring device: no moving parts; no obstructions in the propellant;
has a theoretical frequency response much higher than required; well
above 10 KC. The device will use a non-varying magnetic field allowing
the high frequency response. '

PRESSURE AND THRUST TRANSDUCERS

The majority of pressure and thrust transducers in use at AFRPL
are considered as general service transducers.’ The general service
transducer is a bonded strain gage type used to meet the general require-
ments at all test locations. These transducers must not only be rugged
but also constructed of materials compatible with the highly reactive
propellants in use at AFRPL. Some of the technical requirements are
listed below that are called for in the general specifications:

1. Excitation voltage 10 volts nominal.

2. OQutput: 3 mv per volt full scale.

3. Linearity: 0.2% full scale.

4, Hysteresis: 0.1% full scale - deviation from linearity curve.

5. Repeatability: 0.075% F.S.

6. Combined Effect: % 0.25% F.S.

7. Temperature: C°F to +250.

8. Insulation Resistance: 1000 megohm minimm at 50 VDC,
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These transducers are in general the standard product of the manufacturer
with four special requirements called for. The type of pressure trans-
ducer construction generally preferred at AFRPL is the’ proving ring type
censtruction. This type construction is rugged and gives dependable per-
formance. Vacuum compensa't:.on will be included in the spec:LfJ.cat:Lons
for some of the general service thrust cells: The vacuum compensation
load cells will be purchased for installation in altitude chambers.

The load cell will be subjected to temperatures between -300 and +500°F.
The vacunm compensatlon can be taken care of 'in at least two ways. The
load cells can’simply be vented or electrical compensat:.on can be
achieved.” If the load cell is vented, then precautions must be taken

to protect the ingide structures fmm the corrosive environments. In
general the transducers presently belng manufactured meet the general
service requirement. However, it is believed the following areas of
improvement would be beneficial: more rugged construction; a greater
overload capabllity; a significant increase in output An increase in
temperature compensation range and a decrease in size with no sacrifice
to quality. A transducer with a dual range or equivalent is also de-
sired for use in studying the performance of throttling engines. The
type engine being studied is expected to have a 50-1 ’t:hrottlmg range.

Pressure Calibrations :

Presently over 20% of all pressure transducers at APRPL receive in-
place, end-to-end calibrations. Due to'the increase in rocket propul-
sion system testlng, this method is mno longer practical. AFRPL is,
therefore, tonverting to a resistive shunt calibration method. Consoli-
dated Systems Corporation has been-awarded a contract to study and de-
sign and construct a calibration system to fit the need at AFRPL. The
following technical considerations are included in the'specifications:

1. The system shall be des:.gned primarily for the calibration of
350 chm resistive. bridge strain gage type transducers.’ However, provi-
sion Wlll also be made for other types in use at AFRPL.

2. The calabrat:l.on range will be from 0-2000 psig, psia and psid
with capab:.l:.tles of expansion up to 10,000 ps:.g. At pressures up to
2000 psig the calibrator shall use gaseous nitrogen. At above 2000
psig dlS'tllled water shall be used.

3. The callbra'tlon system calibration standard shall be traceable
to the National Bureau of Standards. ‘ ,

"%, The sys-”l:em shall be capable of up to 50 calibrations per day.

. 5, The system will be compa‘tlble w:Lth the data acquisition sys-
tems presently 1n use at AFRPL. :

Thrust Calibrations? , : _

The present methods used to calibrate thrust censa_sts of on-site
end-to-end calibrations. Since most of the rocket engines being tested
are ln.quld and mqu:,re plumbing connections into the stand end-to-end
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calibrations are preferred. Whenever a new test stand is installed or
modified, a complete evaluation of the stand is performed. As an evalua-
tion took, AFRPL has designed a universal thrust adapter which will fit
all test stands at AFRPL. The universal thrust adapter is a structure
which is attached to the aft end of the stand and has provisions for
the installation of a standard cell. In this mammer the calibration load
can be applied externally to the stand and compared with tHe built-in
calibration methods. Errors as large as 7% have been detected in the
bulilt~in calibration method. Usually the error resulting from the plumb-
ing frictional forces amount to less than fifteen pounds. Errors due to
the bordon tube effect when propellant lines are pressurized can easily
amount to 100 pounds or greater if propellant lines are not properly
installed. TIn general, these errors are eliminated easily when they
are detected.

Methods of Thrust Calibrations

Two {2) methods of thrust calibrations are presently being used at
AFRPL, dead weight calibrations and standard cell calibrations. Although
the integrity of dead weight calibrations are realized, the standard cell
has proven more suitable for the general field requirements at AFRPL.
The standard cell has the advantage of being smaller in size, more economi-
cal, easier to operate, and can easily be calibrated against secondary
standards. ' '

SPECIAL, SERVICE TRANSDUCERS

The combustion instability studies at AFRPL vequire high freguency
pressure measurements up to 10KC. The requirement will be expanded to -
20 KC within the next twelve months. Presently the capacitive type trans-
ducers are operationally easy to handle; rugged, and have a high output.
They have the disadvantage that they are large and suffer from zero shifts
during operation. Also the frequency respense is not as flat as desired.
Pieozelectric thrust transducers are presently being used to measure the
pulsed motor thrust valves. The transducer outputs are fed into charge
amplifiers. The biggest problem encountered in the use of the pieozelec-
tric transducers has been zero drift. The problem has been solved by
gshielding the transducer from heat and shortening the cable going into
the charge amplifier.

NEW DEVELOPMENTS

AFRPL has awarded a contract to Rocketdyne to develop and construct
a high freguency, low range thrust transducer. The operating range will
be from 0.25 pound to 10 pounds. The transducer will respond from 10% to
90% of load in 0.0005 second. The transducer is expected to have an accu-
racy of 0.5% in the range from 20% to full scale. The trensducer opera-
ting temperature range will vary from 0-160°F. Rocketdyne has proposed a
bonded semi-conductor strain gage type transducer. The significantly
larger gage factor of the semi-conductor permits the use of low compli-

‘ance strain member. This fact provides the necessary increase in fre-

quency response over the conventional bonded strain gage transducers.
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ADDITTONAL. TECHNICAL NOTES

1. - AFRPL has in operation a very accurate thrust measuring system
for determining the total impulse of solid propellants. The system is ™ =
an Air Force standard to compare perforimahce of solid propellants. The
total system accuracy is 0.1% or better.” The unique feature of this sys-
tem is that-it utilizes a Ruska dead Wéight hydraulic calibration system.

2. The prec:.s:l.on measuremnent’ and evaluation laboratory at Edwards
is scheduled in July to put into operation a 1,000,000 pound calibration
system, The system range is from 25,000 pounds to 1,000,000 pounds.
The system will use straight dead weight up to 200,000 pounds, providing
an accuracy of 0.02%. The system will use a give to one lever arm from
200,000 pounds to 1,000,000 pounds, providing an accuracy of 0.05%.

3. The precision measurement and evaluation laboratory has in
operation one of the larger flowmeter calibration systems in the coun-
try. The calibration range is from 40 to 9000 gallons/min with a cali-
bration accuracy of 1%. The system is being modified to Increase the
calibration range to 12,000 gallons/min.
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RESEARCH ON TRANSDUCERS FOR

EXTREME ENVIRONMENTAL TEMPERATURES

Lawrence Fleming

Bell & Howell Research Center
Pasadena, California o

Abstract

The considerations underlying the choice of operating principles for
extreme-temperature transduction are discussed. An experimental displace-
ment pickup is described which uses a mutual-inductance principle and func-
tions well at 2100°F,

Introduction

The problem of sensing mechanical variables in extreme environments is
one that involves the choice of the principle of transduction as well as
the technology of materials. At very high temperatures, resistance elements
oxidize, adhesives fail, permanent magnets lose their magnetism and soft
magnetic materials their permeability,

The immediacy of the instrumentation requirements in a major "hardware"
project tends to emphasize extensions of development of sensors based on
currently-used principles. This tendency is abetted by the existence of
large stocks of conventional signal-conditioning equipment and by the invest-
ment of user personnel in skills at using trangitional types of instrumenta-
tion. Thus, although hundreds of effects and phenomena are known which might
be used in transduction, only 2 half-dozen or so are used in practice, and
relatively little effort is spent in exploring the rest. References (1) and
(2) for example refer to many programs directed to the extension of metallic
strain-gage technology to higher temperatures. '

In order to devige a transducer which will work in extremely hot en-
vironments, it is necessary to consider what principles of transduction make
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the most lenient demands on the properties of the materials, After choosing'
an appropriate principle, we can then implement it with refractory materialsg
and have an instrument with above~the-~ordipary immunity to environmental tem-
peratures,
e

Strain gages, both metallic and semiconductor, are subject to the temper
ature limitations of the piezoresistive effect itself., Unbonded gage devices
are somewhat the better in respect to temperature, and also radiation, because
bonded gage instruments depend additicnally on another factor - the cement‘gr
adhesive, Potentiometer imstruments suffer from oxidation and friction diffi-
culties, Transducers which employ permanent magnets are limited by the mag-
nets to around 1,000°F., Variable-reluctance transducers, including conven~-
tional types of differential transformers, are limited by the curie points of
soft ferromagnetic materials (under 1,500°F for iron, 800°F for nickel alloys).
Multilayer coils pose difficulties at high temperatures, due to distortion
and cracking of inorganic potting compounds. At 2,000°F, the resistivity of
copper and silver is about 4 times that at room temperature, of platinum about
6 times,

Hence, a 2,000°F instrument must not depend.for its performance and cal-
ibration, on any of the following phenomena remaining comnstant: ferromagnet-
ism, piezoresistivity, contact resistance, frictionm, piezoelectricity, resist-
ivity of conductors, conductivity of insulators. In additiom, multilayer
wire coils and conventional electronic components must be avoided.

These considerations limit our choice, practically, teo two principles
which relate the geometry of arrangements of electrical conductors to their';
electrical properties: capacitance and inductance. The capacitive trans-
ducer appears to be a good candidate for extreme-temperafture work because its
transfer characteristics depend only on the geometry of the conducting sur=
faces. The effects of insulation leakage can be minimized by operation at a
high carrier frequency, where its capacitive reactance is relatively low.
However, practical capacitive transducers have capacitance values which tend
to be low compared to the capacitance of practical connecting cables, so
that the cables or Ieads control the sensitivity. The only way to reduce
the effect of the leads would be to locate a transformer or an amplifier at
the transducer, which the enviromment will not permit,

Mutual Inductance

So we are led to consider inductance transducers. To avoid irom cores
and multilayer windings, we must use some system of relatively movable
gingle-layer coils. The configuration of a differential transformer is most
appropriate, with one of the coils made movable., Reference (3) discusses
this type of transducer and suggests its applicability to high-temperature
work, A somewhat different air-core mutual inductance transducer has been
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described (Ref., &) for use in another sort of adverse enviromment: buried
in soill., The advantages of a differential or '"push-pull cenfiguration are
primarily that the transfer curve is linear for small displacements, as
shown by Neubert (Ref. 3).

The air-core, single-layer differential transformer must be operated at
a high frequency, e.g. 1 megacycle, to get adequate sensitivity. In common
with other mutual-inductznce devices, the secondary {cutput) voltage can be
made independent of the resistance of the windings. With convenient para-
meters, the calibration can be made quite independent of cable capacitance
up to cable lengths of 20 feet or so. -

Figure 1 shows a cross-~sectional sketch of a typical sensing element
which employs this principle, The movable primary coil P has a few turns
of conductor in a single layer. The stationary secondary Si, 82 may have
about twice as many turns, split into two sections which are connected in
inverse sevies, Altermatively, the two halves of the secondary may be wound
in opposite directions. Overall length and diameter of the outer coil, in
practice, is typically of the order of 1 em x 1 em.

Figure 2 indicates the kind of circuit employed. The primary is fed
exciting current i from a constant-current source. The secondary voltage

eg is then

P

. di
whékre M is the mutual inductance between primary and secondary. EER can

be held constant by designimg the source A as constant-frequency, curtrent~
regulated r.£. supply, so that iP will not change when the resistance of
winding P changes with temperature., e, will depend only on M, which is a
function solely of the geometry of the coils; and eg; will not be affected by
changes in the resistivity of the coil 5 so long as it is, electrically,

lightly loaded.

Insulation resistance need only be a few orders of magnitude greater than
the impedance of coil S, which is of the order of a few ohms. Thus the re-
guirements on the resistivity of both the conducting and the insulating com-
ponents are very lenient.

Shapes

A solenoid configuration of the high-frequency differential transformer
(HFDT) of approximately square shape, as in Figure 1, has been found to be
linear within 2% of full scale for a stroke equal to about 16% of the length
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of the lomger coll. Qther configurations are practical. A flat spiral shape
in one version measured was linear within I percent over about 30% of the
spacing between the two stator coils.

Cables and Sensitivity

The sensitivity attainable in practice depends on (1) the =z.£f.

HCs
A X
power level conveniently deliverable to the primary coil, and (2) the degreé
of independence of cable length required. If one or both the coils be oper-
ated at electrical resonmance, the sensitivity will be very large, but will
depend strongly both on cable length and coil resistance.

For a practical experimental system, it was found best to operate at a
frequency about a decade lower than the frequency of resonance of the largest
coil with the maximum cable capacitance expected (in this case, 1,000 pf),
i.e. at a frequency of about 1 mc. This had been found to permit operation
with any cable length up to 20 feet of 50 pf/ft, cable with no adjustment,

" this change in length of cable producing less than 2 percent change in cali-

bration. The value of exciting current was dictated primarily by transistor
and power consumption considerations.

Under these conditions, a 1/2" x 1/2", 10 turn tramsdicer gave the
following results: o a

Lipear range (2%), = .038" ‘
eg, 4.2 millivolts per ,001 inch per ampere of lP’ at 1 me.

(+ 0,125 v at 1 = 0,8 A)

The output sigmal power is relatively large., Assuming conservatively an

impedance of 10 ohms, including cabling, the power at full-scale displacement -

{x .038") was roughly 1.5 milliwatts. For comparison, the 40 mv. output of
a typical 300-~ohm wire strain-gage bridge is only about 5 microwatts.

The interrelation between inductance, frequency, and cable requirements
is rather complex, While a practical system can be worked out empirically
rather readily for a given set of requirements, it does not appear a simple
matter to produce a set of equations and charts which would permit ready
design on paper. Similarly, the calculation of coupling coefficients for
coils of various shapes is not simple. At this stage, it is not thought
practical to attempt it, since empirical data are easy to obtain, and the
more obvious configurations are found to work quite well,

Circultry

Figure 3 shows a simple exciter and demodulator cirguit for these appli-
cations. Q3 is an oscillator, Qz a tuned amplifier, The transformers are

KLVl




wound on ferrite toroidal cores. The synchronous demodulator diodes Dy, Dp
are excited from a small winding on the amplifier ceoil T9., D,C. output is
typically of the order of * 0.1 volt, While this circuit does not provide
automatic current regulation, it provides convenient and reproducible data _
at small cost.

High-Temperature Tests

Figure 4 is a photograph of a "hot'" model of the H.F.D.T. mounted in a
furnace. The transducer coils were wound at the ends of two telescoping
pieces of high-alumina ceramic tubing about 9 inches long, of which about a
third protruded into the furnace, The outer coil diameter was 1/2", the
inper 3/8", and the coil lengths 1/2" and 1/4". The windings were each 5 )
turns of .030" platinum wire, wound in grooves and held in place with Saureisen
cement. The outer tube was clamped teo a stationary plate, and the inner tube
moved up and down by means of a micrometer screw,

Figure 5 shows overall tramsfer curves, from micrometer screw to ampli- ..
fied and demodulated output voltage, for temperatures of 70°, 1,460°, and
2,100°F, TFigure 6 shows the same data plotted to show the range or span of
the transducer as a function of remperature.  These data were taken using a
more elaborate current-regulated exciter which. includes about 50X amplifica~
tion before the demodulator,

The zero was gquite stable, shifting imperceptibly up to 1,000°F and only.
1.8% at 2,100°., This, as well as the span data, repeats within the cbserva~
tional error of about ,0002" {0.4% of full scale) from day to day, and there
has been mno perceptible drift during several hours at 2,000°F.

The sensitivity increased about 9 percent at 2,000°F over the room tem~
perature value, This may be due to thermazl expansiomn, or to phase shifts
engendered by the increase in coil resistance {about 6:1) or to capacitive
effects due to the resulting increase in exciting voltage,

Miscellaneous Properties

Transducers of this type are not particularly sensitive to lead dress or
the proximity of nearby conductive objects. Generally, the only necessary
electrical precautions are to avoid inductive coupling between the exciting
and the output cables, and to avoid "stray" common impedances between output
and input in the layout of the electronics.

The leniency of the requirements on the electrical properties of the
materials argues that these transducers should be resistant to radiation.
Moreover, the voltages at the coils are so. low ( < 1 volt) that operation
in ionizable atmospheres should present no problems.
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The shapes of the windings can be designed to minimize thermel expan-
sion effects, by balancing the effect of the increase in diameter against that
of the increase in length, 8Such procedures are described in the older liter-
ature on radio receiver coil design. At extreme temperatures, however, it is .
not safe to assume that the whole coil structure is at the same temperature.
Analytical compensation would have to bz based on experimental data for the
particular case. i

The problem of utilizing this kind of sensing element in a pressure or
acceleration transducer is chiefly one of finding and fabricating materials
for springs and diaphragms which have good elastic properties at elevated
temperatures. Studies made at Gulton Industrles have concluded that no metal
is available which has adequately low elastic hysteresis and creep above 1,000°F,
Structural non-metallics such as beryllia and high-alumina ceramics show, how-
ever, considerable promise,

The present stroke range of about ,05" was chosen as being reasonably
large (but not too large) compared to the expected dimensional changes due to
thermal expansion, It was not deemed wise to put too much faith in expansion
compensation because in feal life there are always temperature gradients,
Since, however, the "hot model” data shows good reproducibility within .001",
4 pressure sensor may be practical with a stroke considerably shorter than

_0.05", such as .01" or even less. '

The barrier to testing at temperatures above 2,100°F was the oxidation
rate of Pt in the furnace atmosphere., Higher temperature tests will have to
be made by means of electric heating in an inert atmosphere or in vactwum,

The upper temperature limit appears at presant to be dictated at least
as much by the availability of suitable cable as it is by the transducer itself.

Swage~lead appears to be the only appropriate kind now available,

At cryogenic temperatures, plated or coated coils would be quite satis-
factory.
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Experimental high-frequency
differential transformer
operating in a 2000° F furnace.
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