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INTRODUCTION

The Sixth Transducer Workshop co-sponsored by NASA Langley Research Center
and the Telemetry Working Group-IRIG was held at the NASA Langley Research Center,
Hampton, Virginia on 2%—24 October 1969. Paul S. Lederer, National Bureau of
Stangards, Washington, D.C. was General Chairman of this workshop. Mr. Ledecrer is a
member of the Transducer Committee-TWG-IRIG which has as its Chairman, Mr. Loyt L.
Lathrop. Sandia Corporation.

Otis Ingebritsen was coordinator for the NASA Langley Research Center and
organized the tour of center facilities.

This workshop was conducted in a somewhat different manner from preceding ones.
There were not more than two papers at each session, primarily to set the stage for the
Foliowin% panel discussion with audience participation. The speakers were invited to join
the panel at the conclusion of their talks. Each panel had a *recorder’” who noted down
pertinent questions, answers, and comments as they occurred during the session. The
notes appear in these minutes immediately following the papers which initiated each
session.
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TRANSDUCER WORKSHOP

Welcome
Clifford Nelson
Assistant Director
NASA Langley Research Center

Mr. Nelson welcomed the group on behalf of the NASA Langley Research Center. He
discussed the mission of this center in aero-space research and the large role played by
instrumentation in this mission. The instrumentation requirements of the center demand a
knowledge of the performance characteristics of a large number of various transducer. An
important activity at Langley is the evaluation and calibration of these transducers. Mr. Nelson
expressed the hope that this workshop would be most beneficial for all participants.

Transducer Committee Activities
Loyt L. Lathrop
Chairman, Transducer Committee, TWG-IRIG

Good morning. I am Loyt Lathrop, Chairman of the Transducer Committee. Thank you,
Mr. Nelson, for your warm welcome and for co-sponsoring and hosting the Sixth Transducer
Workshop. Some of you probably wonder, “What is the Transducer Committee?” Briefly, the
transducer committee is one of ten sub-committees in the Telemetry Working Group of the
Inter-Range Instrumentation Group, commonly referred to as IRIG. Those of you who work
with telemetry are probably familiar with the FM/FM subcarrier channels referred to as IRIG
subcarrier channels.

The objectives of the transducer committee are to disseminate information on transducers
including calibration, evaluation and techniques of measurement. To partially fulfill these
objectives the transducer Committee has already held five transducer workshops; the first
conducted in February 1960. We try to hold one about every two years. We are grateful to NASA
Langley Research Center for co-sponsoring this Sixth Transducer Workshop and serving as host.
If any of you think that your facility would be willing to host a future workshop please contact
me or Paul Lederer.

Minutes of the Fifth Transducer Workshop can still be obtained from the RCC Secretariat.
If you wish a copy write to:

Secretariat

Range Commanders Council

ATTN: Mr. E. E. Froemel

STEWS-SA-R

White Sands Missile Range, New Mexico 88002

The remainder of this meeting will be under the guidance of Paul Lederer of the National
Bureau of Standards. Paul is also a member of the Transducer Committee and is General
Chairman of this Sixth Transducer Workshop.







SESSION 1

Thermal Measurements

Chairman: Paul Freeze, National Bureau of Standards
Recorder: W.D. Harvey, NASA Langley Research Center

Panelists: J. 8. Barber, Sandia Corporation
A. Boyd, AF Rocket Propulsion Laboratory
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The Instrument Society of America is o non-profit scientific, technical and educational
organization dedicated to advancing the knowledge and practice related to the theory, de-
sign, manufacture and use of instrumentation in science and industry.

ISA activities include programming forums, disseminating informatien, providing ed-
ucational opportunities and materials, developing standards and recognizing individual
technological achievement.

Supplementary to all ISA activities are the following major publications: Journals-
Instrumentotion Technolegy (monthly), ISA Transoctions (quarterly), Transletions of
Russian Journals; ISA Index; Symposia Proceedings; ISA Transducer Compendium; 1SA
Standards; Training and Educational Aids. The Society also publishes monographs on spe-
cific applications and types of instrumentation.

ISA weleomes both users and maonufacturers of instruments and contrels in all spheres
of industry and science. Members may participate in a diversified program of meetings,
publications and activities.

The Society's world-wide membership includes local Sections in major cifies and in-
dustrial /technical centers throughout the United States and Canada.

For further information write fo:
INSTRUMENT SOCIETY of AMERICA

530 Williom Penn Place
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68~537
HIGH TEMPERATURE MEASUREMENT USING PASSIVE TEMP-
ERATURE INDICATORS

Harold I. Binder
Electronic Engineer
U.S5. Alr Force Rocket Propulsion Laboratory
Edwards Air Force Base, California

ABSTRACT

A novel approach for the measurement of high
temperatures In rocket nozzle ablative materials
has been developed and successfully demonstrated.
The technique is based on the use of implanted
microcapsules containing metal-carbon or carbide-
carbon compositions which undergo distinctive and
irreversible changes upon reaching their respective
melting points. Fifteen differept compositions are
used to spen the range from 3150°F to 6233°F and to
provide accurate indications of temperatures
attained at a point. A discussion of the theory of
operation of the technique 1s presented together
with a description of the instrument's design and
characteristics.

INTRODUCTION

This paper describes the theory of operation,
design and characteristics of a new instrument
which, upon post-test analysis, Iindicates the
maximum temperatures attained at a point within
rocket nozzle ablative materials. Accurate
measurement of temperatures above 4200°F is
required to predict surface regression rates and
thermal insulation performance characteristics of
such ablative materials.

Over the past decade, much effort has been spent
con developing thermal instrumentation capable of
providing reliable data in the severe environments
of ablative materials. Most of thisz research has
concentrated on thermocouples so that temperatures
might be determined as a function of time. Such
instrumentation, however, is subject to several
difficulties and limitations. HNo metallico
thermocouple which will operate above 5000 F is
currently avallable., A W-5%Re/W~25%Re thermccouple
is capable of providing regroducible temperature
measurements to about 4900 F in a vacuum and to
about 4250°F. for very short durations, in a a
carbonaceous environment., This ILs almost 10007 ¥
below the temperature of the charred surface.

A second limitetion involves degradation of
insulative coatings at the temperatures of
interest. For example, the resistivity of
berrylium oxide, one of the best Iinsulators,
approaches the resisgivity of plastic ablative
materials above 4200 F. Another problem inherent
in the use of thermocouples is the fact that their

presence causes a distortion of local thermal
patterns because of heat conductlon away from the
Junction. BSince the quantity of heat withdrawn by
the thermocouple is uncertain, it is impossible to
obtain a true reading of the actual temperature at
the junction.

Because of problems such as these it was decided to
depart radically from conventional concepts and to
develop a technique that would use to advantage the
high temperature characteristics which rendered the
most advanced thermocouples ineffective. This new
method involves the implantation inte the ablative
material of microscople temperature indicators
composed of precalibrated esutectic mixtures of
refractory metals and carbon encapsulated within
graphite containers. Upon being subjected to their
respective melting point temperatures, the
indicators underge distinctive and irreversible
charges in their shape, size and internal
microstructure. These changes are detectible by
radiographic and metallurgical analysis, and
indicate that the melting point rating of a given
indicator has been attained. A temperature time-
history is not obtained since the measurements are
event-dependent only and aot a function of time,
The suceess of this approach has significantly
extended temperature measurement capability and
makes it practically feasible, for the first time,
to agcurately Jeasure temperatures in the range of
4200°F to 6200°F within ablative materfals.

THEQRY OF OPERATION AND DESIGN

Table 1 Lists the chemical constituents and melting
point temperatures of fifteen metal-carbon and
carbide-carbon eutectic powdgr compositions that
melt between 3150 F and 6233 F. These eutectic
compositions are in the form of finely mixed
powders in the order of 325 mesh centaining
impurities in the range of 100 to 500 PrM.
Temperature measurement is accomplished by
encapsulating such precalibrated compositions in
graphite microcapsules and then implanting these
containers into the ablative material whose
temperature is to be measured.

Utilizing eutectic melting in such binary systems
as opposed to pure melting in single component
systems for the temperature reference point,
reduces the probability that carbonm, a ma jor

E
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constituent of the ablative char, will interfere
chemically or depress the melting point of the
system. Instead, carbon is used to advantage in
the temperature indicating materials as one of the
components. A number of such indicators which
melt at different temperature levels can be
implanted within ablative materials in a
predetermined fashion in order to obtain an
accurate temperature profile for the material
being tested. Radiographs taken of the implanted
indicators both before and after the test for
comparison analysis determine which indicators
melted during the rocket motor firing. When
temperatures exceeding the melting points of the
encapsulated powders cccur, the melt wets, reacts
with, and erodes the cavity of the graphite
microcapsule by taking more carben into solution.
Such temperature excursions in excess of the
eutectic composition melting temperatures only
result in inecreased solubility of carbon and does
nat alter the fact that melting has occurred.
When comparing radiographs of the indicators
before and after melting, the radiographs of the
melted indicators exhibit an enlarged or swollen
appearance because of the additional carbon
dissolved by the melt. Indicators which do not
melt exhibit no such change in their shape. If,
for any reason, a radiograph does not clearly
disclose whether or not melting occurred, the
indicators can be examined microscopically teo
determine thelr conditiom.

The governing criterion for the selection of the
microcapsule Is chemical compatibility. An
analysis of potential candidate materials that
could be used tc encapsulate the eutectic
composgitions indicated that only graphite could
maintain its Integrity at the temperatures under
consideration and had the necessary chemical
compatibility with both the carbonaceous charred
ablative materials and the carbonaceous eutectic
compositions. All indicating compositions are of
materfals whose eutectic melting points have
recently been accurately measured with optical
pyrometers directly traceable to calibration by
the National Bureau of Standards,

In accordance with standard practice developed for
thermocouples, temperature indfcating elements are
first implanted within eylindrical plugs of the
same ablative materials as those in which
temperature measurements are desired. In turn,
these instrumented plugs are inserted into the
actual rocket nozzle ablative liner material. The
location and identification of each indicating
element is established by reference marking the
base of each instrumented plug and radiographing
the entire assembly prior to insertion into the
rocket nozzle liner. After firing, the
instrumented plug is removed from the nozzle
liner, oriented in accordance with the reference
mark and again radiographed. The condition of
each indfcator 1s thus revealed. It is also
possible to section the instrumented plug after
firing and determine the condition of the
indicators by metallurgical techniques.

Figure 1 depicts a cross-section of a2 temperature
indicating element, showing a eutectic composition
enclosed within a disk-shaped cylindrical
microcapsule with a hollow interior. The container
is machined from POCO graphite, a non~porocus, fine-
grained, high-purity grade graphite with impurities
of less than 10 PPM. The temperature indicating
compositions are hand packed into the cavity of the
container and sealed in by & press-f£it graphite
plug. The graphite has a density of 1.88 grams/cm
which is sufficient to exclude, and therefore
eliminate interference f£rom, pyrolysis gases
generated by the host ablative materials.

A capsule sfize of 0.030 inch in diemeter and 0.010
ineh in thickness was found to be an upper limit
and still not cause a temperature disturbance
greater than the melting point accuracies of the
enclosed eutectic compositions. To further
decrease their distortion of the local isothermal
patterns the elements are oriented so that the
capsule diameters are normal to the direction of
heat flow.

Figure 2 shows a cross-section of three stacked
temperature Iindicating elements arranged in the
form of a needle. The intervening spacers are
ideptical to the host ablative material. The
elements are bonded to the spacers with a
conventional epoxy adhesive and the entire needle
assembly is implanted and bonded into a eylindrical
plug of ablative material, as indicated previously.
The depth of char in which the temperature range of
interest occurs progresses during the firing, and
as regression occurs from its inftial position to a
location below the original surface, all
temperature indicating elements located in the

--regressed reglon are lost during the firing.

Consequently, multiple, identical indicating
elements in depth are required. Any number of such
elements can be stacked and each indicator will
respond independently of its neighboring element.
Figure 3 pictoriaslly summarizes the operations
involved in applying this temperature measurement
technique to rocket nozzle ablative liners.

This technique, in addition to being the only
method available to indicate temperatures within
ablative matertals in the range of interest, offers
the following advantages:

1. The indicators are permanently and
accurately calibrated prior to implantation and
melt at definite temperature levels which are not
subject to alteration. The indicators are
chemically stable for indefinite periods of time on
the shelf or at elevated temperatures up to their
respective melting points, at which time their
response delay is of the order of milliseconds.
Their performance is unaffected by super-heating
above their fusion temperature, and by prolonged
heat soak or cooldown periods. The microstructural
appearance of the indicating compositions before
melting is distinctively different from their
appearance after melting, and they remain
permanently altered after resolidification.




2. The indicators are metal-carbon and
carblde-carbon compositions encapsulated within
graphite containers which are chemically
compatible with carbonacesus ablative materials at
elevated temperatures. Furthermore, the
performance characteristics of the indicators are
unaffected by pyrolysis gases generated during
ablation.

3. The indicators are passive devices and do
not require active, real-time, auxilliary
instrumentation such as power supplies and
recorders.

" 4. "The indicators register essentially point
measurements of temperature and do not appreciably
distort the normal thermal patterns. The
indicating elements cannot conduct a significant
amount of heat away from the region being measured
because of (a) their small size, (b) their
isolation within the hest material, and (c) the
fact that their activation mechanism is such that
a negligible amount of thermal enerxgy is absorbed
during the fusion process.

 CONCIUSIONS

A method has been developed to measure
temperatures in rocket nozzle zblative materials
in the range of 3150°F to 6233°F. The method is
based on implanting miecroscopic indicators with
calibrated melting points which register the
attainment of temperature levels by undergoing
fusion. The temperature indications are distinct,
irreversible and detectible by radiographic or
metallutgical technigues.
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PASSIVE TEMPERATURE INDICATOR TEST RESULTIS

1, Test results of the Passive Temperature Indicators described in
ISA Paper 68-537 are shown by two graphs.

2. Figure I shows the results of tests of a Kraft Paper FM 5272 plug
which was instrumented with 45 passive indicators, three Chromel/Alumel
thermocouples and one Tungsten Rhenium thermocouple. The heat source
for this test was a plasma arc furnace,

3. Figure II shows the results of an actual field test of a carbon
phenolic SP 8050 plug which was instrumented with 33 passive indicators,
three Chromel/Alumel thermocouples and one Tungsten Phenium thermocouple,
This plug was tested in a rocket nozzle which was fired for 24 seconds.
The design of the plug was not ideal and several passive sensors were
lost in regression of the plug surface. However, the test did prove the
feasibility of using the technique to obtain high temperature data in~
situ in an ablative rocket nozzle.

4, The data obtained from these two tests accurately established the
temperature profiles within the ablative materials. This technique
advances the state-of-the-art in high temperature measurements in ablative
materials and provides information which cannot be obtained with other
measurement techniques.
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REMARKS ANID ANSWERS FROM
SESSION I, “THERMAL MEASUREMENTS,” OF
THE SIXTH TRANSDUCER WORKSHOP

Reference 1:  Presentation entitled “High Temperature Measurements in Rocket Nozzle
Ablative Materials,” by Al Boyd, AFFTC Edwards

1. Q: (Origin unknown) Is temperature measuring device of reference 1 a steady state
one? — Did you (Al Boyd) determine any transient conditions for device?

A: (Al Boyd) No — see report (ref. 1). (Boyd) — Expect device has an order of
milliseconds response.

2. Q: (Paul Lederer, NBS) How do you {Boyd) find plugs after test - location, etc. of
reference 17

A: {Boyd) We obtain x-rays before and after testing.
3. Q: (Origin unknown) Would tests of reference 1 repeat and check with thermocouples
- would the thermocouples, which are recording at the low temperature end of the overall
distribution, scale or extrapolate up the temperature scale to serve as check?

A: .(Boyd} Only a one-time test has been made on the plugs (ref. 1} - possibly the
thermocouples used along with the plugs can be extrapolated with assurance - Pm (Boyd) not

sure if they can or if they have already been.

4. Q: (Origin unknown) Did you (ref. 1) apply corrections to thermocouples or plugs
such as done by Sandia Corp.?

A: (Boyd) No - I'm not sure if co-workers have.

5. Q: (Origin unknown) Did you use same materials in plugs as that existing in liner of
nozzle?

A: {Boyd) Yes.
6. Q: (Origin unknown) Can you give the audience a cost evaluation of project?
Al {Boyd) Yes, approximately $45,000.

7. Q: (Loyt Lathrop, TWG-IRIG) How do you tell when you reach the correct
temperature?

A: (Boyd) The pill box or capsule plugs contain a powder form substance (see ref. 1) or

evtectic material serving as the sensor from which an actual physical change of the pill box can be
detected by x-rays.
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8. Q: (Paul Freeze, NBS) Does the diffusion of graphite into the capsule box change the
calibration of the sensor?

A: (Boyd) No.

9. Q: (Paul Freeze, NBS) Do you get repeat melt point between batches of plugs - and
can plugs be made to repeat exactly for each batch?

A: (Boyd) Large amounts of the mixtures of materials used to make the plugs are
calibrated and they usually remain the same. Reference 1 quotes accuracies of 422° F at 5000 °.

10. Q: {(Paul Freeze, NBS) Have you used any other thermocouples at lower temperature
ranges?

A: (Boyd) No answer recorded.

11. Q: (Ken Myers, Edwards) How do you measure response time of fast temperature
sensors - say in the millisecond range?

A: (Paul Freeze, NBS) Shuttering of heat sources to obtain pulse type input to sensors
and seem to be good up to 63 percent.

A: (Dale Rockwell, Navy Met. Engr. Center) Have used zenon lamp source as an
impulse function to sensors such as thermocouples and thin films in a range of microseconds.

A: (W. D. Harvey, NASA Langley) Have used a heat pulse calibrate unit constructed to
produce a low heating rate from about 1-20 Btu/ ftZsec with good repeatability. This unit allows a
dynamic pulse of known heat rate to be applied to a gage to be calibrated. The unit consists of a
heater coil and attached blower. A nozzle was designed and used to reduce the airflow across the
heater coil from 1.5 inches to 0.5 inches cross section. The nozzle was equipped with a mixing
screen and radjation shield. A slotted disk was mounted on a spring-loaded shaft in line with the
nozzle, such as to give a pulse type input of flow to the sensor. A standard calorimeter was used
to calibrate the airstream.

Comment: Lawrence Radiation Laboratory has attempted to evaluate fast response
sensors in reactors, These studies are essentially time constant studies.

(Pat Walters, Sandia) China-Lake does thin film work.

12. Q: (W. D. Harvey, NASA Langley) Do plugs remain fixed in original position in the
nozzle test or how do you know if or when they may change position during test? (Ref. 1)

A: (Boyd) Plugs remain fixed during test. Only if they are blown out of the nozzle do
they change position.
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13. Q: (Paul Lederer, NBS) What are you, Paul Freeze, doing at NBS?

A: (Paul Freeze, NBS) 1. Using nobel metal thermocouples; 2. We have detected
chemical effects in some thermocouples called “catalaysis” effects especially in Pt-Pt-13% Rd; 3.
Studying effects of radients on thermocouples.

14. Q: {Bruce Ness, Boeing Co.) to Mr. Freeze, NBS - Do you expect much error in
velocity corrections to probes - what are catalaysis effects like at about 1300°.

A Non directly

15. Q: (Bruce Ness, Boeing Co.} Anyone doing control temperature work in joining
thermocouples at control temperatures of say 1.2° over a very small area - on the order of the
wire diameters to be jointed together?

A Non directly.

16. Q: (Loyt Lathrop) What time constant do you quote to a manufacturer for a
particular temperature, pressure, etc., measuring project?

A: {Paul Freeze, NBS) Must be defined in each case.

A: (Peter Stein, Arizona State Univ.) You may use for example 2 strain gage to detect
temperature changes - time constant vary with temperature level.

17. Q: (Origin unknown) There is a need for simplicity, reliable systems, and low power
requirements for long range space travel vehicles and packages - what is recommended along space
travel vehicles and packages - what is recommended along these lines especially in line with low
power requirements? And to resolve small temperature changes?

A: (Peter Stein) Beware of chromel-alumel thermocouples having possible piezoelectric
effects, etc. Must know instrument and not rely on venders quoted data.

A: {John Russell) Be sure to use control temperature reference box for reference
temperature data.

A: (W. G. James. AFFDL, Wright-Patterson) See Mr. Roberts at Wright-Patterson about
high temperature thermistors and related tests.

18. Q: (Otis Ingebritsen, NASA Langley) What sort of gradients (under gravity
conditions) would be expected due to orientation of temperature sensing instruments - especially

in case of gyroscopes, where these sensors are employed and utilized to correct the gyro?

A: Non recorded - only general comments available.
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SESSION II

Measurement of Pressure and Flow

Chairman: Dale Rockwell, Navy Metrology Engineering Center
Recorder: A, H. Boyd, AF Rocket Propulsion Laboratory
Panelists: Mills Dean I1I, Naval Ship Research and Development Center

T. D. Carpini, NASA Langley Research Center
J. Z. Inskeep, Jet Propulsion Laboratory
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INTERNAL ROCKET-ENGINE PROBES FOR USE IN
A COMBUSTICK INSTABILITY ENVIRCNMENT#*

Steve Rogero — ISA Member

Senior Research Engineer

Jet Propulsion Laboratory
Pagadena, California

ABSTRACT

Recent advances in the heat—transfer capabilities of
water-cooled pressure probes néw permlit the measure-
ment of high-frequency pressure variations utilizing
the third-dimensicnal wvariable of the rocket-mofor
chamber (radially with reference to 2 eylindrical
combustien chamber). This paper deseribes two types
of internal rocket-motor probes used in s JPL Reso-
nant Combustion Program. Early probes were uncooled
models designed amnd built by JPL. Later, two cocled
--probes were designed and built by the Greyrad Corpo-
raticn. The Greyrad probes can be adjusted within
their adspters tc measure high-frequency pressure
variations at locations 1/2 in. to 5-1/2 in, from
the inside -of the chamber wall. Thermal protection
is provided by high weter-flow rates through inner
end outer tube bundles. Approximately two-thirds of
the weter is used to cool the outer tube bundle and
exits above the 90-deg bend in the probe. The remain-
der is foreed across the sensing area of an internzl-
1y acceleration-commensated treansducer (Kistler Model
603A) and out into the motor chamber., In addition to
the water ccoling there is & 0.020-in. costing of REV
580 on the transducer diapghragm to provide protection
sgainst thermal radiastion. The probes have been used
in & series of instability tests at various longitu-
dinal locations and insertion lengths. Information
on testing and evaluation of the probes, actual rres-
sure data cbtained during instgbility firings, and
conelusions drawvn from this information are presented.

INTRODUCTION

The JPL Propulsion Division has, for several years,
been involved in a study of the resonasnt combusiion
{or instability) phenomena zs relsted to liguid-
propellant racket engines, In support of this pro-
gram, the Instrumentation Section has directed
considerable effort toward the development of a
high-response pressure-measuring system, which is
necessary to define the characteristies of the reso-
nant ccmbustion phenomena. These efforts have
resulted in & system with frequency response in the

neighborheod of 100 kHz, capable of withstanding the
severe enviroanntal conditions presert during reso-
nent combustionll}. To discuss the use of pressure
probes in this type of application it is necessary
first to explain the cheracteristics of the rescnant
combustion phenomena and some of the problems asso-
ciated with making three-dimensional pressure mea-
surements in such an environment. '

CHARACTERISTICE OF THE RESQNANT CCOMEUSTTION PHENCMENA

The resonant combustion phencmena may be described
as & steep-fronted detonation-like pressure wave ro-
tating with supersonic velocity about the combusiion
chamber axis as shown in Fig. 1. This artist's con-
ception envisions a shock wave rotating within the
sensitive reaction zone neer the injectorl2). The
wave amplitude diminishes at locations faxrther frem
the injector as the shock wave follows a possible
helical path down the chamber. The wave is quite
steep-fronted, and velocity measurements indicate
that the transit time across a sensing area 0.25 in.
in dismeter is on the order of 3 psec, which is suf-
ficiently fast to excite the resonant frequencies of
most transducers. Since the wave crosses the mea-
surement location on the order of once every S00 usec,
the output of the transducer during resonance might
be expected to lock like a series of shock—tube
tests.

The envirommental conditions present during resonant
combustion are gquite severe. Although instantaneocus

_ heat—transfer measurements have not been made, stesdy-

state measurements and other cobservations indicate
that heat-transfer rates may be in excess of 50 Biu/
in.2 sec. This is sufficient to burk through an en-
gine chanmber wall 1-in. thick in less than 1 sec.
Vibration levels are in excess of 1000 peak g =t fre-
guencies above 2000 Hz. Because of the severity of
these enviromnmental conditions and the likelihood of
damage to any Iinstrumentation system, the run dura-
tions are limited to very short times. Typical run
durations are less than 0.5 sec, of which approxi~
mately 0.1 ses is resonsance.

*This paper presents the results of one phase of research carried out at the Jet Propulsion Laboratory,
California Institute of Technelogy, under Contrzet No. NAS 7-100, sponsored by the National Aeronautics

and Space Administration.

Supericor numbers refer to similarly-mumbered references at the end of this paper.
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PRESSURE-MEASURING SYSTEM

The pressure transducers used to define the resonant
combustion wave cheracteristies at the chamber bound-
aries generally consisted of Kistler Model AQ3AS
{manuractured by Kistler Instrument Corp., Clarence,
N.Y.) in uncooled near-flush mounting configurations
with & thin costing of eblative meterizl to protect
the transducer disphragm 1?.

Figures 2a and 2b show the shock-tube response of an
optimized pressure-measuring system as recorded on
an oscilloscope and on magnetic tape. The transducer
itself has a rise time on the order of 1 psec and a
ringing frequency of spproximately 500 kHz., The
transducer was flush-mounted on the end of the shock
tube and had a thin costing of RTV 580 (manufactured
by General Electric Silicone Products Dept., Water—
ford, N.Y¥.) over the diaphragm. As may be noted in
Fig. 2b, the response of this system to a pressure
step input is basically that of the recording sysitem.
The trace in Fig. 2c is data as recorded by this
transducer configuration during = resonant combustion
firing. It should be possible to assume, within the
T-psec rise-time limitetion of the recording system,
that the data as recorded are a feithful reprcduction
of the pressure disturbance. It is known that the
pressure~vwave amplitude is at least 950 psi and that
its trensit time across the transducer diaphragm is
less than T psec 3},

Measurements made with this sysiem have .proved satis-
factory for determining the characteristies of the
resonant combustion wave at the chamber boundaries.
To further define ‘the phenomensa, however, it became
desirable to mske measurements three dimensionally
toward the center of the chamber.

UNCOOLED JPL PRCEE

The first probe used in the Resonant Combustion Pro-
gram is shown in Figs. 3 and L. This was an uncooled
probe consisting of a steainless steel tube with 2
Teflon coating., The end coating Teflon could be re-
moved for access to the transducer, a Kistler Model
603A protected with a 0.80-in.—thick coating of RTV
580. The probe is inserted through the nozzle and
held in place by three struts atteched to a nozzle
plate. The lower end of the probe is attached to a
capera housing used to record movies during a
firing(#),

This probe was used in several firings and was use-~
ful in obtaining data to support the resonant combus-
tion theories. There were, howsver, several
shorteomings, one of the more serious being low-
frequency respense due to the coupling configuration
and thick coating of ablative materizl in front of
the transducer disphragm.

COOLED GREYRAD FPROEE

- Te extend the capabilities of the prcbing system,
the Greyrad Corporstion was contracted to design and
build two water-ceooled probes for use in this pro-
gram. The Greyrad probes {manufactured by the

. Greyrad Corporaticn, Princeton, New Jersey) are
shovn in Pig. 5. Water enters the probe through the
upper end and flows through tube bundles down the
probe body. Approximately two-thirds of the water
(0.2 1b/sec) exits above the bend. The remainder is
used to splash-cool the transducer diaphragm. The
upper portion of the probe body is brass and copper,
0.5 in. in diemeter. The lower portiocn is stainless
gsteel, 0.375 in. in diemeter. The probe can be =2d-
Justed within the mounting adapter to measure pres—
sure at leocations from 0.5 to 5.5 in. from the inslide
charber wall. In addition teo water ccoling, o
0.20~in. coating of RTV 580 is used to protect the
transducer sensing element against the effects of
thermal radiaticn.

Figures & and 7 show the Greyrad probe installed on
the engine and ready for a firing. The flex line in
Fig. 6 connects the probe with a solenoid valve so
that cooling water flow can be started approximately
0.3 sec before ignition. Water pressure is normally
raintained at least 200 psi above steady-stiate cham~
ber pressure. The probes are designed to withstand
internal weter pressures in excess of 1000 psi. Fig-
ure 7, a view up the chamber nozzle, shows the probe
in the fully retracted position with the semsing
element oriented toward the injector. Cther itrans-
éucer locations can be seen longitudinally along the
chemper wall and in the injector face.

These prcbes have been used in a series of nine reso-
nant combustion firings without dsmage., At the com-
pletion of this phase of evaluation the probes were
returned to Greyrad for minor medifieation.

ANATYSTS OF FIRING DATA

Data shown in Fig. 8 were cbtained during & resonsnt
combustion firing in which both Greyred probes were
installed. The lower trace is 10 kHz time base. The
second trace is the output of a reference transducer
described earlier (flush-mounted Kistler 6034 with a
0.10-in. coating of RTV 580). The outyut of the
fully, retracied probe is shown mext. In this config-
uration the probe and reference transducer sensing
areag are 0.5 in. apart and should, within thelr
frequency-response limitations, have the same output.
In genersl, this is the case with both the probe and
the reference transducer measuring the same wave smp-—
litude and shape.

The upper trace in Fig. 8§ is the cutput of the fully
extended probe. As was expected and verified in
other firings, the amplitude of the resonant combus-
tien wave is quite low near the center of the engine.
The wave amplitude does, in fact, drop off faster at
locations toward the chamber certer than st locations
along the chamber wall downstresm from the injector.

Informstion on the probe transducer thermal-drift
rate during resonant combustion was also obtained
during the firings. In general, the zero drift rate
for the probes was low. These tests gave further
emphasis to previous conclusions on the use of abla-
tive coatings!>). - High weter-rlow rates are neces-
sary to protect transducers during long-duration
firings and to maintain the structural rigidity of
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proba-fype devices during short-duration firings.
The primary csusa 'of zero drift during shert-
duration firings, however, is thermal radistion, and
the best way to reduce this effect is to epply en
opaque coating cver the transducer sensing area. IT
this coating can be kept intact, the zero drift rate
will almost always be within tolerable limits.

CONCLUSIONS

The Greyrad probes will be used on future rescnant
combustion firings in a further evalustion of their
capsbilities and more extensive determination of the

characteristics of the resonant combustion phencmena.

At this time, however, the following ccnelusions
have heen reached.

1. The freguency response of the probe is satisfac-
tory for meking high-response pressure measure-
ments during rescnant combustion.

2. The mechanical design of the probe allows it to
ocperate for extended periods in the severe en-
vircnment of rescnant combustion.

3. Measurements made with the probe support eariier
JPL theories as to the characteristics of the
resonant combustion phenomens.

4. The use of sblative coatings, however thin, is
desirable even on fluid- or gas—cooled transduc-
ers when making measurements in areas of high
heat~transfer rates. In most instances, the
effect of an opagque coating will be the predomi-
nant factor in reducing zero drift due to ther-
mal rediation.
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Water-cooled probe — Greyrad design

Fig. 5.
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FLOW MEASUREMENT TRANSDUCERS AT LRC

By Thomas D. Carpini
Langley Research Center

SUMMARY

A brief review is made of the flow rate measurement
transducers in current use at the Langley Research Center.
These 1nclude electronic in-line turbine and thermal trans-
dueers that directly sense volumetric and mass flow, and
differential pressure transducers which are used to infer
the flow rate through head-type flowmeters (orifice, nozzle
and laminar). Experience shows that the turbine flowmeter,
because of its accuracy, rangeability, and ease of applica-
tion, is best suited to measure nearly all the liquid flow
rates. Gas flow rates, depending on test reguirements, are
measured with a variety of flowmeters, including the turbine
type.

INTRODUCTION

The importance of accurate flow rate measurements has
Erown steadily at this Center in recent years. This impor-
tance is linked directly to the development of space-oriented
tools like the arc-heated tunnels for probing reentry pheno-

-‘mena, plasma. accelerators for studying new methods of space

propulslon, and regeneratlve life support test beds for devel-
oping life-sustaining systems for long—m1381on space craft.
Furthermore, flow rate information is essential to experiments
anOIV1ng jet engine performance, gas concentration determi-
nations, thrust and 1ift augmentation and gas mixing for abla-
tive materlals and hypersonic combustor studies. In meeting
the flow measurement needs of these diverse research projects,
the Instrument Research Division (IRD) has investigated the
suitability of a variety of flowmeters and has adopted some
for general use. Others are still under test in a continuing
program to upgrade the Center's flow measurement capability.

A summary of the scope and diversity of LRC's flow measure-
ment activity is presented along with a brief discussion of
some current flow transducers and examples of their application.

DISCUSSICN

The summary is developed around a list (fig. 1) of the
essential factors underlying the selection of a flowmeter for
any project application, namely:
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1. Fluid to be metered; this includes considerations of
viscosity, density, homogeneity, and corrosiveness.

2. Flow range; this implies meter size, meter rangeability,
and meter units required.- ' '

3. TFlowing conditions:; these .include the operating static
pressure, fluid temperature, and acceptable pressure drop.

4., _Accuracy expected; this is influenced by factors of
calibration, installation., environment, secondary measurements,
signal conditioning, and recording media.

Fluids

Wide-~spread requirements for measuring a variety of liquids
and gases exist. Water at ambient temperature is the fiuid in
90 percent of the liquid measurements. Other liquids are JP-U,
propane, agueous propylene glycol, Dow Corning DC 331, 90 per-
cent concentration hydrogen-peroxide, hydrazine, and nitrogen-
tetroxide. These fluids vary considerably in viscosity, cor-
rosiveness, lubricity and toxicity. Gas flow measurements
(other than air which is the fluid in most cases) often involve
the inert fluids, helium, nitrogen, and argon. Other gases are
hydrogen, oxygen and the hydro-carbons methane and ethane.
Probably the most exotic of metered fluids have been molten
lithium and a hydrazine-aluminum powder slurry. The lithium
was used (after vaporizing) in a plasma accelerator and a des-
cription of the flow measuring system appears later in this
discussion; the slurry (30 percent aluminum by volume) was
tested as a rocket propellant by the Applied Materials and
Physics Division and was measured with a 30-gpm magnetic
flowmeter.

Flow Range

Liquid flow rate measurements range from about 5.3 x 10"5
gpm (0.2 cc/min) to 500 gpm. Covering the low range is a
resistance type thermal mass flowmeter that measures the rate
of water consumption of a water electrolysis unit in a regen-
erative life support system. Turbine flowmeters ranging in
diameter from 3/18" to 2-1/2" handle most liguid flows from
about 0.01 to 500 . gpm.

Gas flows range from about 3.5 % 107% sefm (0.1 ce/min.)
encountered in leak rate determinations to 12,000 scfm
(15 1lbs/sec.) air required to generate thrusts for the 16-foot
transonic tunnel testing of jet powered models. The lower
ranges are usually associated with gas mixing and combustion
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experiments, space equipment leak rates, and life support sys-
tems. Gas flows are measured with thermal, head-type, and
turbine flowmeters.

Flowing Conditions

Flowing pressure and temperature conditions are as diverse
as the Center's research projects. Some fluid temperature
extremes have been -150°F of liquid nitrogen boil off flows and
B00O°F of the molten lithium mentioned previously. Most flows,
however, are measured at ambient temperatures. Pressure condi-
tions vary more .than those of fiuid temperature. Some notably °
uncommon pressures are 1000 psi required to force CO; flows
to the high enthalpy arc of the Applied Materials and Physics
Divigion, 15,000 psi behind the nitrogen gas flows of the
Mach 19 hypersconic nitrogen tunnel, and 1.0-to-10 torr absolute
pressures for air flows of experimental planetary enthalpy
. probes. Some facility water and hydrogen-peroxide pressures
reach 10G0 psi.

Accuracy

Generally the accuracy requirements vary with the experi-
ment. Liquid measurements in the field can be made to 1.0 per-
cent of reading with careful installation and recording tech-
niques. With gas measurements, the uncertainty is about
1.0 percent of full scale. Here the accuracy has strong
dependence upon the pressure and temperature measurements
required for fluid density determinations, with pressure
exerting the greater influence. Pressure transducers yielding
0.5 percent measurements are generally used, and open-bead
thermocouple probes with 11° tolerances are used to measure
fluid temperature,.

The most demanding accuracy requirements at LRC are of -
Hy07 and air measurements to thrust simulators used in corre- -
lating jet and nozzle performances. More is said of this later.

Ligquid flowmeters are calibrated with a Brooks Instrument
Co. dynamic time-weight standard certified by NBS to have an
uncertainty of 0.15 percent (fig. 2).

Gas flowmeters are calibrated with a Cox Instruments, Inc.
sub-sonic nczzle stand with an uncertainty believed to be less
than 0.75 percent. Low-flow units (less than 1.0 scfm) are
calibrated with a Brooks (George K. Porter) time-volume stand
with an uncertainty of %0.5 percent.
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TURBINE FLOWMETER

Because of its accuracy, ease of application and record-
ability, the turbine flowmeter is the most widely used flow
instrument at LRC. Over 400 units exist, all of stainless steel,
with measuring capabilities of 0.0125 gpm to 500 gpm for liquid
and 0.1 to 250 acfm for gases:. Most standard turbines have
rotors suspended on ball bearings and operate at pressures to
3000 psi.

The turbine's working principle is simple yet precise
(fig. 3). The fluid drives a freely turning rotor (C) sus-
pended in a flow passage (A) of constant area. The rotor (B)
turns at a speed preoporiional to volumetric flow rate. As
each helical rotor blade interrupts the magnetic field of a
closely coupled pickup coil (D), one cycle of alternating volt-
age (typically sinusoidal) appears at the coil terminals. The
frequency of the generated voltage is a measure of the flow
rate while the sum number of cycles is a measure of total flow.
A convenient, universally used calibration factor for this '
system 1s K = cycles/gallon (for liquids) or cycles/cubic ft
(for gas). The linear operating range (constant K) depends
on design, size, and fluid viscosity. A 10-1 linear range
is common with transducers having full-scale capacities of
over 1 gpm for liquid, and 1 acfim for gas. In smaller trans-
ducers, small bore, low flow, and fluid viscosity combine to
generate non-linear calibrations. Repeatability, however, for
all properly functioning turbines is better than 0.25 percent,
For gas measurements, recorded values of fluid temperature and
pressure are required to determine fluid density which is mul-
tiplied by the volumetric flow rate (given by the turbine's
output frequency) to compute mass flow rate.

Most LRC_turbines have full scale output frequencies of
1200 Hz at output voltages ranging to 1000 millivolts peak-to-
peak. These cutputs are .fed to frequency to-analog convertors
which respond only to variations in frequency and are insensi-
tive to waveshape or changing amplitude. The convertors emit
useful low lmpedance millivolt signals suitaeble for recording
and square-wave signals, which are synchronous with 1nput Ire-
quencmes, for driving counters. The standard conversicn uncer-
tainty is #0.1 percent of full scale at steady-state flow
conditions.

Liquid Applications

A typilcal facility requirement is recording the history
of water coolant flow rates to the electrodes and other elements
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of any arc heater which is used for studying low density, high
temperature, veentry phenomena. Mass flow data are required
to assure adequate cooling, perform heat balance calculations
and determine test gas enthalpy. Fig. 4 shows a group of
2-inch, 250 gpm turbines in the 20-megawatt arc heated facility
of the Aero~Physics Division. They measure 800 psi water
flows to the arc electrodes, nozzle, and test section wall.
The convertors for these flowmeters (and others) are shown in
the control room view of fig. 5. Some have capability for
driving meter relays designed to operate emergency shut-down
equipment in the event of inadequate cooling.

Another application of the turbine flowmeter is shown in
fig. 6. This system was used in the RAM C flight test con-
ducted by the Flight Instrumentation Division for studying
radio blackout during reentry. A simple sketch of the vehicle
is also shown. A 1/2-inch turbine flow transducer measured
the flow rate of water that was injected into the flow field
near the nose of the vehicle in an effort to reduce the det-
rimental plasma effect on radio communications. The water
droplets served as recombination centers for positive ions
and electrons resulting in signal strength enhancement up to
about 30 db. The program called for injection of rapid
spurts of water (up to 0.66 1lb/sec.) at vehicle speeds of
27,000 ft/sec. and at heights of 300,000 ft. To meet the flow
- guency convertor was omitted and the turbine's output, after
clipping, was fed directly to a 40 kilocycle voltage con-
trolled oscillator (VCO) for telemetering to ground receivers.

The flow rate was obtained from oscillographic readings of
the freguency,

Gas Application

An example of gas turbine flowmetering is shown in
figs. 7 and 8. TFig. 7 shows a 3-inch dlameter, l2-bladed
turbine flow transducer which measures up to 15 1b/sec. of
air to Jjet simulators. Fig. 8 is a schematic diagram of the
complete flow metering run including the turbine flow trans-
ducer. The jet simulators are used for correlating aerodyna-
mic data obtained from jet-powered models in the 1l6-foot
transonic and t-foot supersonic wind tunnels. Thrusts up to
1000 1lbs are generated by exhausting the compreéssed air through
the test jet nozzles. Accurate flow measurements are required .
gsince jet thrust coefficients are determined directly from
mass flow measurement values. The system accuracy approaches
1.0 percent of flow rate over much of the 10-1 metering range.
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The air is regulated down from 1800 psi and heated to
90°F to prevent jet nozzle geometry changes from frost .accu-
mulation. Flowmeter static pressure is maintained at 800 psig
and measured with a (.25 percent wsg transducer. The tempe-
rature is measured with an open-bead copper-constantan ther-
mocouple probe. The pressure and temperature values are
needed to determine fluid density. The mass flow rate is the
product of density and volumetric flow rate.

Two-inch flowmeters were first applied in an attempt to
restrict system size. However, these meters failed after 15
hours of operation because of accelerated bearing wear due to
excessive metering velocities. The 3-inch meter now gives
about 100 hours of trouble free operation before bearing re-
placement is necessary. This life extension resulted from (1),
reduced velocities inherent in the larger diameter and (2), an
improved bearing system where the 440C stainless steel balls
are sealed with stainless steel shields and are silicone-
lubricated. Four-inch diameter flowmeters lubricated with
light o0il have operated for 280 hours without performance
loss.

These flowmeters were originally calibrated at the Coleorado
Engineering Experiment Station which is headed by Professor
Tom Arnberg, and were checked at LRC on the Cox fleow stand up
to 2 lb/sec. On-site meter verification (after bearing change)
is made with sonic flow nozzles also calibrated at the Colorado
Engineering Experiment Station.

THERMAL MASS FLOWMETERS

Small gas flow rates (<1l scfm) are often measured with
thermal mass flowmeters that employ heat transfer sensing mech-
anisms., Their output (both visual and electrical) are related
directly to the convenlent engineering mass flow units of 1lbs/
sec., lbs/min., or sce./min., the latter being a volumetric
term which defines the gas density at standard atmospheric con-
ditions. Thermal mass flowmeters are useful for (1) monitoring
and recording small gas flows into plasma accelerators, (2)
determining leak rates of space chambers and inflatable satel-
lites (3), studying the combustion reaction of gases, and ()
determining the relative porosity of acoustical and ablative
materials. These flowmeters indicate the true mass flow rate
without requiring correction for temperature and pressure vari-
ations over fairly wide ranges of these flow conditions.

. Several manufacturers market various forms of thermal
flowmeters using resistance bridge, thermocouple, thermistors,
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hot-wire elements for sensing mechanisms. All include some
form of in-line transducer and a signal-conditicner meter unit.
This discussion will cover two types (fig. 9) in use at Langley:
The thermocouple type and the thermistor type, both of which
emit output voltages which are a function essentially of mass
flow and gas heat capacity.

Thermocouple Type

Simple sketches showing the thermocouple-type flow trans-
ducer's basic sensing mechanism appear at the top of fig. 9.
At zero flow the differential thermo-electric output of the
two thermocouples on the heated tube is also zero. When gas
flows through the tube, the assymetrical cooling at the ther-
mocouples produces a differential voltage that is directly
proportional to mass flow rate, The approximately 100 units
at Langley vary in flow range from 0-5 scc/min. te 0-20,000
sce/min. . Somée units of higher ranges using laminar by-pass
elements alsc exist for flows to 5 scfm.

These flowmeters are accurate to about 2 percent of full
scale and do not require pressure and temperature corrections
between 0.1 to 250 psia and 40° to 140CF, respectively. With
calibration over narrower pressure and temperature ranges, the
accuracy is 1.0 percent of full scale at better than 1/2 per-
_cent repedtability. Other advantages are their minimal pres-

““sure drops (typically 1" - 2" H,0 for most units) and low-
impedance linear output, (0~5 millivolt to 0-10 volt). These
meters require reasonably delicate handling, periodie calib-
ration and upstream filtering in order to maintain & desirable
level of performance.

Lithium Flow System

Fig. 10 depiects the use of the thermocouple flowmeter in
a system which was used to meter molten l1ithium to a Hall cur-
rent plasma accelerator of the Aero-Physics Division. Most
magneto~-plasmadynamics experiments for deep space propulsion
had been performed by ionizing and accelerating a variety of
gases. Thought was later given to vaporizing and ionizing the
alkalai metals because of their lower ionization potential.

Lower ionization potential reduced the energy requirements
for the icnization process and made more energy availlable for
accelerating the plasma. Lithium was chosen for the first expe-
riments because its outer ring single electron could be readily
dislodged. Tor optimum correlation with the gas tests, however,
the lithium flow rates were fixed at the gas flow rates of .010
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to .025 grams/sec. At molten lithium density of .544 grams/
ce, the maximum volume flow rate was 2.75 cc/min., a minus-
cule rate which posed formidable measurement problems. The
600°F molten lithium temperature and the corrosiveness of the
lithium compounded the measurement problems.

The chosen flow system, shown in simplified form, com-
prises a volume displacement technique where flow of an
inert gas (helium because of its insolubility in iithium)
displaces the lithium in the reservoir. Consequently, by
the Law of Continuity, a measure of the helium volume flow
rate 1s precisely that of the lithium forced from the res-
ervoir. The helium pressure and temperature above the
lithium were carefully monitored, with the pressure main-
tained at three atmospheres and the lithium temperature at
600°FF. Preset flow rates were controlled with a modified
Brown Electrik servoamplifier, motor and gear train which
drove the high-rescluticn, copper-seated metering value. A
0-5 sce/min. thermocouple mass flowmeter was calibrated with
helium under test flowing pressure and temperature conditions.

The flow curves show flowmeter readings plotted against
lithium mass flow rate. The upper curve is the lithium flow
rate inferred from the flowmeter readings and computed from
the eguations of continuity and state. The lower curve repre-
sents the actual flow determined by the timed collection of
molten lithium. The flowmeter generally indicated 85 percent
of the actual flow rate in repeated calibrations., The sys-—
tematic evrror was mostly attributed to the helium calibration
of the flowmeter. The time-volume standard used to perform
the calibration employed a mercury-sealed piston driven by
the helium gas and was designed to handle much larger flows
than the 0-5 sce/min. Thus the standard would tend to mini-
mize the effects of small leaks. However, the on-site flow
metering system was found to be repeatable to about 2 percent
and constituted a major improvément over previous nozzle
methods used to measure flows of alkalai metals,

Thermistor Type

In the thermistor mass flow system (fig. 9) a self-heated
bead thermistor loses heat to the fluid stream and the elec-
trical power required to maintain the thermistor at a fixed
resistance (temperature) is related to mass flow rate. A
second thermistor compensates the sensor's non-linearity so
that the 5 volt d¢ output is linear with mass flow rate. A
panel meter provides instant readout of mass flow in percent
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of rated flowy capacity. Units are available with capacities
of 3.3 x 1077 to 50 1b/min. Again, like the thermocouple
types, these flowmeters impose negligible pressure drop and
indicate *true mass flow rates over fairly wide pressure and
temperature ranges without correction when careful application
techniques are practiced.

PRESSURE TRANSDUCERS FOR HEAD-TYPE FLOWMETERS

High Pressure Flows

At this center, wire strain gage and potentiometer type
transducers (fig. 11) are generally used to measure the rlow-
proportional differential pressure (AP) across the restricting
element in head-type compressed gas flow systems. All emit
output signals that are compatible with LRC's data aquisition
systems and perform with combined hysteresis and non-linearity
errors of less than 0.75 percent of full scale. Typical AP
ranges are from 0-10 to 0-250 paid in transducers operating
at line pressures from 150 to 5000 psi.

Experience with head~type compressed gas flow measurement
systems shows that the AP +transducer must be able to sustain
over-loads many times its design AP range because of high
pressure transients that are often generated within these sys-~
tems. Most of the center's AP transducers have adequate
overload characteristics for nearly all of the high-pressure
flow work at line pressures to 1500 psi. Some (the potentiom-
eter type included) can sustain AP overloads toc 6000 psi
without degrading significantly their performance. Important
design features of the most reliable transducers are (1) hydrau-
lically damped force-summing devices, (2) efféctive mechanical
stops, and (3) insensitivity to high common-mode pressures.

A major disadvantage of the potentiometric transducer,
‘however, is the wire-wound potentiometer with its inherent
resolution and mechanical problems. Currently, IRD's Force
Measurement Section has adopted a Hall effects transducing sys-
tem to this unit in place of the potentiometer. Results from
early laboratory and field tests are highly encouraging.

Low Pressure Flows
For small gas flows both in the atmospheric and sub-

atmospheric pressure flow regions, cdpacitance pressure trans-
ducing systems are often used. In the atmospheric case,
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laminar flow elements are used to reduce the Reynolds numbers
to values less than 2000 so that the pressure drop becomes
linear with volume flow rate. The capacitance pressure sys-
tems with a 1000-to~1 rangeability are well suited for laminar
flow elements whose abillity to measure near-zero flows is
l1imited only by the pressure instrument. In the sub-atmospheric
case, repeatable flow-proportional pressure data from sonic
nozzles operating at 1 to 100 torr pressure have also been
obtained with the capacitance gage. This system employs a
transducer consisting of & high precision, stable capacitance
voltage divider of which the variable element is a thin, pre-
stressed metallic diaphragm. Positioned between fixed capa-~
citance plates, the diaphragm, when acted upon by pressure
inputs, amplitude-modulates the carrier voltage which is
applied to the fixed plates. After demodulation, the output
appears. as a 0-5 volt de signal which is linear with pressure
to within *#0.5 percent of full scale for each of 7 selectable
ranges, and repeatable to better than 0.25 percent. Typical
transducer ranges are *10, 50, 100, and 1000 torr.
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CONCLUDING REMARKS

A brief discussion was presented on the nature of fluid
flow measurement requirements at LRC and the transducers
which are currently being applied to meet these requirements,
The following statements reflect the present flow measurement
activity:

(1) Turbine flow transducers are used to measure about
90 percent of the liquid flow rates; most are used for water
coolant flows in arc<heated facilities.

(2) Gas flow rates are handled with a variety of instru-
ments including thermal mass flow transducers, turbine flow
transducers, and differential-pressure transducers in head-
type flow systems.

"(3) Measurement capabilities range from 5.3 x 107° gpm
(0.2 ce/min) to 500 gpm for liquid and from 3.5 x L0-6 scfm
(0.1 ce/min) te 12,000 sefm (15 1lb/sec) for gases.

(4) Measurement uncertainties for liquids are generally

1.0 percent of flow rate; those for gases, 1.0 percent of full
scale flow rate.
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DIFFERENTIAL PRESSURE TRANSD UCERS CURRENTLY USED AT LRC FOR COMPRESSED GAS FLOWS.
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REMARES AND ANSWERS FROM
SESSION II, "MEASUREMENT

OF PRESSURE AND FLOW"

Question 1 E. K. Yager

How are the pressure transducers calibrated?

Answer: With Shock Tube Facility.

Question 2: P. K. Stein - Arizoma State University

What is the amplitude of the pressure step generated in
the shock tube?

Ansver: 150 PSI to 200 PSI.

Question 3: Warren Thomas ~ NASA - Langley

What was location of Reference Transducer? Was it flush
mounted?

Answer: Inskeep showed where transducer was mounted, flush - near

the Greyrad probe transducer.

Question 4: W. Thomas - NASA - Lamgley

Does orientation of reference transducer and probe transducer
i.e. (90 degree) effect output of the two output tracer?

Answer: No, because pressure wave is in tangential mode and is moving
across face of both transducers.
Question 5: On data presented there is a 30 psi difference between

reference probe. Is this a calibration error?

Answer: No, the accuracy of the measurement is no better than
+ 30 psi.
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Question 6:

Answer:

Question 7

Answer:

Question 8:

Paul Lederer, NES

Does the water cooling coming through the probe introduce
errors?

No, the water is started before the engine and no shift
in zero is observed.

Paul Lederer - NBS

Was the cooling water supplied to the probe when it was
calibrated in the shock tube?

Inskeep, "No, and that is a problem which has to be worked
on. A means to handle the water in the shock tube has to
be worked out."

Thomas — NASA - Langley

How can yvou be sure peak pressure observed is not a result
of transducer resonance?

Answer: The transducer resonance is about 500 KHZ and this frequency
does not show up in the data. The rocket was fired with
transducer capped so that any output would be due to mechanical
excitation. Essentially, no respomse from the transducer was
recorded. It is reasonable to assume that uncapped transducers

response is from pressure only.

Question 9: Dale Rockwell

What is the 7 microsecond delay cbserved on the trace curve?
Answer: This is z response characteristic of the recording system.
Data taken on an oscillloscope does not show this delay.

Question 10: Bill Harvey

How do you know output is not due to mechanical shock and
vibration?

Answer: The transducer was Installed in a tap which does not see
pressure and the output observed. The data shows output
of less than 10% of amplitude of pressure data.

Question 11: What about temperature sensitivity?

Answer: Zero shift due to temperature change is a low frequency
phenomena and does not effect the high frequency data.
The pressure pulses are on top of 200 psi average chamber
pressure. This static pressure is not recorded by this
transducer, i.e, the system is AC coupled.
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Question 12:

Answer:

Question 13:

Answer:

Question l4:

Answer:

Question 15:

Answer:

Question 16:

Answer:

Question 17:

Answer:

Question 18:

Answer:

What was the property of the coating of RIV on the transducer?

The coating on the pressure diaphragm protects the transducer
from the environment without the coating the data was always
lost.

- Hag the spectral analyses of the data from different parts

located around the chamber been compared to identify the
mode of oscillation?

No, it was not, The purpose of the probes was to demonstrate
the existance of a heliz type pressure wave within the com~
bustion chamber. The probe provides data out in the chamber
away from the walls of the chamber. This data in addition to
the data obtained from the flush mounted transducer will
characterize the umstable combustion,

What is the low frequency capability of the transducer?
The Kistler transducers have poor low frequency response.
The Kistler transducer is used for High Frequency data

only and a TABOR transducer is used to measure low
frequency chamber pressure data.

Thomas - NASA - Langley
What other type of transducer can be used to obtain the data?
Inskeep, "Water cooled Photocon Transducer but they are less

rugged than the Kistler."

Paul Lederer - NBS
Have you used the Princeton University Helium Bleed Transducer?
Yes, we use them when longer run times are required, but they

have a lower frequency raesponse than the Kistler Transducers
under 1OKH2.

Alfred Boyd-AF Rocket Propulsion Lab

How many firinmgs can you get on aprobe?

Nine so far, without failure.

How was the cooling water flow rate established?
Greyrad corporation established that two pounds per second

water flow was required for the probka Water pressure and
flow rate was usually measured to insure cooling of the probe.
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Question 19:

Answer:

Question 20:

Answer:

Question 21:

Answer:

Question 22:

Answer:

Question 23:

Answer:

Question 24:

Question:

Answer:

Question:25:

Answer:

Was RTIV charred or ercded?

Yes, each time the probe was used the RIV required
replacement.

What is the lomgevity of uncocled transducers?

The transducers lose sensitivity and require replacement
often., After esach test some of the transducers require

" ‘replacement average of 5 or 6 firing per transducer.

How often are the transducers calibrated?

After each firing.

How was Heat Flux figure of 50 BTU/inzlsec determined?

Early in the program heat transfer ratio of 10-15 BTU/in2

/sec were measured. How specification of 50 BTU/inzfsec
was reached is not known. From experience the rocket wall
which is 1 inch thick stainless steel has burpned through in
one second.

TomCarpini —~ NASA - Langley

What was the gas temperature in the chamber?

Over 6000°F.

Lederer - NBS

What is the accuracy of the measurement?
How does the Project Engineer feel about the accuracy?
No complaint. He is looking for gross pressure changes,

30 psi is adequate.

Dale Rockwell

Is the 500 KHz ring frequency of the transducers obtained
with the RTV coating on the transducer diaphragm.

Yes, it is.
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COMMENT :

Walt Patrick - Sandia Corporation

Explosive Driven Shock Tube produce temperature transients
of two ms rise to 9000°F and Decay 26 ms,

Test of various tramsducers. With coating in explosiwve shock
tube to measure the resonance frequency of the transducer with
the explosive shock ftube is necessary to protect the transducer
from temperatures to avoid zero shift. Dynamic pressure and
dynamic temperature go together. If transducer is evaluated
without coating the data is not usable due to temperature in-
duced zero shift. If transducer is In the 500 psi range or
more, the mass of the coating does not change the resonance
very much since the diaphragm mass is quite large compared to
the coating. However, if transducer is a small one the coating
introduce damping which causes phase distortion as well as
reducing the resonance frequency.

Test at Sandila on small 10-32 inch diameter Kulite strain gauge
transducers indicate that electricians tape provide suitable
protection from temperature transients while introducing small
amounts of damping and phase distortion.

Thin film transducers are avallable but they have a time smear
problem when the temperature transient crosses the transducer
face. Static test indicates they are better than strain gauge
transducers by an order of magnitude insofar as zero shift with
temperature is concerned,

The best results would be obtained if the transducer did not
require a coating because then the transducer would be undamped
and the highest resonance frequency would be observed,

Question 26: Tally — Marshall Spacelight Center, Huntsville

Answer:

Does anyone know how to check the step flow response of a
turbine flowmeter?

Carpini, "I think Jerry Grey did some of this work and I
have some of his papers on it. We flew a 1/2 inch turbine
on a RAM C package where one of the critical specifications
was that it have a time comstant of 5 milliseconds, or the
time to reach full step flow was about 20-25 milliseconds.
We have had some bad experience with a certain manufacturers
flowmeter in that when the flow was suddeunly increased, it
wanted to increase speed and was reluctant te come down.

It was worse the other way around.”

Tom Corpini presented a short discussion of flow calibration
and application at NASA~Langley to open discussions on flow
measurement.
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Question 27: How do vou determine the response of a turbine flowmeter?

Answer: Quick acting valve.

Question 28: Tally-— NASA - MSFC Huntsville

Has apnyone tested turbine flowmeter to determine their
sengitivity to accelerations?

Answer: No.

Question 29: What technlques are available for measurement of mass flow
rate of gas.

Answer: Tally — NASA - MSFC Huntsville

Injection of radio-active material.

COMMENT : Mr. Dale Rockwell

In the last few years the turbine flowmeter manufacturers
have been putting out non-magnetic pick up. Those increased
flow ranges from 10-1 to 30-1 or higher. These flowmeters
are used for transfer standards. High Pressure-high tempera-
ture f£lowmeters for an air medium were purchased from Quantum
Dynamlcs. These were specified to operate at 800°F for up to
gseveral hundred cubic foot ninute., OQur heat exchangers are
not in operation and tests have not been completed at this
date.

Question 30: P. K., Stein -~ Arizona State University

I would like to address this question to any member of the
panel: Has anyone ever accessed the effect on the flow of
placing a flowmeter, a turbine type or any other, in the
flow stream? For instance, if a pump is foreimg fluid
through a pipe, you have one set of conditions. What
happens to the pump, or any other driving force, when a
flowmeter is put intoc the system. There has to be sone
effect, back pressure or something, that affects the pump
operation that wasn't present when the flowmeter was absent.

Answer: Corpini, "When a flowmeter is calibrated against some standard,
it puts out some signal that is proportional to mass flow and
when it's in use, the pressure is always at a level to overcome
or minimize any effects of back pressure.”

Rockwell, "In my experience of monitoring calibration work by
others, I feel that any effect is eliniated or minimized by
calibrating under the exact conditions which the flowmeter
will be actually working under during the measurement."
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COMMENTS:

Question 31:

Answer:

COMMENTS;

Question 32:

Answer:

Mr. Charles Brodey presented a discussion of Oscillating
Gyroscope Mass flow of blood required to receive reflections
at a given depth.

Professor Jacobs

Does anyone have an approach for measuring flow environment
in the human being in the main arteries of the body without
requiring major surgery?

Al Boyd - AF Rocket Propulsion Lab

Someone at Ames Research Lab at Moffet Field, California
is making measurements of blood flow with an ultrasonic
doppler shift technique. They apply a cuff to the arm or
leg and transmit a pulse of ultrasonic energy intoc the
tissue. Professor Jacobs' comments that this technique
may not be safe as the reaction of the blood to ultrasonic
energy is not known.

Mr. A. H. Boyd reviewed the Pulse Flow Measurement Technology
at AFRPL. This included the status of the Laser Flowmeter,
the Positive Displacement Flowmeter used to measure the total
volume per pulse and new target type flowmeter for CLF5 flow
measurement.

How do you generate your step junction of flow to calibrate
the flowmeter?

A. H. Boyd - AF Rocket Propulsion Lab

We open 2 valve down stream with a pressurized tank feeding
the system. Altitude control engine valve open 2 ms.
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SESSION I11
General Measurement Problem Areas
Chairman: W. G. James, AF Flight Development Laboratory
Recorder: J. F. Kowalick, Frankford Arsenal
Panelists: L. L. Lathrop, Sandia Corporation
E. K. Yager, General Dynamics - San Diego

Prof. R. M. Jacobs, Newark College of Engineering
Prof P. Stein, Arizona State University
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The purpose of this paper is to present some applications of
standard tranducers to the specialized area of Bilo-Engineering. In
our work at NCE we have used existing or "off-the-shelf” transducers
in three research programs: The first, "The Evaluation of Left-
Ventricular Work in Man By the Thermal Dilution Technique', essentially
a temperature measuring problem; the second, "The Evaluation of the
Friction Drag of Biological Fluids in Contact with Technological and
Biological Surfaces', a drag or force measuring problem; and the third,
"The Effects of High Pressure (50 atmos) and Dissolved Gases on the
Viscosity of Blood, and Blood Derivatives' a pressure measuring problem.
The problem of temperature measurement in the left-ventricular
work evaluation is that a rapid respomse, T = 0.02 sec, temperature
sensor is required that has sufficient structural integrity so that
it can be inserted intec a catheter with an .050 ID and fed into the
left-ventricle of a man from either the brachial artery, at the elbow,
or the femoral artery, at the groin., The maximum distance the sensor
has to travel within the body was 100 cm. In addition, the output
from the sensor system has to be compatable with the existing
instrumentation within the opewating rcom of the Cardiac Catheterization

Laboratory. Some of the literature referred to the use of thermistors
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in the thermal dilution technique in animals. Upon investigation it
was found that the time constant for the devices used was 0.25 seconds
or longer. The structural integrity or the thermistor assembly appears
questionable because of the many components that could separate in
sterilization, and in the relatively rough handling of insertion. In
addition, a thermistor circuit requires a power source to be led

into the body -~ a questionable practice. A commercially available
thermocouple was éound that appeared to meet all requirements -
structural integrity and a T < .02 seconds. This G/A thermal couple
is 150 cm long, comtained within a 0.020" 5.S. Jacket tapering to

04" for 2: and reducing to 0.010" for the final 1/4". The time
constant for the thermal couple, amplifier and recorder are shown

in Figure 1. The trace on the bottom of the figure is for an

ECG for an adult male undergoing a standard cathertization procedure.
We were connected to one chamnel of the recorder testing the time
constant by taking the junction from ambient air tc a beaker of

water 3° below ambient, the initial discontinuity in the trace is

due to the changing film coefficient as the probe is moved through the

air. The time constant evaluation had noting to do with the patient,
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we have left the ECG on to show that in time interval of one heart beat
all changes can be followed. A normal heart rate is 70 beats a minute
during cathertization it can go up 140 beats per minute, assuming
equal time for diastole and systole, and that the flow assumes a
square wave with diastole taking .2 to .4 §econds requiring the
T = .02,
The output of the thermal couple is fed to the amplifier section
of a strain gage bridge amplifier. An Ellis Bam~1 is available,
the DC amplifier (500 gain, 2000 cps cut-off) was found to be stable
and capable of amplifying the micro—velt signal for the Electronics
for Medicine recording console in the Cathertization Laboratory operating
room. An initial attempt was made to use the amplifiers within the
E for M conmsole but they did not have the required DC stab%lity nor
sufficient smplification without cascading which led to many difficulties.
The thermal dilution technique is relatively old. The early applications
were used to determine volume of left ventricle before filling started
(end systolic) and at the end of filling (end diastolic) and from
these wvalves the volume of the left ventricle. The clinical procedure

used is to insert a catheter through the brachial artery into the
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left ventricle, a second catheter is imserted inte the femoral artery
and is also inserted into the left ventricle, Figure 2. The catheter
in the brachial artery is comnected to a cold saline injector. The
catheter in the femoral artery acts as a guide for the thermal couple.
The position of the catheters and temperature probe are constantly
monitored by x—ray and TV screen, photographic records can also be
made. Once the probe and injecting catheter are positioned, 40 cc

of cold (400F) saline is injected over 3 or 4 heart beats, Figure 3.

As the cold saline enters the left ventricle the bulk temperature
decreases during systole (fluid ejection from the heart) and increases
or remalns constant during diastole (fluid filling the heart). At

end of injectioning the cold fluid, a minimum bulk temperaturs is
reached and each subsequent diastole increases the temperature and systole
does not change the temperature. A normal heart will have 6 or 7 up to
the original base temperature, others will take longer. ZEquations,
Figures 4 and 5,have been developed for determining the instantaneous
volume of the left-ventricle from the time-temperature curve and the
initial body temperature, saline temperature and volume. This has

been reported in the literature. All of the in wvive work to date
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has been done in the Cathertization Laboratory at St. Michael's Medical

Center, Newark under the direction of Dr. R. Brancato.

In the evaluation of the effects of dissolved gases in blood on

the viscosity at high pressure a transducer was required that could

sustain 750 psi (50 atmos) and be sensitive enough to resolve a

mazimum of .050 inches of water, repeatedly. In addition teo this

requirement, the total volume of the test chawmber and transducer has

to be very smsll since human blood is to be evaluated. The test device

consists of two blocks of Lucite connected, Figure 6, by a glass

capillary having pressure taps bored into it. The Lucite blocks are

the drive piston block and the floating piston block. The drive

piston block has a 0.250 diameter ground glass piston rod activited

thru a gear train and screw assembly. The gear train can be modified

so that lead screw advance can be changed from 0.6 in/min to 3.5 in/min.

The drive is from a reversible synchronous motor at 72 rpm. In the

original device the floating piston block was to contain an 1/8 inch

diameter ground glass rod acting as the piston of a "dead weight

gage''. The glass rod was found to be binding and alighnment was

virtually impossible. It was therefore, discarded and replaced with a

standard high pressure dead weight tester which could be isolated from
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the system, after the fluid within the test device was pressurized.

In order to provide a closed system the drive piston block was modified

go that a second piston within a new bleck would be retracted when

the main rod was advanced. By connecting the fluid passages of the

float piston block to the new piston chamber, the fluid system is

closed and can be pressurized to any level by means of the external

dead weight gage. It is planned to £ill the large volumes with saline

and use a limited quantity of blood (less than 20 ce) within the main

drive cylinder and the capillary. All other spaces will be filled

with the saline under pressure, For the drxive piston rod diameter

selected the shear rates possible are from 20 per/sec to 700 per/sec.

A statham PM 280 TC -+ 2~350 pressure transducexr was available

at NCE. This transducer is capable of line pressure of 3000 psi and

has a full scale differential pressure of 2 psi. An Ellis Bam~1

was used to power the transducer. The output of the BAM was read on a

HP 490 AB DC vacuum tube voltmeter paralled with a Texas Instrument

XY Plotter with a Signal Comtrol module. An initial test was performed

with the transducer to establish its sensitivity. It was placed on

end, the system balanced to correct for diaphragm motion, one cavity
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of the transducer was filled with water, a head of approximately 1/4"
water, which gave an cutput signal that was measurable. A test rig
was then devised to test and calibrate the unit under awmbient conditions.
This-contained a micrometer (.0001 inch) adjustment on one side of the
transducer. The gain of the BAM was adjusted for 1 mv ocutput for 0.01
inch water pressure differential, this permitted readings to the
nearest .00l + .0005 inch water on the XY plotter using 1 mv/inch
Figure 7 is a calibration curve. With this rangé the noise was found
to be approximately + .1 mv (.00l inch water) and the drift over a
30 minute period to be .3 mv (.003 inch water). Since normal operating
time, with human blood is limited to 60 to 90 seconds this drift is
more than acceptable. Repeated cycling thru a rnage of + .05 inch
water indicated that the system had excellent repeatability and main-
tained the semsitivity of 1 mv/.0l inch of water.

To date a preliminary calibration of the tast equipment with
water has been made. For a shear rate of 34.1 /sec an output of
6.5 mv (.065-inch water) has been found this compares with .069/sec
theoretically. We have also found that the viscosity of water does

not change with pressure from ambient to 50 atmospheres.
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The test is based on flow through a capillary viscometer with an

initial assumption that

4P = 20X
7Y
and cft(, - ____!——- :EEijE’ 1??;
Ci k:?t1i%, ‘é;/‘{' dg

For a 1/4" diameter piston traveling 1/60 in/sec the volume flow

-
e tes @ = e snVsee = 817 xi0 mfske
=T (@)Y / /

Using a 0.0625 in. diameter capillary 10 inches long results in a

APs 025515 psi = 0065 1w Fp0

and ...é..—‘-& = ‘?ﬁ/ m see shear
d Eﬁg%

rate.

The wvolume float piston, chamber, drive piston chamber, capillary
and intersections is approximately 10 cc.

A recheck of transducer calibration after use to 775 psi indicated
that the original calibration of 1.0 mv/.0l inch water was maintained.
The gain on the BAM was checked by means of the internal calibration
circuit in the unit, with a calibrating resistor of 1 meg—ohm the
output is 14.5 mv and this is checked on the TI Plotter. There is
slight shift of the zero of the transducer as the pressure in the

system is increased, not with increased pressure differential. Since
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we are not measuring dynamic changes over a range of system pressures
but rather are measuring pressure differentlals at discreet pressure
levels this drift is unimportant and can be accounted for prior to testing.

This program has been supported by office of Naval Research Division
of Physiology under contract N-00014-67-A-0225-0002 NR 101-732.

The friction drag of a blood system in contact with technelogical
and biological surfaces was tc be measured dixectly in order tc observe
any differences that exist in the magnitude of the friction drag per unit
area in the physical situation.  These were to be made with a minimum
volume of bloed - ideally 25 cc but not to exceed 50 cc.

An axi~symmetric geometry was chosen for the drag generating
section of the system. The axisymmetric geometry provides a system
with some of the independent wvariables found in the micro~circulation
of humans (one conduit variable, variable shear rate, and relatively
rigid boundaries). The device consists of two 0.250 inch diameter tubes
connected to a 14 inch diameter well. The tubes differ in length
by 5 inches, other than that, they have as near identical extrance
and leaving conditions as can be fabricated. At the lower end of these
tubes are 10 ml plastic syringes driven by a common drive system,

Figure 8. Suspended into the twe cylinders are 1/8" diameter
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spherical ended glass stings — one i3 5" longer than other. The "stings"
are mounted to cantilever beams by .008" diameter flexure wires and
stabilized by a bearing. The beams are .060" x 0.500" x 5" long to
the flexure wires., A capacitor plate mounted approximately 7"
from the support of each beam. The two plates are within .010 inches
of a common ground. Provisions have been made to adjust the gap of esach
beam independently.

The capacitor plates are commected into a differential circuit
through a Lion Research GP 311 "Capacitance to voltage Transducer”
to a 202 A Driver Unit. The output from the Driver unit is read on a
HP 3420A DC Differential Voltmeter capable of reading in the microvolt
range, Figure 9.

The expressions governing the flow conditions at points far removed
from the ends, more than 20 times the gap size, are for a Newtonian

fluid in creeping motion are

Shear: 07' P o T—fg:

Velocity:

Flow Rate: cﬁp

-
-

P g49. (a%5?)”
Z 97 ) (+*¥) =
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Drag: FDrag v~ 27T .’e 9’ ( ¢)

For an outer annulus diameter (2b} of 0.250 inch, an inner annulus
diameter (2a) of 0.125 inch and a flow trate (.00327 in3/sec a drag force
of 0.00112 pounds (500 mg) is produced on a 10" sting, the flow
Reynolds number is 6.73,

Preliminary test data indicates that a 200 mg weight on the beam
in the plane of the sting will produce an output signal of approximately
20 mv, since the read-out is in the micxo-volt range three significant
figures can be easily obtained. To date, only preliminary calibration
has been made with the device.

This work is being done in conjunction with the Hemotology and

Thrombosis Laboratory of the V.A. Hospltal, East Orange, New Jersey.
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IN VIVO SCHEMATIC
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) /T (1)

max

EVD =V, . (Tg—T

Inj ini

EVD = SV / (1-k) (2)
k = &8 Tn
A Tn+'|
ESV = EDV-SV (3)

Vi) = ESV, (Tg-Tgg )/(Tg T (4
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] |
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FIGURE 4
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THE RESPONSE OF TRANSDUCERS TO THEIR ENVIRONMENT

THE PROBLEM OF SIGNAL AND NQiSE

Peter K. Stein
Professor of Engineering
ARIZONA STATE UNIVERSITY

Tempe, Arizona

from a measuring system.
elsewhere (references 1, 2).

environmental aspect is achievad.

hecomes important.
naise levels.

these data appear to be,

The target for a measurement engineer is valid, noise-free data emerging
The problem of data validity has been discussed
This paper is devoted to the problem of

how transducers vespond to their environment, and to the deliberate design
of measuring systems so that only the desired response to the desired
Since every link in the measuring chain
is capable of producing three entirely different noise levels, the problem
of their specific identification at any instant
The emphasis here is on the documentation of these
The methods presented here permit documented presence of
noise to identify specific problems which require solution.
absence of noise guaraniees the data, regardless of how unexplainable

in any test situation

Documented

INTRODUCTION

ATl transducers respond in all ways in which
they can to all aspects of the envircmment.
These responses are lawful, and represent nor-
mally respectable physical or chemical energy-
converting transducing responses. The SIGNAL,
in every case, is defined as the DESIRED
RESPONSE TO THE DESIRED ASPECT OF THE ENVIRON-
MENT. The other three combinations are un-
desired, and will therefore be defined as NQISE.
It is important to recognize that this definitim
of hoise embodies BOTH environmental excita-
tion factors and transducer response factors.
Unless these concepts are kept clearly separate,
no methodical approach to the study of the
problem of signhals and noise is possibie.
I identifies the definitions.

The purpose of this paper is to establish a
systematic methodology for the determination
and documentation of the presence or absence of
these noise ievels on any given test set-up at
any time, before, during, or after the test.
The discussion is Timited to those cases where
the information to be obtained (often called
the MEASURAND) is ORIGINALLY in analog form.

Coroliaries of the method developed here are:

Table

1. The method is general and applicabie to all
Tinks in all measuring systems 1in all
discipiines.

2. There are three different environment-
response combinations classed as noise levels in
every link in the measurement chain. Thus there
are always three different targets for noise
suppression -~ and hitting the wrong target
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bull's eye does net help matters any.

Certain methods of noise suppression are
guaranteed to soive certain of these environ-
ment-response combinations while equally
guaranteed not to solve others. With three
distinct sets of problems it is necessary to
evolve distinct methods of noise suppression
generally applicable in all disciplines.

3. An immediate impiication is that those trans-
ducing processes designated as NOISE in one test
may well be SIGNAL in another. Many instances
of valuable patents based on the OPPOSITE of
what disturbed an investigator, are on record
{ref. 1).

Even time can be an undesired, environmentai
factor such as when it produces zerp shifts,
zerg-drifts, or calibration changes in a measur-
ing system -- and yet when time is to be measur-
ed we deliberately design transducers the out-
puts of which change in a predictable manner
with the passage of time (clocks). Time, in the
frame of reference of this paper, is Jjust andther
envivonmental factor which may or may not affect
system performance. The methods used to suppress
the effects of time are the same which are used
to suppress the effects of other undesired
environmental factors.

Noise Tevels are transducing processes gone
wrong, and can be rehabilitated for useful
service as the occasion demands.
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TABLE I: SIGNAL AND NOISE

“RESPONSE

ENVIRONMENTAL ]
ASPECT DESIRED UNDESIRED
DESIRED SIGNAL is the desired NQISE-1 is the
response to the undesired response
desired aspect of the to the desired
environment aspect of the
enyironment
UNDESIRED NOISE-2 is the desired NOISE-3 is the
response, but to the undesired response
undesired aspect aof to the undesired
the environment aspect of the
environment

ENVIRONMENT -RESPONSE INTERACTIONS IN TRANSDUCERS .

For purposes of this paper, the envirpnment to
which a transducer is exposed includes the
entire world as distinct from the transducer
itself {*). The "entire world" in turn, is sub-
divided into:

1. That aspect (or factor} in the environment
to which the transducer should respond--i.e.,
the desired aspect of the environment such as
temperature for thermocouples or resistance
thermameters.

It is sometimes necessary to be more specific
about the enviranment--such as the surface
temperature at point A" and NOT the temperature
of the surrounding gases or other solids. A
differential pressure transducer is supposed

to respond to the differential pressure across
its input ports independently of the common
pressure level {1ine pressure or the "common
mode}, and directional transducers such as
load cells are to respond to excitations in one
direction to the exclusion of excitations in
transverse directions.

2. The undesired aspect, namely everything eise
such as magnetic fields, mechanical-strain
fields, vibrations, etc., to which the trans-
ducer is also exposed.

Note that the undesired aspect may be of the
same physical guantity as the desired aspect!
Thus, typical undesired aspects in ALL
differential measurements are common mode
Tevels, and in ALL directional measurements are
transverse excitations.

*The word TRANSDUCER is used here to denote any
component in a measuring system which processes
BOTH information and energy. The definition
includes not only such devices as thermocouples
and piezoelectric accelerometers, but also
telemetry oscillators, ampiifiers, recorders--
even cables! .

In short, every 1ink in a measuring system
which transmits information and energy is a
transducer BY DEFINITION.

52

.RESPONSES OF A TRANSDUCER

The response af any member of a group depends
on

1. Envireonmental factors af the present.
2. Type of connection to that environment.

3. Accumulated past history--past environmental
factors.

4, Genetic make-up.

5. The Tocation of the individual within the
group structure.

Transducers {*),which are compenent members of
the organizational structure known as the
measuring SYSTEM, behave no diffarently in
these respects, from any other members of any
other group.

Present Environmental Factors

The purpose of this paper is to investigate the
role of present environmental factors in
eliciting transducer responses. The other four
Ffactors govern the potential ability of the
transducer or measuring system o respond to
these environmental factors. 1In other words,
the measyrement engineer can operate within
these four areas, which are under his contral,
to design measuring systems which respond in
specific and controllable ways o present
enyiranmentail factors which are NOT under his
controlt

The deliberate design of measuring systems to
pbtain valid, noise-free data is treated else-
where. This paper treats only the methods of
determining what problems exist in any specific
test and to document the present or absence of
noise levels--1.e., the ability of the system
te respond to or to suppress certain environ-
mental factors. A brief survey of what is
invoived in each of the four areas is, however,
given below for the sake of completeness.
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Typa of Connection to That Environment

The calibration certificate for every trans-
ducer, embodying its total performance data,
depends on the boundary conditions at the
connections of the transducer to other trans-

...... -—-ducer-Tinks in the measuring chain. This

dependence of calibration data on boundary
conditions has been called the GOLDEN CALF
EFFECT because calibration certificates
obtained for transducers under one set of
boundary conditions do not apply to any other
set {refs. 1, 2).

Accumulated Past History

This factor, called "initial condition," "total
integrated experience," or simply "history" is
- 8 much-neglected factor in evaluating the
response of transducers to their environment.
The response of any transducer today is
governed by its total past history, usually
divided into three of many chains of events:

Chemical history: material composition and any
changes in composition due o chemical reaction,
curing, oxidation, corrosion, allay migration,

etc.

Thermal history: heat treatment, quenching,
-~ cooling rates, heating rates, cure cycles,
time-at-temperature, Tevels of temperature,etc.

Mechanical history: cold work, strain cycling,
saquence of levels on cycling, rates of applied
strain, strain levels, etc.

It is recognized that other past event se-
quences such as any nuclear history, pressure
history, etc., may also influence material
properties and system structure and hence
transducer behaviar.

It is well known, for example, that certain
ailloy formulations combined with specific
heat treatments and cold work cycles produce
alloys which permit the construction of trans-
ducers for which the spring censtant, or
resonant frequency, or resistance change is
independent of some environmental factor such
as temperature-- self-temperature-compensated
main springs fn watches, tuning forks and
bonded-resistance-strain-gages, respectively,
for example.

Genetic Make-up

The construction of any transducer embodies
the distribution of materials in some oranized
manner. In general, the components of a trans-
ducer represent combinations of power-
dissipating ar energy-storing action which in
turn may be in the form of potential energy
storage (as & level) or kinetic energy starage
{as a rate--rate of change or rate of accumula-
tion). The make-up of a transducer as an
organized arrangement of these components in -
Tumped-parameter or distributed-parameter model
form, with Tinear or non-linear inter-
relationships, governs the response of that

“transducer. Thus frequency response, transient

response, input-output relatienships, etc., are
also determined by this "genetic inheritance"
of the transducer.

The Location of the Individual
“Within the Group Structure

Overall performance of a measuring system can
be expressed as the result of the multiplica-
tion of a series of matrices each belonging %o
a component in this chain. Since matrix
multiplication is a non-commutative process,
the sequence of operations in a measuring
system may not be interchanged without altering
performance.

Operations involved in measuring systems are
those related to: information transmission or
information conversion; energy transmission and
energy canversion.

The relative grder of operations within a mea-
suring system drastically affects the system's
ability to separate SIGNALS (as defined above)

from NOISE {as defined above)} and to assure

?atisfagtory signal/noise ratio at the output
ref. 1).

THE TRANSDUCER AND ITS ENVIRONMENT

The respanse elicited from a transducer by its
envirenment can always be divided into two
parts:

The Self-Generating Response

Reguires only a single ensrgy input to produce
an energy output. Typical members of the
family of transducers in which this is the
desired response are thermocouples, piezo-
electric devices, electro-magnetic field probes,
magnetic-tape heads, mechanical Tevers and
gears. One of the mos® important properties

of all responses of this type is that only
energy, but NOT information can be converted in
them. If the information enters in aralog form
it must leave in analog form; if it enters

PAM it must leave PAM, etc.

The Non-Self-Generating Response

Requires two energy inputs to produce a single
energy output. Examples of members of the
family of transducers in which this is the
desired response are galvanometers, resistance
strain gages, resistance-thermometers, LVDT's,
capacitive transducers and photoelastic speci-
mens. All impedance-based responses belong to
this family, whether the impedance change is
mechanical, electrical, magnetic, thermal,
optical, etc. The energy input containing the
quantity o be observed is called the MAJOR
INPUT. The second input energy is called the
MINOR INPUT and is also known as the supply,
the carrier input and the biasing input.
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It is convenient to look at impedance changes
as an example of LATENT INFORMATION--informa-
tion which is not in the form of an energy
component, and hence cannot be directly trans-
mitted. Thus a resistance change is not an
energy component. The only way resistance can
be measured is to apply a voltage and measure
a current or vice versa.

The operation of these non-seif-generating
responses is best visualized as follows:

____The MAJOR INPUT containing the desired

signal, produces latent information within
the transducer, usually in the form of an
impedance change. This latent information
is then CARRIED through to the output on
some property, or pattern of properties,
of some wave shape of one of the energy
components at the MINOR INPUT. (See ref. ]
for information-carrying methods.)

One vitally important property of all members
of this family of responses is that only in
non-self-generating responses can information
be converted! But this information-conversion
can be carried out only if the minor input
wave shape 1s other than a constant level (DC).
Thus only when information is carried on some
property or pattern of properties of sine
waves, pulses, etc., can information be con-
verted. This property is extremely important
when information conversion is to be used for
noise-suppression.

It can easily be visualized that non-self-
generating responses can be undesired, such
as changes in cable resistance or capacitance
for any transducer, whether a thermocouple

or a resistance-thermometer (to cite desired
self-generating and non-self-gensrating
responses).

Non-seif-generating responses can be one {or

a combination) of three different kinds:
Power dissipating, such as resistive, in
electrical devices.
Potential energy storing, such as capacitive.
Kinetic energy storing, such as inductive.

Thus the RESISTANCE CHANGE in a resistance
thermometer is the desired, non-self-generating
response. There may also be changes in the
sensor-specimen CAPACITANCE--since temperature
affects both the dielectric constant and the
thickness of whatever adhesive holds the sensor
in place, for example. Any geometric distor-
tions of the sensor grid or changes in the
magnetic permeability of the medium in and
around the c¢oil of wire which forms the
resistance thermometer, will produce a change
in INDUCTANCE. The measuring system here must
be capable of responding to resistance changas
only as opposed to capacitive or inductive
responses.

Thus in non-self-generating transducers it be-
comes fmportant to specify exactily wh1ch gf
the three major kinds of responses s desired.

The UNDESIRED RESPONSE section of Table I, then,
will include those two of the three whick are
to be suppressed.

Note that the desired response to the desired
environmental factor, even when successfully
isolated, will still be a function of the
frequency-and-amplitude content of the desired
environmental factor. The problems of the

effects of frequency and amplitude on the
magnitudes and phase angles of the various trans-
ducer performance coefficients have been dis-
cussed in ref. 1 and are not a subject of this
paper.

Corollary

Every transducer vesponds in both self-gererating
and non-self-generating ways to alt factors in
the envirenment. The general arrangement of
responses of a transducer to its environment is
shown in Fig. 1, indicating the four information-
transmission paths between the environment and
every transducer. One of these paths wiil
correspond to the SIGNAL and the other three will
be the three NOISE responses identified in

Table I. It is the measurement engineer’s job

to enhance the desired response to the desired
environmental factor and to suppress all other
rESPONSES.

METHODS CF NOISE SUPPRESSIQN

There are only three basic methods of suppres-
sing those transducer responses defined as
noise levels in Table I, in measuring systems
for which the original input is in analog form.
The methods are briefiy described below:

Cancel by Subtraction

Expose two sensars.
To the same environment at the same time.
If they respond the same way

subtract their outpuis. Since the difference
between two guantities cznnot be measured
independently of the level of the difference
{the common mode}, a certain residual quantity
will always be present. This residual quantity
is the level divided by the common mode rejection
ratio of the subtractor, at the frequency and
amplitude of that level,

Minimize by Division

Reduce the ampTlitude of the interference with
respect to that of the signai. If the signal

and the roise are caused by different physical
quantities, isolation and shielding may be usad.

If the interference and the signal are the same
physical quantity but differ in certair charac-
teristics, filters may be used; frequency-or-
amplitude selective filters are examples, as
are particle-size-selective filters such as
sieves.
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FIGURE I:

TRANSDUCER ENVIRONMENT
AND RESPONSE

Information Flow Paths
Between Environment and
Transducer

MINCR INPUT SOURCE
OF ENERGY

The latent infor-
mation is carried
through to the ount-
put on some property
or pattern of pro-
perties of the wave
shape of one of the
energy (or power)
components of this
input

If the noise and the signal are the same physical

quantity and exhibit no separable characteris-
tics, then special arrangements of component

spurious responses to occur and relying an
the subtractive canceliation of like effects
in two separate transducers.

transducers in the measuring system must be used

to minimize the effect of the noise. The four-
terminal resistor, driven shield, and guarded
ampiifier principles are examples of this ap-
proach.

Information Conyersion

For {and ONLY for) non-self-generating responses,

informatien may be converted from the original
analog to some other form. The self-generating
response remains analog.

quency domains. Non-DC minor input wave shapes
are necessary for this separation. Usual wave
forms for that purpose are sine waves and pulse

- ——trains.

~ Comments .
Note that these three methods work in the three
areas identified in Figure [:

Cancellation by subtraction works at the
gutput of the transducer, permitting

The two responses have
thus been separated both along the time and fre-

Minimizing by division operates with the
envirenment, preventing it from producing
appreciable responses in the transducer
in the first place.

Information conversion operates on the res-

- ponses within the transducer, separating
the self-generating from the non-self-
ganerating.

Each method is capable of certain performance
criteria and Timited in its scope. Used Jointly,
these methods can yield valid, noise-free data
in a deliberate manner -- by design. This, after
all, is the target of measurement engineering.

EXAMPLES: TEMPERATURE MEASUREMENT
T A MAGNETIC FIELD

There are two possible operating conditions:
1.

the self-generating response is to be en-
hanced

the non-self-generating response is to be
enchanced.

2.
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One example of each of these two cases will be
given to illustrate the problems and to identify
some approaches te their solution. It is to be
recalled that the purpose of this paper is not
to study in depth the wethods for noise suppres-
sion, but primarily to develop methods for
determining and documenting each of the three
possible noise levels in every transducer in a
measuring system. Hence discussions of noise
suppression below is specific to the examples
cited. A general discussion applicabie to all
components of all measuring systems will be
found in Ref. 1.

The design of a measuring system and the selec-
tion of the individual components and their
ralative arrangement is heavily dictated by the
environment in which the system must operate.
Thus it is important to gain an appreciation for
the many ways in which any one transducer can
respond to its environment, and of the means
available for controlling (enhancing or suppres-
sing) these responses. - ’

Thermocouple as Temperature-Sensing Transducer

Desired response: self-generating (voltage)
Undesired response: non-self-generating (imped-
ance changes)

Desired environmental factor: temperature
Undesired environmental factor: magnetic field,

Desired Response to Desired Environmentai Factor
The thermoeTectric effect 1s one of voltage
generation along homogeneous electrical con-
ductors in temperature gradients. Thermocouples
take advantage of this effect by maximizing the
differential voltage-generating ability of

materials of different history, electrically
connected. This differential history is most
often one of different chemical composition, but
heat treatment, and cold work are known to pro-
duce differential thermoelectric properties even
in materials of identical chemical composition!
and very minor changes in chemical composition
in any material may produce drastic changes 1in
its thermoelectric behavior! {Ref. 1)

Desired Response to the Undesired Environmental
Factor
Time-varying magnetic flux lines cutting the area
of the single loop of conductor which is the
"thermocouple", may induce voltages into its
circuit. This desired {self-generating response
but to the wrong part of the environment, can be
treated by two of the three basic ways of sup-
pressing noise: a magnetic shield exemplifying
minimizing the noise level by division: and
twisting the thermocoupie conductors, exempld-
fying cancellation by subtraction to the extent
that magnetic-field gradients and twisting geo-
metry permit.

Undesired Response to the Desired Environmental
Factor

Changes in the resistance of the electric con-
ductors of which the thermocouple is made, wilil
occur as the direct result of the temperature
environment. These non-self-generating responses
are undesred in a thermocouple. Their suppres-
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sion can be achieved only by one of the three
available nolse-suppression methods: minimizing
by division by means of special arrangements of
the parts of the measuring system. The compo-
nents of the measuring system are so arranged

- that the neli-balance operating mode is used.
A resistor through which there is no current
can not produce a voltage-drop. Hence thermeo-
couple-conductor resistance or resistance changes
do not affect the data. It must be remembered
that the no-current condition obtains ONLY when
the system is at static balance, a condition
unlikely when time-varying temperatures are
measured. Under those conditions the system is
always hunting far balance but is never AT bal-
ance, hence the electrical resistance of the
conductors will always have some effect on the
data.

Undesired Response to the Undesired Environmental
Factor

Changes in magnetic field strength will produce
changes in electrical resistance of the conduct-
ors of which the thermocouple is made. This

.- magnetoresistive effect can be minimized by the

same technique as the noise level identified in
item (¢} above, or by the selection of thermo-
couple materials which are very 1ittle magneto-
resistive.  Note that magnetic fields also pro-
duce mechanical strains n the conductors if
these are subject to magneto-strictive effects,
and that, for example Chromel-P - Alumel thermo-
couples are not anly magnetic, but alse piezo-
electric, so that these dynamic strains may
themselves generate voltages in the thermocouple.

ResistanqeuThermometer as Temperature-Sansaor

Desired response: non-self-generating {resis-
tance change).

Undesired response: non-seif-generating (capac-
itance or inductance change); self-generating
(voltage generation).

Desired environmental factor: temperature.
Undesired environmental factor: magnetic fields.

Desired Response to Desired Environmental Factor

" The resistance-{emperature coefficient of a homo-
geneous material is the basis of the resistance
thermometer. It, in common with the thermo-
electric coefficient of a material, is a pre-
carfously balanced property, dramatically a
function of exact chemical composition, mechan-
ical and thermal history, and in magnetic materi-
als, also of past history of magnetic-fieid
exposures. Any change in chemical composition,
heat treatment, celd work or remnant megnetiza-
tian will therefore affect the resistance
temperature coefficient.

Jesired Response to the Undesired Envirommental
Factor

Time-varying magnetic fields may produce magneto-
resistive responses in the resistance-thermg~
meter, if the sensor material is subject to the
effect. Such resistance changes can only be
controlled by either selecting a magneto-
resistively insensitive sensor material, or by
magnetically shielding the sensor material. One
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method guaranteed NOT to supress these responses
is jnformation conversion {alsc known as modula-
tion or a non-DC carrier system).

Undesired Response to the Desired Environmental
Factor i
SELF-GENERATING responses caused by temperature
can be elicited from every resistance thermo-
meter, because somewhere or other there must be
a pair of thermocouples where material-property-
discontinuities exist between sensor maierial
and lead wires. If these thermocouple junctions
are in a temperature gradient, or if they have
di fferent thermal time-constants because of
different amounts of solder-mass on them or
because of differential local heat transfer
coefficients, then their outputs will not cancel.
In general, the two lead-sensor junctions must
be made between lead materfals which have been
drawn through different dies at different times,
and hence probably have different wechanical

and chemical histories, and hence may have
different thermoelectric properties themselves.

Self-generating responses can be suppressed by
the three general methods discussed in detail
in Ref. 1:

Cancel like effects by subtraction, to the degree
that the voltages generated by the two therma-
couplas are indead the same.

Minimize the effects by division, such as by
pravided thermal laggirg, isolation or shielding
of the two junctions.

Iinformation conversion by measuring the sensor
resistance change with a non-DC wave shape minor
imput. This method is always capable of sepa-
rating self-generating from non-self-generating
responses, efther in the time domain or the
frequency domain.

NON-SELF-GENERATING responses such as capacitive
and inductive changes ir the resistance thermo-
meter circuit may be created by mechanisms
discussed 1n another section above, They can be
suppressed hest by the correct selection of the
mingr input wave shape, as also discussed above,
Under certain conditions tha effects can be
minimized by divisfon through the use of speciai
arrangements of the components in the measuring
system.

Undesired Response to the Undesired Environmental
Factor

TTme-varying magnetic flux Tines cutting the area
of the loop(s) of conductor which form the ther-
mocouple, may induce voltages in the sensing
circuit. This self-generating response is
POLARIZED, and thus the terminals of any imped-
anca-based device expased to magnetic fields

MUST BE KEPT SEPARATELY IDENTIFIED -- because

it is possible, and highly practical, to sub-
tract like effects picked up by two sensors.

Such means are highly useful when non-inductively
wound sensors are aither not available and not
practical, It is possible to mount two sensors
side by side and to connect them in series-
subtracting for self-generating responses, while
they are in series-adding for non-self-generating
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responses' In bridge circuits it is possible
to place sensors, exposed to the same magnetic
field environment in adjacent bridge arms,
subtracting BOTH the self-generating and non-
‘self-generating responses. In adjacent bridge
arms, non-self-generating responses are ALWAYS
subtractive whereas self-generating responses
may be added or subtracted depending on the po-
Tority of connection of the sensors in the
bridge arms. These techniques illustrate an
example of the cancel-by-subtraction principle
of noise suppression. The magnetic field could
also be minimized by shielding the sensor.
Finally, the third method of informatien conver-
sion can be used, as identified for the self-
generating response 1n item above.

Summary

The two examples above have been selected to
identify the hasic method of noise-hunting
developed in the Unified Approach to the Design
of Measuring Systems (Ref. 1}.

1. The First step is to identify the nature
of the problems in any given situation.

2. The second step is to select suitable
noise-suppression methods from among the
three general principles avajlable,
usually applied in combination.

3. The third step is to document the resulting
three responses which are classified as
NOISE (Table I) at any time during, before,
or after the test. It is only the first
and third steps which are the subject of
this paper.

It should be noted that the question of whether
the effects discussed in the examples above are
large or small is not important here -- the

fact is that they are present, and that any
measuring system design aimed at producing valid,
roise-free data must either:

T. Incorporate methods of determining whether
the effects are small enough to be called
negligible when compared to the signal,
at ANY TIME before, during or after the
test.

2. Be designed so as not to respond to the
expected Tevel of the undesired responses
»-by proper operation in the five areas
which determine the response of a trans-
ducer to 7ts environment.

The first target is the better, since DESIGN is
one thing, and DOCUMENTED PROOF OF ABSENCE OF
NOISE is another and preferable method.

The examples cited, were specific. The approach
identified in Table I and Figure I, on which the
examples were based, s general and suitable for
a1l transducers used in measurements in any
discipline,

Note

It should be noted that both thermocouples and

resistance thermeometers, can only indicate their
own temperature, even under the most ideal
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conditions of non-existence of any of the noise
levels discussed above. Whether the sensor
temperature is related to the temperature of
interest, is a heat-transfer design problem,

some aspects of which are treated in Ref.rl,
among others. This question s not discussed
in this paper.

THE DOCUMENTATION OF NOISE LEVEL

The aim of the measurement engineer is to design
measuring systems which yield valid, noise-free
data without affecting the behavior of the pro-
cess being observed. It is therefore desirable
to document the three major types of noise
jdentified in Table I. This documentation may
serve one of two purposes:

1. It may identify problems requiwing treatment.

2. It may prove that noise levels were success-
fully suppressed to yield acceptable signal/
noise ratios. The data, however inexplicable
they seem, are DATA and do represent the
phenomenon to be investigated, and must there-
fore be interpreted.

BASIC PHILOSOPHY

The basic philosophy of noise level documenta-
tion is as follows:

1. Produce a condition where a known level of
output is expected from the measuring system,
and where any deviation from this level
which exists, is diagnostic of a specific
problem ~- i.e. identifies one of the
three undesired channels of communication
as shown in Table I and Figure I.

This step in noise documentation identifies
any additive noise Tevels, usually called
zero shift, zero drift, unbalance, pick-up,
etc. These are usually the most signifi-
cant problems in any measuring system.

2. Produce a condition where a known increment
in output is expected. IT that increment
is not achieved, then multiplying noise
levels have been identified, usually known

as gain changes, transfer ratio change,
sensitivity change or calibration change,

It is important %o note that these checks do
not, in general, calibrate the sysiem; they
only check for noise levels. A true
calibration must simulate the boundary
conditions across the first interface --
that betweenr the process being observed and
the input sensor to the measuring system.
This simulation 1s generally not possibie,
especially in non-electrical-input systems
(Ref. 2). Since that portion of the measur-
ing system can not normaliy be calibrated, it
must be designed to yieid data within a
specified validity tolerance of a specified
target (Ref. 2).

3. Design the measuring system in such a way
that checks {1) and (2) above, can be carried
put easily at any time before, during, and
after the test -- or, if sequential operation
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is not possible, parallel operation of check-
channels must be planned.

It is necessary to have a target of which
checks should be performed, so that those
that can not be performed in any specific
situation are identified as potential trouble
spots which must be investigated separately.
It must be emphasized that there is no
general ANSWER to the problem of noise
documentation -- only a general approach:
that this s necessary. Sometimes extreme
ingenuity has been-shown by investigators

on specific projects, and a collection of
many of these approaches is embodied in Ref.

With a clear understanding of how the environ-

ment can influence the response of every trans-
ducer in a measuring system, the measurement
engineer can plan to document undesired commu-
nication channels most 1ikely to be the worst
offenders in any given situation. It 1s seldom
possible to document ALL possihble spurious
responses of a measuring system -- but it is
always possible to TRY, and hence to know how
§1ose to the targets established above, one has
it.

Producing a Known Output Level

The known output level most commonly selected as
noise-check reference is the Tevel corresponding
the the initial operating point of the transducer
under consideration. Operating points can be
divided into three general classes:

1. Zero output for zero input

This operating peint mpTies a balanced system
or transducer. It is an extremely common
operating point for which numerous examples
could be ¢ited,

2. Finite output for zero input {zero output
for finite input}

This operating point impTies an initially unbal-
anced system or transducer. Typical examples
of such operation are:

a. Zero-suppression, such as the suppression of
the weight of the tank in which a 1iquid is
contained, when only varfations in 1liquid content
are to be observed. (Zero output for finite
input unbalanced condition).

b. Biasing the output into the 1inear rangs of
the transducer transfer characteristics, such
as the function of the biasing oscillator in
magnetic tape recording. (Finite output for
zero input unbalance condition.)
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c. Use of the output LEVEL to determine the

input SIGN (or phase) such as in standard AM
communications systems such as radio detectors
using the carrier-present or unbalance method .
of phase detection of a modulated signal. (Finite
output for zero input unbalance condition.)

d. The inability to produce truly zero inputs,

such as temperature, often necessitates the

operation around a non-zero input reference.

£¥ini§e input for zero output unbalance condi-
on.

e. The inability to produce truly zero outputs,
such as for a resistance sensor in a single-
ended constant-current circuit. (Finite output
for zero ‘input condition.})

3. Finite output for finite input

This operating point would obtain 1f the sensor
in example 2-e above were a resistance thermo-
meter. This condition s not usual but entirely
possible.

The principle of noise checking is that the
input(s) (is){are) returned to reference condi-
tions, or to the value(s) which produce(s) zero
output, if at all possible. The deviation of
any guantity from zero is usually easier fo
observe than its deviation from a non-zero
Tevel, hence production of conditions where
zerg output is expected are preferable to
finite~output expectations. Return to reference
conditions is necessary for non-linear systems,
which may be Tlinear only incrementally around
the original reference.

The production of known outputs infers the
production of known inputs. These are discussed
in the next section.

Producing Zero Inputs or Reference Inpuis

The success of a nofse documentation program
hinges upon the measurement engineer's ability
to produce zero or reference inputs fo the
various links +in the measurement-systewm~chain.

Spacial Note for Differential Quantities

When the difference between two Jevels is to be
observed, the simulation of zero-difference
{zero input) must always be made at the average
level at which that difference exists during
operating or reference conditions. Thus,
differential pressure transducers should be
checked with Tine-pressure applied to both input
ports, producing zero-differential conditions
at the average level of the pressures being
subtracted (approximately). The same statement
would be true of differential temperature
sensors, differential voltage ampiifiers, and
SO on.

The zero-difference must be produced at the
common mode level so that documentation of the
presence or absence of common-mode effects can
be made. These effects are so serious and so
prevalent that the importance of this special
note can not be over-emphasized! The common
mode levels selected for these checks should
span the range of values encountered fn service,

which is automatically done when these checks
are repeated periodically throughout a test run.

The Use of Standard Technigues

Depending on the physical/chemical quantities
being observed, the production of zero inputs or
reference inputs requires more or Téss ingenuity
and pre-test planning. Some typical examples
will be cited here for a few specific cases:
others are collected in Ref. 1.

1. Pressure level: The production of reference
pressure level can be achieved by means of
a solenoid-operated pneymatic or hydraulic
switch which connects the pressure transducer
input port to a reference pressure (such as
atmosphere) during the test.

2. Differential pressure; Zero differential
pressure across the two input ports of a
pressure transducer can be achieved by
switching both 1nput ports {with solenoid-
actuated pneumatic/hydraulic switches for
example) to the seme pressure, usually one
of the two pressure levels to which the
AP-device 1s exposed.

3. Force or Load: By means of a jack, the Tload
can be lifted off the Toad cell {or the load
cell Towered so that the Toad is aTlowed to
rest on an alternate fixed support) so that
a zerc-load condition exists on the load cell.

4. Voltage: A short-circuit (which does not
act as an inductive Toop or as an antenna)
is a common zero-voltage check.

5. Differential voltage: A short-circuit across
the differentially coupled input terminals
of an amplifier, but DURING the application
of the common mode voltage (i.e., during
test conditions.)

6. Current: An open circuit (which is not also
a stray capacitance in an electric field)
often serves as a zero-current check.

The Use of a Separate Check Channel

In many instances it is not possible to produce
a reference condition DURING a test run gn the
measuring transducer -~ such as the application
of a known pressure level to the diaphragm of

a flush-mounted pressure sensor in an engine or
a structure. It may be necessary, then, to use
the concept of a check-channel to document the
output from a similar transducer in the same
envirecnment as the measuring sensor except NOT
exposed to the desired aspect of the environment
{in this case -~ pressureg.

Figure II illustrates the principle applied to
the measurement of pressure on the inner surface
of a shroud in a gas-turbine compressor where
ambient temperature, acceleration and magnetic
environments were quite hostile, The check-
channel output is used NOT to CORRECT the data
from the measuring transducer, but only to
indicate that the data are likely to be noise-
free in the measuring channel when the check-
channel output is acceptably low -- i.e. within
signal/noise ratio target.
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The reason why data correction from check chan-
nels s seldom possible is that:

1. The two sensors may not be exposed to the
same environment at the same time -- a
point to remember even in strain-gage active-
dummy gage compensation when transient tem-
peratures and differential thermal time-
constants prevent the GAGE GRIDS from being
at the same temperature at the same time.

2. The two sensors may not respond the same
way, & problem especially severe under dynamic
conditions. Freguency-response characteris~
tics for magnitude and phase must be identi-
cal for the two channels in response to the
UNDESIRED environmental aspect -- for which
transducers just are no% calibrated or
designed! -- in arder for subtractive
cancellation to be applicable. Two minia-
ture, flush-diaphragm pressure transducers
just will not have thé-same characteristics
when used as accelerometers in an accelera-
tion-suppression subtractive-cancellation
scheme unless the manufacturer has specifi-
cally designed them for that purpose. It is
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the difference in PHASE ANGLE of the responses
which is the most severe problem, and the
least studied one.

Thus on two counts the application of the cancel
by~subtraction principle of noise suppression
may fail. The principle that 1ike sensors in
1ike environments will respond approximately

the same, however, is more Tikely to be applica-
ble than the assumption that they are in
identical environments responding identically.
It is this "more 1ikely" principle which is
advocated in the check-channel wmethod. The
INVESTMENT {not waste, as some supervisors would
say) of a check channel to validate a data
channel, 1s recommended. This is in essence

the use of a spy to spy on a spy, an accepted
technique for data validation in systems other
than those devoted to measurements.

A1l measuring systems are spy-systems singe it
is their purpose to obtain information about
other systems without their presence resulting
in a detectable change in behavior of the system
being observed.

The Use of Special Techniques

Sometimes, by no stretch of the imagination,
can a specific reference be achieved for the
quantity to be observed, during a test run. An
example would be the probiem of producing a
reference-temperature condition for a tempera-
ture sensor embedded in an internal combustion
engine or mounted on a surface within a nuclear
device. The production of zero-acceleration {or
velocity or displacement) in a vibrating object
during a test would aiso be difficult, espe-
cially since the stopping of a vibration
exciter may also eliminate the magnetic fields
which may be the most important undesired envi-
romental aspect--and it would be difficult to
stop an engine in flight merely to produce a
reference condition for a noise check.

It is necessary, in such cases, to exercise some
ingenuity in producing a channal in which
responses to the desired aspects of the environ-
ment should not exist, For thermocouples, the
four-wire thermocouple is such a device. Two
checks are provided to answer the following
questions: (Fig II1}

a. Is this junction the only emf-contributing
Junctinon in the measuring system? Are there
other junctions injection temperature-induced
voltages?

b. Is this junction the only voltage-contributing
portion of the system or are there ground-loops,
magnetically induced signals, charges collectad
in ceramic insulation at high temperature,
voltages due to electrolytic action, etc.?

These checks involve the connection of terminals
1T and 3 to the measuring system input, and sub-
sequently the terminals 2 and 4. I the system
output is other than zero, one of these problems
has been identified. If the output is zero, a
documentation has been made that at this time
those problems did NOT exist.

Two checks are provided to answer the question:

T .
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c. Does thermocouple resistance ¢r change in

resistance with ambient temperature, magnetic
fields, mechanical strains, etc., affect the

data, . _

This check involves connecting 2 to 5 and
reading acrass 4 and 6; then connecting 1 to
6 and reading across 3 and 5. In each case, the
known temperature should be indicated; if not,
then problem {c) has been identified, in the
absence of (a) and (b). A possibility for
piezo-electric devices is the use of a complete
transducer but made from unpolarized ceramic
material, and hence not expected to respand to
__acceleration (if the transducer would be an
accelerometer, where the material polarized.)
In this case the responses to soms environmental
aspects would be Tost, but other would be
identifiably recorded.

A simple test for connecting cables 1s o run a
cable into and out of the environment to which
the cable is not supposed to respond; terminate
the cable at one end with a fixed impadance
simulating transducer output impedance and
observe outputs at the other end. A subsequent
step would be to feed the cable at one end from
& voltage generator also simulating the
impedance Tevel of the transducer normally
attached to that end of the cab le, and to
pbserve the outputs from the measuring system.
. w-. -.Technically this check is the production of 'an
input for which a known output is expected,
which forms the topic of a subsequent section.
The exampies cited abave are discussed in
more detail in Ref. 1.

An extreme case of investigator ingenuity in
producing a known temperature level for a
thermocouple on a turbine -blade under operat-
ing conditions is cited in Ref., 1. The
investigator hollowed out a portion of the
biade, poured molten lead into the cavity and
embedded a thermocouple into the lead. Yhen,
during engine acceleration thé local tempera-
ture passed through the melting point of lead--
an accepted standard temperature level--the
latent heat of fusion of the lead caused a
plateau at that temperature to appear in the
record. This ingenious rotating standard
documented noise-free operation of a thermo-
couple circuit with sliprings, involving over
a dozen different materials in electrical
contact.

DOCUMENTATION METHODS
FOR _ADDITIVE NOTSE LEVELS

The methodology of individually identifying
the information fiowing aleng the Paths 1, 2,
3, and 4 shown in Fig. I is the heart of the
noise documentation method in the Unified
Approach to the Design of Measuring Systems
(Ref. 1).
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For Non-Self Generating Responses

Table IT illustrates the procedure for isolat-
ing sequentially each of the three information-
flow paths shown in Fig. I. Path 4 is desired,
the other three are undesired. Table II and the
discussion below are specific far the case when
balance (zero output for zere input) is the
initial operating condition. The preceding
sections permit generalization of the method to
other cases.

Path 1: Ne Major Input, No Minor Input

To TsaTate Path T, remove the minor input and
return the major Tnput to its reference valye
(see previous sections for general discussion).
This operating condition for the transducer
results in the suppression of paths 2 and 4 (no
minor input to carry the latent information in
the non-self-generating response through to the

-autput} and Path 3 {no major input). Path 1 has

been isolated, and its effects nust now be
suppressed until they are within the specified
signal/noise ratio. If cancellation by subtrac-
tion and minimizing by division fafl, informa-
tion conversion s in principle, guaranteed

to solve the problem {a medulating carrier of
some kind as minor input).

Path 2: No Major Input, Minor Input On

Path 1 having been brought under satistactery
control, the application of whatever the minor
input is for the transducer being investigated,
will now actuate Path 2. Paths 3 and 4 are
still suppressed--no major input. The trans-
ducer output now evidences any impedance
changes (Tatent information) from the undesired
aspects of the environment which exist in the
transducer. Such effects as initial bridge un-
balance, resistance-temperature effects in
strain gages, residual humidity-induced “edge -
effects" in photoelastic models, ete. are
identified. At the same time, however, any self-
generating “ripple” present in the minor input
will also be observed at the transducer output.
Minor-input energy sources must be checked
separately for the presence of such undesired
outputs.

Only cancellation by subtraction and minimizing
by division methods can be used to suppress

Path 2. Information conversion cannot possibly
separate resistance-changes due to strain from
those due to temperature. As idertified in an
earlier section, the correct wave shape selected
for the minor input can separate capacitive
responses (potential energy storing) from
resistive responses (power dissipating) in a
sensor, so that the problem of cable capacitance
effects in resistance transducers can be treated
by specifying certain characteristics for the
minor input.

Path 3: Major Input On, Minor Input OfF

Paths 1 and 2 having been suppressed to the
desired signal/noise ratio target, the applica-
tion of the desired aspect of the environment,
coupled with the removal of the minor input
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supply will now reveal Path 3--the undesired
response to the desired envirenmental aspect.
For impact tests using bonded-resistance
strain sensors, the displacement wave which
accompanies the strain-creating force wave,
moves the gage grid in ambient magnetic fields
(the earth's if nothing else), extremely rapid-
ly even though by only a smali distance. The
induced voltages will typically be severai
hundred microvolts and will have the appearance
of traveling strain waves, because they are
created by the displacement-wave companion of
the force wave. This example is just one: of
many which could be cited, of phenomena the
presence or absence of which can be documented
by this technique at this stage of the docu-
mentation procedure. Thermoelectric potentials
generated in resistance thermometers would be
another example, and so on. The desired envi-
ronmental aspect created undesired responses

is a serious problem for all non-self-generating
devices.

Information conversion, as a method, is guar-
anteed to suppress Path 3 type noise levels.
Whether the hardware can be built or bought
is not a topic for discussion here,

Path 4: Major Input On, Minor Input On

Paths T, 2, and 3 having been individually
investigated and suppressed to permissible
levels, Path 4 now represents noise-free data,
to the extent that other factors (validity,
frequency-and-amp1itude-response effects, etc,)
have been satisfactorily considered.

Special Technigues When Mingy Inputs Cannot
Be Removed

- TFf 7t s not possible ta tarn the Minor Input

off, it may be possible to invert its polarity,
thus inverting the polarity of the output from
the non-self-generating-respense-portian of

the transducer. If the total transducer output

is not simpiy changed in polarity when this
operation is carried out, then the difference
between the outputs when the minor input is
polarized in each of the two ways, represents
twice the effect of Path 1. Path 3, however,
can NOT be checked by this method unless the
desired environmental aspect can be reproduced
exactly for both minor input polarizations.
Some minor inputs (such as light intensity
sources} cannot be polarized, and this technique
can then not be used. In non-lirear systems,
the response for polarity-reversal conditions
may not be a simple palarity reversal, such as
for a diede, for example.

I the minor input can neither be removed nor
inverted, it may be possible to alter fts
amplitude. A reduction of the minor input by a
factor of 2, for example, should reduce trans-
ducer output by 2. Any lack in directly-
proportional reduction is diagnostic of one of
two possible conditions:

a. Non-Tinear transducer and/or measuring system.
b. Self-generating responses remaining constant
as the effect of the non-self-generating
response is reduced, hence their sum does not
reduce proportionately to the minor input
reduction,

System or transducer linearity characteristics
are considered under the topic of the effact of
frequency and ampTitude of the desired environ-
mental aspect of the magnitude and phase of the
transducer characteristics, and are not a
subject of this paper (ref. 1).

For Self-Generating Responses
As Desired Responses

For this case, Path 3 in Fig. I is the desired
path, and the output of the self-generating-
response portion is actually the minor input
for the non-self-generating response.

TABLE II

NOISE LEVEL DOCUMENTATION WHEN THE NON-SELF-GENERATING RESPONSE IS THE DESIRED RESPONSE

MINOR

INDICATED ACTION

generating

PATH { MAJOR TYPE OF FRCM ENVIRON-
INPUT | INPUT RESPONSE MENTAL ASPECT
1 OFF OFF Self~generating] UNDESIRED Any noise-suppression method.
o Information conversion guaranteed.
2 OFF ON Non-self- '+ UNDESTRED Information conversion witl not

- work, uniess problem is to

Self-generating

Minor Input

separate power-dissipating from
energy-storing responses

3 ON OFF Self-generating DESIRED Aﬁ§ method. Information conversian
will work.
1 ON ON None “Valid, noise-iree data

The above sequence of tests should be vun either sequentially or with a number of
Path numbers refer to Figure I.

paraliel check channels.
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In-a_thermocouple, for example, it is the
thermiTemf developed which is the minor input
to the resistance of the leads of the thermo-
couple. The total output is the seif-generating
(open-circuit) response of the thermocoupie
less the voltage Tost in the leads by any
current flow.

For piezoelectric devices the internal capaci-
tance (non-self-generating response) is charged
from the self-generating response across the
piezoelectric element itself,

Since a transducer for which the self-generat-
ing response is the desired response does not
have an externally supplied, controllable,
specifiable minor input:

a. Infarmation conversion can NOT be used as

2 noise suppression method; only minimizing by
division and cancellation by subtraction are
availabie methods.

b. The minor Tnput can not be turned off, since
that automatically involves removal of the
major input as well. Hence Paths 2 and 4 can
not be checked by the general method outlined
in the preceding section for non-self-generat-
ing sensors. '

In general, the non-seif-generating responses
do not create additive nolse levels for the
transducers considered here, but only multi-
plicative noise Tevels (gain changes, calibra-
tion changes, transfer ratio changes) and these
are discussed Tn a later section. One general
method of minimizing the effects of impedances
in self-generating transducers is to make one
of the two energy components (or power
components} at the minor input arbitrarily
small. Thus:

a. A resistor can contribute no voltage if
there is no current through it. Hence null-
balance (zero-current) voltage read-out from
a thermocouple makes the read-out independent
of lead resistance.

b. A capacitor can not generate a charge if
there is no voltage across 1t. Hence the zero-
drive, short-circuit, charge-amplifier
principle for pijezoelectric devices, and the
driven-shield principie for cable capacitance
minimization.

in this paper, only basic principles are
discussed. The Tisting of large numbers of
specific examples has been done elsewhere
{Ref. 1). The literature shows a great amount
of ingenuity on the part of many investigators
in all disciplines, to achieve the broad aims
set forth here. Only a few examples have been
cited, but the reader should not feel that
these methods are restricted to these few
examples. They apply to all measurements in
all disciplines.

DOCUMENTATION METHODS FOR MULTIPLICATIVE
NOTSE LEVELS

The chek on transducer or system calibration,
sensitivity, gain, transfez_r' r‘atiog etc., s
usually achieved by producing an input

variation which should result in a known output
increment. This aim can be achieved in one of at
least three ways:

a. Apply at the measuring system input a known
amount of the quantity to be measured--pressure
applied to a pressure transducer, for example--
and observe system response. This is the most
desirable manner of producing known Tnput
increments, but it is not always possible. If it
is not possible in the actual measuring trans-
ducer, it may be possible in the check channel
(if one is used) as illustrated in Fig. II for
pressure measurement. The question of whether or
niot the presence of the leads of a thermocouple
affect the transfer ratio of the system was
already answered in the "Special Techniques"
section above. The question of whether or not a
thermocouple in a chemically active environment
has changed calibration can NOT be answered even
by a normal Standards Labaratory calibration!!!
(refs. 1, 2.} .

b. If the input sensor is non-seif-generating,
operating on impedance changes, artificially
produce an impedance change corresponding to

a known eguivalent amount of the quantity to be
measured. The shunt-resistance calibration of
resistance sensors is a standard method using
this principle.

€. Produce or inject an equivalent voltage (in
electrical systems) at the earliest stage in

the measuring system where such a voltage would
normally appear. The simulating voltage source
should duplicate the output impedance of the
transducer which it simulates,

SEQUENCE OF NOISE DOCUMENTATION

Noise documentation should start at the read-out
instrument and progress back towards the input
transducer, if the method is to be of any use at
all in permitting the diagnosis of specific
problems. Built intc the measuring system should
be checks, fdentified in Fig. IV, which permit
the sequential disconnection of each link of

the measuring chain (where every cable is also

a transducer-1ink processing and possibly alter-
ing information and energy').

Example for Resistance-Bridge Device

Figure V iTlustrates a typical set-up for
resistance-bridge sensors in which the various
switches can be actuated by a cycle-timer
periedically during a test run. The returning
of the Major Input to its operating point is not
shown here, and hence information Path 2 (Fig.I)
is not documentated here; but the requirements
for its documentation, if desired, are now clear.

Step 1: Switch 1 to Position f

The ebserved oufput should be zero; if it is
not, then one of the following problems has

_ been jsolated:

Common mode rejection problems in any differ-
entially coupled amplifier following the
bridge transducer. Any zero-shifts or drifts
in the entire measuring system following

the bridge.

103




Peter K. Stein

{ e —
7 a / a - a
COMPONENT COMPONENT 'L
1 Z z 2 z
—n / [4 i 4 __'/
i
a

FIGURE IV: SEQUENTIAL DISCONNECTION k'—’\r—L
OF COMPONENTS FOR NOISE S S

CHECKING 7
Starting from the read-out instrument f@:

place each switch-pair in position "a T Y
for noise documentation. Impedances Z
simulate output impedance of preceding MINOR ENERGY
stage, in electrical systems. In non- SUPPLY
electrical systems simulate appropriate
output coefficient as required.
e ]
2 '| 4 R's. a 3
SUPFLY 1 \__
voLracE_| Si,\\ X [: \ '
v T '
B3
[+
R
[
STEP 3 CALos
STEZ 2 g;:::g ;:td;:: Record is displaced
N et but not lost.
Record is lost. et
lost. .0t
SIER 4
SIEP 1
Record is
lost
—————— ORIGINAL ZERD REFERENCE LINE

SIMPLE SEQUENTIAL SWITCHING SYSTEM POR RECORDING PRESENCE/ABSENCE OF
NCISE LEVEL, AND SYSZEM CALIBRATION AND LINEARITY AT THE
OFERATTING POINT.

FIGURE V¥

104




Peter K. Stein

Step 2: Switch 2 to Position d o

Switch T is returned to g. The Minor Input

to the non-self-generating response {desired

here) has been turned off. The cutput shouid

be zero; if it is not, then the foilowing

problems have been identified: .
Self-generating responses within the bridge
circuit such as magnetic pick-up, electric
field effects, thermocouple voltages, etc.,
even those created by the desired enviran-
mental aspect.

~_Step 3: Switch 3 Cycles Through a-b-c-off
Resistors R_, R, R are precision shunt-
calibration resistors which produce known
equivalent resistance changes in the bridge
curcuit--i.e., incremental outputs which can
be related back to equivalent and known inputs.
If these predictable outputs do not accur then
a change in system calibration has been docu-
mented.

The output increments appear superimposed on

R the signal being recorded and are shown as . .

Cal-a, Cal-b, and Cal-c on the record. There
are agther simulation techniques where the out-
put increments appear abput the original
balance point (Bridge-Series Method). Switch 1
has been set back to Positign e prior to the _
operation identified above.

e . ..Step 4: Switch 4 Cycles Through a-b-c-off
The same shunt caTibration resistars as used
womo—-ew. - AN Step 3 are now used to produce changes in

output level equal in magnitude as those in
Step 3 but opposite in sign.

.If this operation s possible, with switches

The significance of Steps 3 and 4 is that
& calibration and tinearity check have been
performed ARQUND THE OPERATING POINT and

in both positive and negative diractions.

Whether a Tinearity check around the instant-

aneous operating point or the original operat-

ing point is desired depends on test conditions. T
The bridge-series method would perform these

checks around the original operating point

(zero, for example).

Step 5: Turn Desired Environmental Aspect Off

in positions 2-e, 1-g, 3 and & off, this
condition documents Information Channel 2

{Fig. 1), namely the non-self-generating
responses created by the undesired portions of
the environment, such as resistance-temperature,
resistance-magnetic-field, etc., effects in the
bridge.

With these five steps documenting ABSENCE of
responses or ABSENCE of changes in responses,
the recorded data can be guaranteed as free
from additive or multiplicative noise levels,
except for the fact that Steps 3 and 4 are
SIMULATED calibration checks and do not check
the resistance senscr itself, nor the first
process-sensor interface, nor has the ability
of the environment to elicit non-resistive
impedance changes in the sensors been checked.
In other words, it is KNOWN that the ultimate
target has not been hit by these three factors,
and any doubts can now be concentrated inte
those areas.

CONCLUSTON

The aim of a measurement engineer is to elicit
valid, noise-free data from measuring systems--
data that represent the pracess being investiga-
ted without interfering with either the process
or the data. Measurement Engineering, as a
discipline, assumes that the properties of
systems used to measure physical and chemical
quantities are a respectable geal for study in

. _.and of themselves. The material for study
includes the Taws of physics, mathematics, and
system behavicr as they are involved in making
a measurement.

It is the attempt of the Unified Approach to
the Engineering of Measuring Systems to apply
general methods and basic principles towards
the achievement of the goals of a measurement
engineer. This paper summarizes those methods
and principles which pertain to the separation
of the desired system response to the desired
environmental aspect, from all other responses
to all other environmental factors. Specific
applications have been shown, and the general
philosophy of establishing a target and planning
sysiam operation so that the closeness of
target-hitting can be determined, had been
emphasized.
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TRANSDUCERS - TREND OF THE ART SURVEY
By W. G. James, W-PAFB, Chio

INTRODUCTION

During the morning session of the Sixth Transducer Workshop, a
questionnaire was distributed among the attendees to assess attitudes
and judgements of this group of experts regarding state-of-the-art and
trends in transducer technology. This paper reports the responses
received to that questionnaire. The questionnaire was purposely kept
extremely short in order to encourage and facilitate the response. All
replies on this survey are anonymous; the actual responses received will
be kept by the author for approximately six months after publication of
the minutes of the above Transducer Workshop in the event additional
questions and interests are expressed in specific responses.

BACKGROUND OF THE WORKSHOP AND NATURE OF THE GROUP

Transducer Workshops have been held approximately every two years
beginning in February 1960. These workshops are attended by transducer
users, government agencies, university researchers, and comsultants; manu-
facturers of transducers are specifically excluded from attendance and open
discussion of both good and bad experience with specific transducers is
encouraged.

These workshops are spunsored by the Transducer Committee of the
Telemetry Working Group which is one of nine working groups which comprise
the Inter-range Instrumentation Group (IRIG). The IRIG consists of technical
representatives from the nine national and service test ranges plus various
support and associate agencies. The IRIG was established by the Range
Commander's Council to exchange information, coordinate technical matters for
the ranges, to facilitate joint planning, and to improve the knowledge and
use of range instrumentation.

The Transducer Workshop was held at the facilities of NASA, Langley
Research Center. It is estimated from the attendance register that approxi-
mately half of the attendees were from this facility; it is therefore presumed
that approximately half of the responses tabulated on this cquestionnaire were
from this facility.

TABULATION OF RESPONSES

A copy of the actual questionnaire used is attached for reference. In
tabulating the responses, the questions have been regrouped by area of common
interest. In the following discussion, the actual questions will be identi-
fied by * and responses are tabulated and reported with as little interpreta-
tion as possible by the author. Author comments or interpretations are indi-
cated under the heading "Remarks'. Questions are grouped and the responses
are tabulated by the following categories: '
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A. Nature of the Responding Group.
B. Company Viewpoint Regarding Transducers
C. State-of-the-Art, Problems, and Trends.
D. Social and Political Questions.
A, NATURE OF THE RESPONDING GROUP:

* Question 9: '"Would you describe your present job duties as:
Technician (1)
Engineer  (18)
Eng. Mgmt __ (8}
Other (1)

* Question 8a: Years since BS Degree? (1-35) years
Remarks: See Table 1

* Question 8b: Advanced Degrees:

BS Only (10)
BS + Addl Courses (9)
MS (4)
MS + Addl Stdy (3)
PhD ‘ HON

Remarks: At least three attendees are known to have PhD Degree.
* Question 10a: Gross Salary: $(8-20),000

* Question 10b: Growth Potential, Present Position

Nil {(2)
Poor (5)
Fair 20)

Excellent (1)

*Question 6: Present Pay for Present Job:

Low (2)
About Right ~(22)
High @

Remarks: Several comments were noted indicating responder
is under-utilized.

*Question 10c¢: Membership in Professional Societies
None (10)
One (12)
Two (4)
Three (2)
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ANNUAL SALARY - 31000's

CODES
1) ¢ # Responses Answering This Question
Curve 1: "Avg" for -Aerospace Industry
64 Curve 2: '"Upper Quartile," Aerospace Ind.
24
—t A
2 4 6 8 10 14 i8 22 26 30 34

YEARS SINCE BACCALAUREATE DEGREE

B. COMPANY VIEW OF INSTRUMENTATION:

* Question 5 "Within your Company, is instrumentation viewed:
(18) As a primary and essential function
(8) As a necessary function but not primary

(1) As a necessary evil
(1) As an unnecessary but umavoidable evil

C. STATE OF THE ART AND TRENDS:

* Question 1 "List up to 5 transducer characterics (parameters:
Most useful and important (92)
Least useful and unimportant (15)

. Remarks: Several responses interpreted this question as
meaning parameters such as pressure, temperature, etc.; this interpretation
is nearly impossible to answer and these answers are not tabulated. The
question was intended to mean parameters such as scale factor, linearity,
resolution, etc.; these responses are grouped as follows reflecting the
author's judgement of similarity. A listing of specific responses is in-
cluded in Appendix 2.
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Most Useful:
Frequency Response (12)
Size (Mass, Wt, etc.) (9)
Sensitivity (9)
Envirommental Specs
(Mostly Temperature} (8)
Environmental Effects (7)
Repeatability (7)
Hysteresis (5)
Linearity (5)
Long Term Stability (4)
Least Useful and Unimportant:
"None are Important' (2)
Color, Flavor (2 each)
Linearity (2}
Temperature Effects (2)
eadout, Threshold,
esolution, Long Term Drift, {1 each)
arm up time
Additional Remarks: Tt is noted that "linearity™,
"Stability (Long Term}'", and "Environmental Specs and Effects" are included
on both lists. It is presumed by the author that these are comsidered
important data by all responders; the stability, linearity, and environmental
sensitivity of the transducer is, however, unimportant to test situations
which allow post test data reduction (and calibration and correction) while
being important to real time operational system applications for transducers.
This presumption was mentioned by the author during the open discussion time
and no disagreement was evident,

* Question 2, "Major transducer areas and breakthroughs needed:
Remarks: A summary of responses follows, grouped by category
in the author's judgement; specific responses are listed in Appendix 3.
Dynamic Calibration Techniques (7)
Improved Accuracy (2)
Miniducers with Integrated Signal Conditioning
Suitable for rugged environments (2)
Other responses mentioned only once (10)

* Question 4, "Indicate areas of technology and/or new transducing

techniques which are on the verge of providing breakthroughs in instrumentation:

Remarks: Practically no concensus was evident to the author.
A summary of responses follows, grouped by category in the author's judgement;
specific responses are listed in Appendix 3.

Solid State Sensors (2)

Lasers (2)

Integrated Amps inside transducer case (2)

Other responses mentioned only once (11)
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* Question 3 "Regarding the New ISA Transducer Compendium:
a. Do you have personal access to it? Yes (16); No (10)
b. Do you use it: Often (0) Occasionally (10); Seldom (6)
¢. Remarks: Favorable (5)
Constructive Recommendations (4)
Negative (1)

Remarks: During discussion, the following information was
presented. The "Transducer Compendium” was originally published by the
Instrument Society of America in 1963. This publication was prepared in a
10 x 14 inch format which would not fit on standard bookshelves and the
information compiled on transducers available was not organized in a form
suitable for rapid searching. Further publication of this compendium was
suspended during the time period when the Transducer Information Center
at Battelle Memorial Institute was in operation., In the fall of 1968, the
Transducer Compendium format was revised and the ISA published Part I of
the second edition which covers the measurement of pressure, level, and flow.
Part II will be published in 1969 which will cover the measurement of motion,
dimension, force, torque, and sound. Part ITI will be published in 1970,
which will cover the measurement of temperature, chemical composition, physical
properties, humidity, moisture, and nuclear radiation. Each part will then
be revised sequentially on a four year cycle. The second edition of the
Compendium is organized for rapid scanning and is prepared in a size which
will fit on standard bookshelves. Copies of the ISA Transducer Compendium
may be ordered from the Instrument Society of America, 530 William Penn Place,
Pittsburgh, Pennsylvania 15219.

D. SOCIAL AND POLITICAL QUESTIONS:

* Question 7 "If work week shortened to 30 hours:
a. Could you do same work you now do in 40 hours?
Yes (8), No (13), No Answer (7)
b. Would you prefer: (4) 3 Days at 10 hours each
(19) 4 Days at 7.5 hours each
(1) 5 Days at 6 hours each

* Question 11 "Are you active in church and community?
(3) .Totally Inactive - Don't Monitor
(4) _ Inactive but Monitor and Discuss
(16) Moderately Active
(6) Very Active
(0) Crusader
(0) Other:

* Question 12 "Is the Engineer or Scientist responsible for the social
or political comsequences of his work:
{(16) Must feel a strong responsibility even though generally

beyond his control.

(6} Knowledge and know-how are the primary objectives of
science and engineering--how this is used or mis-used
is irrelevant.

(0) Should not work on technology of destruction, war, etc.

(2)  No opinion or undecided
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Remarks:

(1} Answer 3 ("Should...destruction, war, etc.) had one four
letter comment indicating strong disagreement with this answer.

(2) In addition to the responses tabulated above, 3 responses
were made indicating a mixture of answers 1 and 2; further, one response
indicated the engineer or scientist should be trained to have stronger influ-
ence over the social and political consequences of his work.

GENERAL REMARKS:

After reporting and discussing the results of this questionnaire, a
lively interest was noted among the group in attendance. The attendees
indicated a willingness to cooperate with one or two additional iterations
of the questionnaire refining the results of this effort. Due to this inter-
est and subsequent encouragement, it is intended to proceed with this technique
to assess the attitudes and judgements of this group of transducer experts.
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APPENDIX I - Questionnaire Used

OPTIONAL QUESTIONNAIRE
All replies are anonymous
1. List up to 5 transducer characteristics (parameters):

Most Useful Least Useful

and Important and Unimportant

2. Major transducer problem areas and breakthroughs needed:

3. Regarding the New ISA Transducer Compendium:
a. Do you have personal access to it?

b. Do you use it: Often Occasignally Seldom
¢. Remarks:

4. Indicate areas of technology and/or new transducing techniques which are
the verge of providing breakthroughs in instrumentation:

on

5. Within your Company, is instrumentation viewed:
As a primary and essential function
As a necessary function but not primary
As a mecessary evil

As an unnecessary but unavoidable evil

6. Your pay for the job you do is: Low, About Right, High

7. If work week shortened to 30 hours:
a. Could you do same work you now do in 40 hours?
b. Would you prefer: 3 Days at 10 hours each
4 Days at 7.5 hours each
5 Days at 6 hours each

8. a. Number of years since Baccalaureate Degree? Years
b. Please indicate Advanced Degrees and/or graduate study:
9. Would you describe your present job duties as:

Technician, Engineer, Eng. Management, Other.

10. a. Approximate Annual Salary (Gross): § ,000
b. Growth Potential - Present Position:
Nil, Poor, Fair, Excellent
¢c. Membership in Professional Societies:
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11, Are you active in church and commmity?
Totally Inactive - Don't Monitor
Inactive but Monitor and Discuss
Moderately Active

Very Active

Crusader

Other:

1]

12, Is the Engineer or Scientist responsible for the social or political
consequences of his work?

Must feel a strong responsibility even though generally beyond
his control.

Knowledge and know-how are the primary objectives of science and
and engineering--how this is used or mis-used is irrelevant.
Should not work on technology of destruction, war, etc.

No opinion or undecided

i
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APPENDIX II

Responses to Question 1

Transducer characteristics (parameters) considered most useful and

important:

Friction

Sensitivity

Stability

Zero Value
Repeatability

Rise Time

Temperature

Physical size
Hystereses + Lin

Temp. coef or Sens
Repeatability

High Frequency Response
Rugged

Repeatability
Over-range Capability
Input characteristics
Output characteristics

Size

Frequency Response

Power

Accuracy

Hysteresis

Size-compatibility

Sensitivity

(Size,Meas,Etc) Little interference
with meas.

Accuracy over entire meas range

Sensitivity

Repeatability
Physical Size
Time constant

Hysteresis

Repeatability

Sensitivity

Accuracy

Temperature response

Resonate Frequency

Frequency Range

Sensitivity

Repeatability

Durability (Life)

High Sensitivity

Low Cost

Hysteresis

Temp. Stability

Sensitivity

Transfer characteristics

Amplitude & Frequency effects on
magnitude & phase of each of
these characteristics

Accuracy

Environmental Specs

Sensitivity

Precision

Drift rate

Accuracy

Response

Power required
Generally this depends on what you
are trying to do with the transducex
Range
Response Time
Dynamic range
Hysteresis

Broad spectrum of envirommental conditions

Religbility

Sensitivity to environmernital effects
Operating range

Environmental Effects

Physical characteristics
Dependability

Performance in adverse environments
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Dynramic response

Total accuracy

Long term stability

Power Requirements

Overall accuracy

Minimum effect on test cond.
simplicity




Reliability

Resonant freq.
Temp. Response

Size
Stability
Temp. coeff.

Response time (transient)
Radiation Effects (pulsed)
Physical Size

Linearity

Dynamic Response

Availability of reliable per-
formance information

Linearity

Sensitivity

Range

Linearity

Response time

Hi Temp. characteristics

Resonant freq.

Repeatability

Size

Transducer characteristics (parameters) considered least useful and

unimportant:

Color

Temp coef of zero output
Hysteresis

Thermal sensitivity

Long term drift
Impedance

Color

It has been my experience that
every known parameter must be
defined to permit proper selec-
tion for various applications

Nuclear Reaction
Threshold
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Flavor

Linearity

Warm up time
Linearity

Readout

Chrome Plating
None are important

Ambiguous specifications
Resolution




APPENDIX III
Responses to Questions 2 and 4
Question 2: Major transducer problem areas and breakthroughs needed:

Sterilizable accelerometers, gyros, etc.

Sinusoidal Pressure Generator

Dynamic characteristics, Dynamic calibrations, Good sinusoidal pressure
generators

Dynamic Pressure calibration

Better solid state and thin film devices

Determination of input characteristics of non-electrical-input transducers

Miniature transducers with int. crt. ampl., Signal conditioning integrated-
suitable for use in rugged environments.

High temperature transient generator (<lms risetime)

Sensor readout capability compatible with digital accuracies

Dynamic testing

Major problem area of small open loop transducers is that of long term drift

Performance in adverse environments - Particularly in wide temp ranges

Inexpensive ($10 in quantity) D.C. amplifier for low level (<lmvdc) signals

Adequate sinusoidal pressure standard for €esting

A really good .mass flow meter, Improved methods. of recording and analyzing
dynamic data 5

Humidity, Measurements, Angular Acceleration-Low Ratio 20°/sec

Radiation effects - methods of hardening
Question 4: Transducer technology on verge of providing breakthroughs needed:

Probably fluid amplifiers, Computer-controlled analysis, solid-state mini
circuits

Integral amplifiers inside transducer cases, sub-min A-D converters

Optical computing, Real time spectrum analysis, "mini"-computers

Fire detection for on-board spacecraft

Low airspeed for airplane installations

Integrated ckt. 51gna1 condltlonlng in/on miniature transducers

Solid state transduction devices are expected to provide the next
transducer generation

Lasers

Hi-G wide freq. band damped accelerometers

SS Sensors Lasers, Nuclear Magnetic Resonance
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REMARXS AND ANSWERS FROM
SESSION III, “GENERAL

MEASUREMENT PROBLEM AREAS™

- Chairman James presented the results of a poll taken of all participants
on transducer applications, problem areas, impending breakthroughs, and
nature of the participants' jobs.

A discussion ensued on how to check for a "bad" thermocouple, Prof. Stein's
paper on "Noise Levels" was viewed as mapping out a procedure for indicating
how and when a transducer was misbehaving. However, Stein commented that
AERD (British) work reveals the impossibility of calibrating a used thermo-
couple or checking for contamination. The advisability of establishing a
service life for transducers was also discussed,

In response to a question on why miniducers are not more widely available,
it was generally agreed that, while some types of transducers have already
been miniaturized (e.g., piezoelectric gauges) the marketing of miniducers
might be highly desirable.

Prof. Jacobs, who spoke on "Iransducer Instrumentation Used in Bio-Engineer-
ing Measurement", was asked whether pressure difference measurements in the
heart would be valuable in determining flow data. He responded by pointing
out that the chief drawback to this is that the walls (in the heart, etec.) are
not rigid. A discussion followed on types of sterilization of transducers.

The definition of accuracy as applied to a transducer was not readily agreed
upon by all participants, although the poll taken indicated the importance

of accuracy. It was pointed out that an ISA Standard (SP 37.1) was available,
which had definitions for transducer technology, and that this document was
available from ISA, 530 Wm. Penn Place, Pittsburgh, Pa. Workshop Chairman
Lederer also mentioned the "Dynamic Calibration Guide" for pressure trans-
ducers established by the USASI B88 Committee.

The meeting ended with a discussion on resonances in measuring systems.
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SESSION IV

Measurement of Force and Acceleration

Chairman: Leon Horn, National Bureau of Standards
Recorder:  John Hilten, National Bureau of Standards
Panelists:  O. Ingebritsen, NASA Langley Research Center

R. Naylor, Defense Research Establishment, Canada

B. Washburn, Los Alamos Scientific Laboratory
J. Baca, AF Special Weapons Center
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VIERATION MEASUREMENTS AT CRYOGENIC TEMPERATURES AND HIGH ACCELERATTON LEVELS*

B. W. Washburn
Staff Member
University of Califormia
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

ABSTRACT

Application copsiderations of the wide band acceleration instrumentation for
the Rover Ground Test Facility dual liquid hydrogen turbopump system are described.
The study of structural and flow induced vibrations required information bandwidths
up to 50 kHz. Transducer environments varied from 530 to 11l degrees Rankine with
complex acceleration levels up to 2,000 g's pk-pk. Elementary anelyses in support
of transducer selection and transducer mounting considerations are presented. The
need for knowing the total transducer and mounting environment is emphasized.

INTRODUCTION

The Los Alamos Scientific Laboratory Rover nuclear rocket ground testing
facility in Wevada utilizes high speed turbopumps, developed by Rocketdyne, o
supply liquid hydrogen propellant to the reactor under test. One configuration
consisted of two turbopumps erranged such that they could be operated in single
or dual (parallel) mode to furnish flow rates up to 350 pounds per second of
liguld hydrogen at 1,500 psig. Each turbine was rated at 25,000 horsepower and
3&,000 rpm. A general view of the turbopump system is shown in Pigure 1. The
turbine emergy source is hydrogen gas produced in a bootstrap operation of the
turbopump by a hot water-to-liquid hydrogen heat exchanger.

The Los Alemos Scientific Leboratory has utilized several circuit config-
urations and bandwidths in making vibration measurements on this turbomachinery.
Routine vibration meszsurements on the pump, turvine, and duct components had
1,000 Hz bandwidth, the frequency range of interest for structural and rotational
speed-connected components. Channels extending to 50 kHz have been utilized to
define the vibration spectral environment to which the sensors on the 1,000 Hz
chennels are subjected and to study flow induced vibrations.

BASTC MEASUREMENT FROBIEMS

Los Alamos Scientific Leboratory instrumentation and testing experience on
smaller, single turbopump systems earlier in the Rover program had indicated the
Presence of relatively large amplitude acecelerestion components at frequencies

*Work performed under the auspices of the United States Atomic Energy Commission
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gbove the 1,000 Hz limit of interest to the designers. The larger, higher power
systems have shown a more severe enviromment in this respect. The higher power
systems have acceleration components above 1,000 Hz which are of the order of 40
db greater in level than the components below 1,000 Hz. Actual levels of 1,000
to 2,000 g's pk-pk at frequencies above 1,000 Hz were commonly present in the
system. The existence of large amplitude, high fregquency components gives rise
%o mechanical and electrical problems in making the lower freguency measurements.
The transducer and mount must linearly follow the complex composite vibration
motion. These environmental conditions can subject a one ounce assembly to pesk
forces of the order of 40 to 70 pounds making necessary a very rigid installation
of the transducer to insure mechanical linearity. High frequency compoments pres-
ent may excite transducer and mount resonances.

When primary messurement interest is in components at the lower end of the
spectrum, the electrical output of the transducer must be transformed linearly
with good signal-to-noise ratio until the higher frequency components can be
removed. Separation and processing of only the desired frequency components
permits use of signal transmission, amplification, recording, reproducing, and
analysis systems having less dynamic range and poorer noise performance than
would be required to handle the entire spectral range of the composite signal.
From the data system point of view, it is desirable to perform the spectral sep-
aration as close to the signal source as possible.

The pump and ducting measurements were made et locations where the transducer
temperatures are around 114 to 140 degrees Rankine. The entire punp and piping
system were chilled down with liquid-hydroger prior to turbopump operation. As
e result, the temperature of the zmccelerometers has essentially stebilized at the
begionning of the data teking interval. Compatible materisl properties at these
low temperstures are essential to meintaining the necessery rigid sensor instal-
lation. Transducer installatlons and check-out were done at room tempersture
conditions since the chilled system was not accessible for such routine work.

SEIRCTION COF COMPONENTS

Transducer

The various piezoelectric accelerometer designs were examined and judgements
vwere mafle concerning the expectatione for eech to perform in the environment. A
single-ended compression design, quartz element accelerometer was selected. Units
of this particular design had previously undergone limited testing in the lsbora-
tory at 38 degrees Reukine (LH,) and had been used on three earlier and smaller
18, pumping systems by Los Alamos Scientific Leboratory. A one cunce unit having
a mounted first resonance over 33 kHz was selected for use up to 10 kHz and a
similar unit weighing 0.3 ounce and having a first resonance above 75 kHz was
selected for higher frequency measureuents.

An approximete design analysis was performed on the candidate transducer

to estimate its performance at the low temperatures and high "g" levels. The
transducer center post and quartz stack stress-elongation charecteristics are

124



illustrated in Pigure 2. Calculations for room itemperature conditions gave z
maximum range of + 2460 g's pk which compares favorably with the manufacturers
rating of 1,000 pk g's sinusoidal for 1% distortion and 2,000 pk g's shock. A
2,000 pk g shock will stress the center post to about 80% of the calculated
limit. The room temperature static condition or "operating point" gives about
160 miero-inch of center post elongation and a sensitivity of the center post-
mess assembly of the order of 15 g's per micro-inch of elongation., Stating
these results in ancther way, this sensitivity means that for every micro-inch
of center posi or base deformation due to extraneous causes, the range to dis-
tortion or clipping may be reduced by 15 g's.

At a temperature of 140 degrees Rankine the tension on the center post will

“be greater than that at room temperature since the post shrinks faster than the

quartz stack. The center post static stress and strain are increased by some

L5% at the lower temperature while the yield stress is approximately doubled and
the overall length of the assembly has decreased by sbout 2.5%. Figure 2 com-
pares the low temperature characteristics and operating points with those af room
temperature. The stress in the quartz stack, to a first approximation, will be
dependent upon the strain im the center post. As the dependent varisble, the
quartz stress-compression characteristic at the lower temperature is shown ap-
propriately shifted on the axis of abscissas with respect to the room temperature
characteristic. The quariz stack is aslways under compression unless the center
post breaks; reduction otherwise of the center post tension siress to zero results
in increased compression stress on the gquartz stack. Thus the transducer range
may be approximetely doubled at 140°R although the static strain has been increased
by only k5%, The sensitivity will be reduced by about 2.5% st the lower tempera-
ture due to the variation in Young's mocdulus with temperature.

The selected transducers had a 305 stainless steel base which may or may not
undergo a permanent dimensional change at cryogenic temperatures, sround Lﬂi, due
to crystal transformetion. A 100% transformetion results in approximately 4%
ipcrease in dimension. The transformation, if it occurs, is usually around 5 to
10% thus making the dimension Increase of the order of 0.2 to 0.4%. Transducers
were Lemperature cycled between room temperature and IN, prior to use to insure
stabilized dimensions.

Transducer Mounting

Figure 5 shows a typical sccelerometer mounting. All mountings were directly
in flanges or cases and utlilized a stendard commercial insulated mounting stud.
The stud material was 416 stainless and the insulation was epoxy and fiberglass.
Careful attentlon to mounting details seems advisable in order to achieve linear
tranemission of the complex accelerations from the pump to the transducer sensing
element. It is of interest to examine the performance of s mounting which has a
transmission or transfer characteristic similar to that shown in Pigure 4. We
gpproximate this charscteristic by the following expression for analysis:

X = x + ax® + b (1)

125




In general this characteristic, which will produce second and third-order
modulation of the input, will not be symmeirical about the origin and the coeffi-
cient a will not be zero. The coefficient b is negetive for this characteristic.
For purposes of illustration we assume a grossly oversimplified representation of
the complex input fuanction as follows:

X = ¥y 8inm b + Xosinmpyt + xasinn,t (2)

It is necessary to inelude three frequencies in the input function in order
to obtain all the types of combinations which mey be produced in the output. Using
equation (2) as the input function and solving equation (1) shows that the output
containg twenty-nine new frequency components in addition to erroneous components
at the three input frequencies. Table I gives tThe frequencies and amplitudes of
the distortion components present in the output. If the input consisted of only
two fregquency components instesd of three, the output would contain eleven new
frequencies in addition to the two input frequencies. If the input consists of
many frequencies, non-linearities in the transmission of the mounting will produce
a very complex spectrum at the transducer.

In the present cage we are concerned with the effects of the presence of high
level, high freguency components while trying to messure low level, low frequency
compopents. We assume, for analysis, that the w, component is of primary measure-
ment interest and w,, wy, etc., components are the disturbing high level, higher
frequency cowmponenis. The second-order modulation components contain d.c. berms
with amplitudes as follows:

%(x§+x§+x§)

The crystal-amplifier circuit will not normelly reproduce a steady d.c. signal;
however, this term is of interest in as much 2s the abrupt build-up or decay of
& large amplitude component such as X, or Xg will produce an electrical output

having the appesrance of a shock. When the measurement chsnnel has less band-

width than will reproduce the w, or w, components, only the shock-like response

will be indicated. This erroneous indication will have a steep leading edge and
will decay according to the circuit time constant.

The third-order modulation components contain erroneocus terms which have the
same frequencies as the input funetion and amplitudes as follows:

4

w ?(5- + G + mﬁ)

-

A
W ; %(2—2 i + xaxg)
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g ;“25"2( + G % +X§X3)

It 1s of interest to examine the masgnitwde of such errors under the spproximete con-
ditions of our application. We assume, for purposes of simplicity and illustration
of the case at hand, a low amplitude component, wy , of primary measurement interest
in the presence of a much larger amplitude, higher freguency component of lesser or
no messurement interest at w,:

X << Xg; oy <<y

If the non-linearity of the transfer charascteristic is such as to produce ten
percent third harmonic of w,, and if x, = 100x; , the component at u, will appear

to be only 40% of its true emplitude due to combination of the true componment with
the distortion component. While the component at w, experiences 10% third harmonic
distortion, the lower amplitude component at gy will experience only 1072% third
harmeonic in the assumed {ransfer process. Thus the direct distortion of the com-
ponent of inbterest, uwy; , is negligible while the extraneous component or error at

w, due to the presence of w, is of large amplitude. If this non-linearity produces
only 1% third harmonic of wp and X, = 100x, , the component et wy, wlll sppear to be
94% of its true velue. This type of comsideration shows the necessity for linear
trensmission of the motion from the pump to the transducing element and the need “to
conslder the effects of components present although such components may not be of
deta interest. Knowledge of the distortion and distortion components is helpful in
the data assessment and quelitative evalustion processes.

The following mounting tolerances were design objectives: 1.) Perpendicularity
of stud hole to accelerometer meting surface within 15 minutes of arc, 2.} Flatness
of mounting/mating surface within 20.0005 inch, 3.) Mating surface finish equal $o
or less than 16 microinch RMS, and k4. ) Class 3 threads.

The mounting involved three different stainless steels as foilows: pump case,
310; stud, hlé; and accelerometer base, 303. Analyses indicated that loosening of
the mountings was a possibility at the low temperatures due to mechanical tolerances
and dimensional changes In these three materials. The uncertainty in the calcula-
tions is due to nominal tolerances on threads and surfaces and the inability to
accurately calculate the tension in the small mounting studs.

. These marginal expectations for the standard insulated mounting stud led to
the fabricestion of a few non-insulated, 303 stainless stude having thread toler-
ances which would give tighter fits in the pump and in the accelerometer bases.
These were used on a few pump runs and the measurement performance was compared
with data obtained with the standerd insulated studs. Qualitative performance of
the complex waveforms was the same with both materials.

The dynamic forces are alternately transmitted by the thread surfaces and by




the surfaced faces and bosses. Tolerances snd finishes on these surfaces along
with cleanliness of the surfaces are important. While the spring-mass system of
the accelerometer makes the electrical cutput proportional to acceleration, dis-
Pplacement as a function of time is the driving or input parameter which must be
accurately followed by the mount-transducer sssembly. As noted earlier, a trans-
fer characteristic which introduces ten percent third harmonie of the large
amplitude, high frequency component results in significant error in the smaller
amplitude component being measured. In the application under consideration a
ten percent distortion of the large amplitude components is of the order of seven
to ten micro-inch (pk). Surface imperfections and foreign metter such as lint
and dirt on the surfaces may easily be deformed by these amounts when subjected
t0 dynamic forces of the order of T0 pounds,

In mounting the transducer it seems advisable to keep in mind that the
actual mounting of the transducer is really the final mechanical assembly step
of the unit and as such this operation should be carried out with somewhet the
same care used in building the transducer. A1l surfaces snd threads were thor-
oughly cleaned with alcohol and dried prior to assembly. Mounting torque was 18
to 25 inch-pounds. Spacers of several thicknesses for use on mounting studs were
fabricated from invar; however, these were not utilized since the range of mount-
ing torque values was sufficient to provide acceptable electrical coanector
positioning. Invar wes chosen for its low coefficient of thermal expansion as
compared to that of the other materials involved.

Cables

Standard low noise, teflon insulated Microdot cables were used with a silicone
compound seal at all connectors. Cables were not Ffastened to the turbopump system
at the transducer end due to mechanical details of the pump case insulation. Ine-
stead, a short length of heat shrink tubing was applied over the connector and
cagble at the transducer.

Amplification

A voltage system was used. This choice was influenced by 1.) the need to
transform linearly the complex transducer output signel while eliminating the large
amplitude frequency components sbove the frequency range of interest and 2.) the
transducer charge sensitivity and capeecitance variations at low temperatures.

The emplifier, like the accelerometer-mount system, must be capsble of linear
amplitude transformation over the range of complex signal amplitudes expected from
the accelerometer if the entire spectrum 1s to be meazsured or amplified. The am-
plification problem may be simplified when the data of interest can be confined %o
a portion of the spectrum. Such interests in this particulsr spplication were
limited to frequencies below 1,000 Hz where acceleration levels were expected to
be less than 100 g's (pk-pk). Meassurement requirements below 1,000 Nz wtilized
Dynamics Instrumentation a.c. smplifiers, Model 6163, with third order low-pass
filters in the input to reject components sbove 1,000 Hz. Thus the amplifier
transformed only those signeal components of data interest plus the portion of the
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higher frequency, high amplitude components which the input filter did not reject.
Channels were scaled by considering the amplitudes of both the components of
interest and the attenuated high frequency components.

Channels having greater than 1,000 Hz bandwidth utilized a cathode follower
driving a fourth order, active low-pass filter. The filter rejected components
ebove the frequencies of interest, matched the cathode follower cutput, and drove
the long cables running to the dafta acquisition system. The particular commercial
cathode follower available in the system had sdequate dynamic range to linearly
transform the complex composite signal when loaded with a high impedance but was
inasdequate for driving cable cepacitance at the large amplitudes and high frequen-
cies.

A1l voltage amplifiers and filters were loceted in the turbopump area such
that the transducers typically drove fifteen feet of the Mierodot cable and the
amplifier inputs. The voltage sensitivity of the transducer driving the cable
and emplifier will decrease with temperature. The change in sensitivity was
estimated as follows: :

a/C, et temperature T

10}
where: K = voltage sensitivity - in pk volts/pk g

i)
il

charge sensitivity - in pk cmb/pk g

¢, = transducer capacitence plus nominal external cepacitance
which makes voltage sensitivity independent of temperature -

in fareds
q+§
at temperature T: B, = ct - ﬁc
Wwhere: sq =.change in charge sensitivity with temperature
60 = change in capecitance with temperature

Since Ct made the voltage sensitiviity lndependent of temperature, we may write

oS = S

Cy

snd Sa_a
8, Cg

We add the external cable and smplifier input capacitance, Cc
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EJ_’=
Ct + CC
N ,  a+s
= E2=
Ct+cc+6c

The change in voliage sensitivity duwe to temperature may be written as:

AR =B - B
6.C
AR ¢ e
and =7 =
E' T CAC +C +5.)

(Bc is negative when T, < T, ).

For the application under consideration the voltage sensitivity decrease at
11% degrees Rankine was expected to be of the order of 3 to 4% of the room tempera-
ture value, This adds to the decrease due to Young's modulus for a total sensitivity
decrease of the order of 6% between room temperature snd 11l degrees Rankine.

A1l signals are FM recorded on magnetic tape for posi-test reproduction and
analyses.

Calibration, Set-up, and Check-out

Procedures were evolved to insure channel integrity with minimum hendling of
the elements. Leboratory calibration was performed at relatively low "g" levels
and room temperature with cable and amplifier combination. Initial installationm,
pre-test and post-test check-outs were performed using series voltage ingertion
without bresking connections or removing the transducers. Mounting torques were
checked before and after a test without loosening to prevent foreign matter from
accidentally entering the mounting, Exposed cables were visually inspected for
mechanical damage and checked for noise generation by menually flexing while
observing the amplifier output on an oscilloscope. FPre and post-test checks were
made for proper circuit isolation. Removal of circuits, cables, mounts, ete., is
not considered as routine, This was done only for major syshem mechanical work
or when a component wes definitely proven defective.

EXPERTFNCE

With one year of operational test experience there was one transducer fallure
(crystal stack insulator fractured during post-test warm up from cryogenic temper-
atures) and two mounting stud insuletion bond failures which occurred in post-test
periods. The only known cable problems have been damage inflicted during routine
work on the system. Cables are in conduit except for about a one foot length at
the transducer end.
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Transducers mounted on scored and unfinished mating surfaces consistently
produced clipped or distorted waveforms in this system. Similar behaviour has
been noted when mounting threads were dirty. '

Establishing ranges for these channels was a problem. As the pumps, tur-
bines, and inlei{ ducting were replaced during the course of the development
tests, the system resonant frequencies shifted to a degree but the changes in
resonance amplitudes were most dramatic. Amplitude changes by factors of two
to ten were not uncommon. Alsc, transducer locations varied on the different
pumps and turbines used.

Transducer torques have been checked with the system cold and no signifi-
cant loss from the room temperature value has been observed.

Vibration levels and frequencies were plotited on the pump map for corre-
lation with pump flow, discharge pressure, and apeed. See Figure 5. C(ompo-
nents below 1,000 Hz ususelly correlate with speed while those above 1,000 Hz
correlate with liguld hydrogen flow rate. While it is difficult to genersalize,
some predominant components and typical levels are given in Teble II.

This 1s by no means all resonances or components obeserved as tests on the
system have shown over twenty resonances below 1,000 Hz.

High "Q" responses have been observed at the turbine case between 12,600
and 20,000 Hz. Ievels between 600 and 2030 g's pk-pk bave been recorded. The
only correlation at present for these flow noises is turbine speed. These
components are of interest since some stages of the turbine have blade reso-
nence modes in this region.

SUMMARY

High level vibraticns and cryogenic temperature environments necessitate
care in measurement component selection, instellation, and signal processing.
Spectrum conditioning of the complex compeosite vibration signal prior to am-
plification is necessary to remove large smplitude, high frequency flow excited

components when measuring low amplitude, low frequency structural, and speed
copnected components.
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TABLE I

GENERATED DISTCRTION COMPONENTS

Response distortion terms are of the form:

2nd order: A cos Bt
3rd order: A sin Bt
Order of Component Coefficients
Distortion B A
2nd d.c. Z O +E +58)
2un =%
g
2, ]
a
2&3 "é’ Xg
(o -a5) a(x x,)
(uy + ) -a(xy %, )
(g ~ws ) a( Xy X )
(Wg'l‘ma) -E(XQXS)
(wj, ~illy ) a( Xy Xq )
(o +wg ) ~a(x; X5 )
by X3
3rd Wy 2—(?’ + xl*g + X X3
by X3
Wa 2—(52' T Xg + XaXg
b, X3
Wy %—(—21 + X xg + X2xs
b
(2‘-”1'*1”3) ‘15,,—‘ X Xz
3b
(2ay ~w,) i~ ¥
1]
(2 +w5) E—- Xi Xs
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Order of
Distortion

3rd

PABLE T (con't)

Component Coefficients

B

(2 -ws)
(24w, )
(205t )
(20+uy)
(2us-0y )
(2ug+wy )
(2ug -y )
( 2wz +ug )

(2wg-us )

Sun
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TABLE II

FREQUENCY (Hz) TYPICAL RANGE (g's pk-pk)

250 1-7

525-535 : 5-60
1000 50-270
1 16-130
1600 75-760
kooo 120-420
6300 701260
8000 200-1075
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TURBOPUMP SYSTEM

FIGURE 1.
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1. ABSTRACT

Selected instrumentation systems used by AFSWC in the "High Explosive
Simulation Technique" tests are evaluated from their respomse to statie,
sinusoidal and transient inputs. Transfer functions are calculated
from the transient data and the gain and phase response information ob~-
tained from the transfer function is compared to empirical data. The
results of the study will be used in the future as a basis for a data
correction study and as a guide in establishing procedures for future
dynamic calibration.

2. OBJECTIVES
2.1 The objectives of this study were to:
4. Determine the dynamic performance of shock instrumentation.

B. Demonstrate the feasibility of obtaining wvalid transfer functions
from transient data.

C. Develop procedures for dynamic ealibration of future systems.

3. INTRODUCTION

AFSWC is involved in studying soil motion due to a simulated nuclear
blast which employs high explosives to generate a shock wave. The in-
strumentation used to obtain data is embeded in the structure under test
or in the soll surrounding the structure. Some of the transducers are
placed months before the test. They must therefore survive a moist
and highly corrosive environment as well.as withstanding the high shock
conditions. However, data acquired in a recent test indicates that some
cf the information may have been distorted by the dynamic limitations of
the measurement systems. This distortion and its souxce are the under-
lying reasons for this report and for a proposed indepth analysis of the
total system.

Although several types of measurement systems are used in HEST tests,
only three were selected for evaluation. The systems selected were those
designed to produce information which is descriptive of shock wave pressure,
velocity and acceleration. Each of these systems can be depicted by a
block diagram configuration such as is illustrated in Figures 1 and 2.

The overall study of these systems involves two contractors and an
inhouse testing program. A contract was awarded to IIT Research
Institute (IITRI) for a study of the soil to transducer interactiom.
Their report will contain soil to transducer transfer functions
derived analytically and recommendations for tests of
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existing and future systems. The other contract was awarded to Agbabian-~
Jacobsen Associates (AJA). Its purpose was to support the AFSWC inhouse
analysis of the three systems mentioned earlier. AJA will provide AFSWC
with a literature search of techniques for dynamic calibration of instru~
mentation systems; an analysis of the test procedures and results of the
inhouse testing program; a recommendation of procedures for future dynamic
calibration, and a documentation of the entire program. The inhouse effort
was primarily directed towards conducting the necessary tests, obtaining
valid transfer functions and using the transfer functions to establish
data correction procedures.

4., TRANSFER FUNCTION EVALUATIONV

In obtaining transfer functions, two main approaches were utilized.
The first is the classical approach of applying a sinusoidal signal to the
input of the system under test and then measuring the system amplitude
and phase responge as the input fregquency is varied. TFor many electrical
systems this method is adequate. However, for many mechanical systems, the
difficulties involved in generating high frequency input signals make the
method insufficient.

The second approach was to apply a known transient signal (e.g. step,
pulse, etc.) to the input of the system under test and then measure the
resulting system response. Although some difficulties may arise in
accurately measuring such a transient input, it is more often than not
mechanically feasible to generate it. Thus, geing on the assumption that
the input and output can be measured, it is possible to obtain the inter-
vening transfer function.

The tramsfer function approach to dynamic analysis of physical systems
cannot be applied indiscriminately. There are certain limitations as
to its usefulness. The primary restriction is that the system under consid-
eration be linear. A system that is not linear may be analyzed by utilizing
describing functions, by breaking the system into piecewise linear
segments, or by utilizing a computer aided parameter optimization scheme.
Also, before a single input - single output transfer function can be used,
it must be ascertained that the system is not multi-input-multi-output
nor does it have cross coupling effects present.

5. DERIVATION OF THE TRANSFER FUNCTION FROM THE TRANSIENT RESPONSE

Since the method of applying a sinusoidal input to the system in order
to determine the transfer function is self explanatory and easy to use,
it will not be explained in this section. The method of transient re-
sponse evaluation is, however, more difficult to apply and will thus be
the subject of the proceeding discussion.
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Several methods are available for evaluating a system transfer function
from the transient input and transient output. One of the more lucrative
methods to use would be a computer—-aided parameter identification scheme.
Several unavoidable problems made it unfeasible to use the digital com-
puter. Thus, a method was sought which would allow Laplace transformations
to be used in conjunction with an "at the desk" method of calculating the
transfer functions. The following sectlon is a discussion of such a method.

5.1 Slope Method of Laplace Transforms (Reference #1)

In the Slope Method of Laplace transforms the time function
to be transformed is approximated by a series of straight line segments
as shown in Figure 3. (Obviously, the larger the number of segments
drawn, the more accurate the approximation, but, subsequently, the
larger the number of calculations involved.) Once the segments are drawn,
each individual slope and time coordinate for the point of intersection
with the previous line segment are measured. The straight line approxi-
mations are then broken up Iinto the components as shown in Figure 3.

Each component in Figure 3 is thus a ramp of known slope and
delay. (The delay corresponds to the time coordinate.) The Laplace
transform of a delayed ramp is given (Ref. #1) by

elayed (2)
. _St
:i Ramp gl & D
Functio S

where A is the slope and t dis the delay time, By applying the
D
principle of superpositicn to linear systems, the transform of the function
given in Figure 2 is the summation of the Laplace transforms of the com-
ponents shown in Figure 3.

(3)
if (©) B - i_éi e 51
. 52

Given Equation (3) as the ocutput of the system of interest, it
is possible to derive the describing transfer function simply by operat-
ing upon the system input. The operation consists of defining the input
in the Laplace domain and then dividing it into the system output,i.e.
Equation (3). The result is the familiar output divided by input relation-
ship which is used to define a transfer function. To obtain the phase
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and frequency response of the system, it is only a matter of substituting
jw for s in the transfer function and then calculating the resultant
complex quantity as w(w=2Wf) is varied through the frequency range of
interest.

6. TESTS

Now that a method of analyzing transient data has been selected,
we can turn our attention to the techniques used to obtain the data necessary
to calculate the required transfer functions. The first step in the test—
ing program was to decide what loading conditions would be used and what
other constraints would be placed omn the system. The information derived
from these tests was therefore assumed valid only for the conditions under
which the system was tested.

6.1 Record-Reproduce System

The first series of tests were conducted on the record-reproduce
system shown in Figure 4. The V0O, discriminator and filter can be chosen
for a desired bandwidth. For this test, a 16KHz center frequency +
IKHz bandwidth VCO was used and the low pass output filter was chosen
at 1 KHz.

Two series of signals were applied to rhe system and recorded
on magnetic tape. The first series of signals were step pulses from a
Data Pulse Generator Model 10L. The amplitude of the pulser was chosen
such that the system remained in its linear range of operation. Sinusoidal
signals were then applied (H. P. Signal Generator Model 241A) again fixing
the amplitude for linear operation. The tape was sent to AFSWC's Data
Reduction group for playback.

Figure 5 shows a step input after it is passed through a 1KHz,
seven pole Bessel filter and i1s digitized at a rate of 10 K SPS. Due
to the low sampling rate, the curve is already a series of straight lines
segments. Using these segments, to approximate the response, the trans-
form technique described previously was used to calculate the Laplace
transform of the signal. The input is taken to be a perfect step so its
transform is A. Dividing the transform of the output by the transform

5

of the input, we obtain the system transfer function.

-.15 ~a28 -.58 -.68 -.78 -.88

G (s) =_1 1+ 5e + 93/ - 7Je - 8e —5e —e
R 8.5 |
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By substituting jw for S and calculating the transfer function for various
values of w, we obtain the frequency characteristics of the system.

Figures 6 and 7 show the gain and phase response obtained from the transfer
function compared to the theoretical data of the Bessel seven pole filter.
The gain response obtained experimentally from the sinusocidal test is

also plotted in Figure 6. It appears that the response of the Record-
Reproduce System is approximately the response of the Bessel Filter.

6.2 Pressure Tests

Several types of pressure gages were used in HEST V. However,
since the Norwood pressure gage Model 111 was used for most measurements,
it was chosen for evaluation. This gage is of the four active leg strain-
gage type with 2 range of 500 psi.

The static calibrations were performed several times from 0 to
500 psi and back again using a dead weight tester. The output of the gage
was recorded on a digital voltmeter and a stable electronic power supply
was used for the excitation wvoltage. The gage was also calibrated using
compressed air controlled by a variable pressure regulator. Pressures
were read on a pre-calibrated "Heise" Bourdom type, pressure gage. The
output was read on a digital voltmeter and a six wolt dry cell battery
provided the excitation, The outputs of both calibrations gave consis-
tent results.

For dynamic calibration, an input pressure step was applied by an
AFSWC version of the Dynamic Pressure Transducer Calibrator, D-142, de-
signed by the Metrology Engineering Center, Naval Plant Representative
in Pomona, California (reference 2 and 3). The apparatus (refer to
Figure 8 employs a dropping mass to rapidly open a poppet valve thereby
producing a fast rising pressure step.

The calibrator can be used in two modes. In mode 1, a high pressure
pulse with a rise time of about 100 micro seconds can be generated.
This mode provides a capability for calibration of low and intermediate
frequency transducers and providesz an excellent means of determining
creep effects in high frequency transducers. In the second mode, a shock
.-wave adapter tube ig utilized such that the calibrator has the characteristics
of a shock tube. In this mode, the calibrator.is capable of generating
a step pressure pulse with a rise time (10 - 90%) of about 10 micro
seconds.

One disadvantage of the calibrator is that the input signal, which
cannot be monitored as a pulse;is applied to the gage under test. A
common method of overcoming this problem is to determine the characteristics
of the calibrator by using a transducer whose characteristics are known
and whose response ig much better than the response of the gage under
test. The reference gage selected for this series of tests was a modified
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Susquehanna Instruments pressure gage, model ST4. Sufficient tests on
the calibrator were performed to establish the signature of. the input
waveform in both modes 1 and 2. Figures 9 and 10 show the pulse

output of the D-142 calibrator when nitrogen is used as the gas media.
A pulse of about 2 micro seconds rise time can be generated when helium
is used as the media.

For the purposes of this study, the principle value of the shock
tube configuration is excitation and identification of the main resonant
frequency of the transducer under test. Figure 1l shows the ringing
frequency of a Norwood Pressure transducer Model 111 due to a shock wave.
Photographs taken at faster sweep speeds show the ringing frequency to be
approximately 30 KHz and the overshoot to be approximately 50%. This
data along with the rate of dampening is sufficient information to plot
an approximate frequency response of the transducer. It should be noted
that more exact methods exist to measure the ringing frequency of a
transducer. The ringing signal can be recorded on a transient data
recorder and later played continuously into a spectrum analyzer or the
signal could be recorded on a wide band tape recorder and its spectrum
determined by data reduction techmniques.

6.3 Acceleration

Two CEC Model No. 4-202-0001 and two Statham Model A-69-TC
accelerometers were subjected to dynamic calibration tests. Static
calibrations were performed in a Schaevitz, type M2ZA Rotary Exciter
{centrifuge), with runs in both directions at various bridge excitatioms.
The power supply and bridge balance were provided by a B & F Instruments
Model 24-AM-25 Signal Conditioner. Read out employed a Hewlett Packard
Model 2010-B "Dymec'" Data acquisition system.

Dyvnamic calibration consisted of frequency response testing of the
bare accelerometer at several g levels from 50 Hz to 2.5 KHz on an Unholtz-Dickie
Model 100 shaker. Using the same shaker, tests.were also performed on the
accelerometer-amplifier combination with the amplifier sitting on a
workbench. Figure 12 shows the results of the tests performed on a
Statham gage.

An attempt was made to obtain the frequency characteristics from
transient data. Single pulse, shock input tests were performed using a
Monterey Research Model No. 2424 "Impac'" drop test machine. However,
one of the pitfalls of using transient signals to obtain frequency response
was encountered in the analysis of these tests. Namely, the input transient
signal was not fast enough to excite the higher frequencies of the system.
Transient inputs with a faster risetime were later applied with a HYGE
impac machine, but the data from these tests contained too much noise
after the pulse to attempt a manual calculation of the transfer function.
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6.4 vVelocity

The velocity gages evaluated were Sparton Southwest, Models 601V and
601H. Only the 601V was tested in this program. The velocity gage (refer to
Figure 12) is basically an integrating acceleremeter with a pendulous mass
suspended in a highly viscous fluid. The gage is designed go that the mass is
damped by the viscous characteristics of the fluid and also by the restriction
of the fluid flow within the mass-fluid housing, The displacement of the mass
iz sensged by a wvariable reluctance transformer, which produces an output
proportional te velocity.

Two series of tests were performed on this gage. The first test
is a "lg turnover" test which basically consists of placing the gage in
a horizontal position, so that the spring exerts z downward force on the
pendulum. A powerful magnet is used to pull the pendulum to its uppermost
position. When the magnet is removed, the force of gravity and the one
gravity force of the spring act on the pendulum to give it a two gravity
acceleration in a downward direction. The output is recorded on a CEC
Type 5-124 Recording Oscillograph. Since the velocity is known as a
function of time, and the output signal is knowvm as a function of time,
the output voltage can be related tc wvelocity.

The second series of tests utilized the Monterey Research Model
No. 2424 "Impac" drop test machine. The velocity gage was dropped from
various heights to give it an Impact of acceleration each time the table
decelerated to a stop. The output of the gage was fed through 1000 feet
of Times cable to the CEC Model 118 discrimination and its output was
recorded on magnet tape. See Figures 2 and 4 for the system configuration.
A crystal accelerometer mounted on the drop table was chosen as the reference

gage.

Figure 14 shows the cutputs of the velocity gage and reference
accelerometer after they are recorded on magnetic tape and later reduced.
The ramp functions that appear on the velocity trace are due to the one g
acceleration of the table before and after the impact. When the velocity
data is corrected for the one g fall, a step signal with a 9.5 ms risetime
is obtained. The integral of the reference accelerometer signal is a
step velocity signal with a risetime of approximately Zms. TUsing the equation:

2 2 2
t. (observed) = . (imput) + t. (system) {(2)

we find that the risetime of the system is 9.3 ms. Using the approximation

£c = 0.35 (3
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we obtain the frequency at the half power point to be approximately
38 H=z.

The above method for determining the frequency response of a system
is not exact and phase response information can not be obtained by using
it, but it has the advantage of being fast and easy to use. More accurate
results were obtained by caleculating a Laplace transform for the system.
This was accomplished by Laplace transforming the velocity and acceleration
outputs and integrating the acceleration function by dividing by "S" in
the Laplace domain. The transfer function for the entire system is obtained
by dividing the velocity transform by the integrated acceleration transform:

S l ~. 0038 ~. 00658 ~.00118 -.001931
¢ (8)=32.2 }-3.82 41,59 +0.965e +0. 265 ()
v “ _0.0018 . 0025 . 0038
{_:-65—5609_ +1247e ~622e J

Substituting "jw" for "S" in equation (4) the gain and phase
angle can be calculated as a function of w. Figure 15shows the results
of these calculations.

For these tests, a2 low pass filter whose response is also plotted
in Figure 15 was added te the output of the CEC System D demodulator.

As can be seen from the Figure the frequency at the half power point is
equal to 34 Hz., The velocity systems follows the response of this filter
to about 100 Hz after which it rolls off at a faster rate. The faster
roll off is due to the fact that the Input velocity step has 8 Zms rise-
time which corresponds to & 175Hz bandwidth and also to the fact that

the demodulator has an internal 500 Hz filter. The phase response also
follows the response of the filter at low frequencies. Figure 16 shows an
example of actual data that has been corrected.

Future work in this area will include removing the external
filter from the demodulator output and zpplying a faster pulse to the
velocity gage. There is then the possibility that the frequency response
will then be limited by the design of the demodulator and its intermnal
filter. A task is in progress to allow FM recording of the velocity
gage output before it is demodulated. Demodulation will be performed
by the computer to Increase the system bandwidth and to reduce noise.

A velocity sled is also under development and will later be used for
evaluation of velocity gages.

6.5 AFSWC Gage Amplifier
Approximately one half of the pgages for which AFSWC is responsible

use a dec operational amplifier package that was developed at AFSWC specifically
for shock environments. The amplifier is designed to be located at the gage
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installation to amplify the output signal of the gage and to increase
the signal-to-noise ratic before it is transmitted through the signal
cable to the instrumentation wvans. Some of the primary advantages
orovided by the amplifier package are listed below.

1. TIsolation of input lines to the gage

2. Low output impedance (less than 1 chm) with high output (+2.5 volts)
3. Power regulation at the gage

4. Shunt step calibration of the gage

5. Differential input

Another advantage of the amplifier is that the frequency response
can be set to be compatable with the transducer with which it is mated.
For most applications the bandwidth was set at 1 KHz.

The tests conducted on the amplifier included static, sinusoidal
steady state, and step signals. TFigurel7 shows the amplitude response
of a typical gage.

6.6 Cable Test

The instrumentation cable tested was the Times Wire and Cable
Company's #M1-31099, "Low Noise, 3 Pair, Instrument Cable." Each of the
three pairs is shielded with aluminum - mylar tape and provided with a
drain wire for shield grounding. The conductor insulation and outer
pocket are a polyvinyl chloride copolyme.

Several 1000 ft. lengths of cable were tested using a Wavetek
Model 111 signal generator. A sinusoidal signal was applied to the cable
and the frequency was varied from 100 Hz to 100 KHz. Several terminations
of the cable were tried. Below approximately 10 KHz the voltage amplitude

loss was approximately the computed "ZR" ioss of the cable. Above 10 KHz,
reflected waves began to act constructively and resulted in an apparent
gain as shown in Figure 18. An output versus input voltage phase lag
also appears at about 10KHz and increasges rapidly to about 130 degrees

at 100 KHz.

When the cable was terminated with the input impedance (250K)
of a voltage controlled oscillator, the sinusoidal tests indicated that an
impedance mismatch was present. The square wave tests confirm that the
V€O does not provide a proper impedance match to the eable. The manufacture
of the cable confirmed our observation. When terminated in an open circuit,
1000 ft. of the cable is approximately a quarter wavelength at a frequency
of about 125 KHz.
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SUMMARY

This paper represents the first of a series of efforts by AFSWC to
determine the dynamic characteristics of shock instrumentation systenms.
The feasibility of obtaining transfer functions and correcting actual test
data was demonstrated. As a side benefit, possible problem areas were
discovered.

Future work in this area will consist of developing the hardware
necessary to obtain valid data specifying the computer software necessary
to perform transformation and correct data, and expanding this type of
analysis to other types of systems such as Electromagnetic Pulse (EMP)

Systems.
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SLOPE METHOD OF LAPLACE TRANSFORM
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FIGURE 3
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Respense of Norwood Gageto =~

Response of Norwood Gage to Step Input
(100 us/cm)

FIGURE 11 163
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VELOCITY RESPONSE TO NON-IDEAL STEP INPUT
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SUMMARY OF QUESTIONS, ANSWERS AND COMMENTS

SESSION IV "MEASUREMENT OF FORCE AND ACCELERATIONY

In Baca's paper he had indicated a low frequency cut off of 34 Hz. Horn
pointed out that in some tests that he was familiar with for another application
that soil resonance occurred between 20-40 Hz in soil varying from sandy to normal;
he wondered if the 34 Hz cut off was not unduly low. Baca allowed that this
might be the case and pointed out that the instrumentation design was based on
earlier predictions. Baca also indicated that they were attempting to use data
beyond 34 Hz by correcting it but also pointed out that in amplifying the signal
the noise was also boosted. He pointed out that there is a limit as to how far
out in frequency youn can correct before the noise swamps you. James asked if they
had run a sample case to see how far out in frequency they could go and still
reconstruct a valid signal. Baca said that it was hard to simulate a test
because of the irregular and unpredictable nature of soil such as rocks and water.
Baca was alsc asked what explosives were used and he indicated that primer cord
was used,

Horn asked Naylor to describe the low cost amplifier for which he had drawn
a schematic in an earlier session. Naylor said that they had been paying about
$150 for their amplifiers when they decided to try their hand at building their
own (they were eventually to build about 60 of them). The heart of the device
is a $5 operational amplifier; the gain of the strain gage amplifier is about
5000 at 15 kHz and 100 at 50 kHz. They use cable lengths up to 4000 feet and

one of the features of the amplifier is good common mode rejectiom.
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Horn then asked Naylor to describe the work he has been doing on blast
testing of gas turbine engines. Naylor said they obtained some CF 100 Interceptor
aircraft and tied one of them down for the tests. They took a 17 inch shock tube
and fired it inte the inlet and the gas turbine ran faster; they then decided to
fire the shock tube into the exhaust end. This was done by firing the shock tube
into the tail of a T-shaped arrangement that directed part of the gases upstream
and part into the exhaust. At first the combustion flames burned brighter and
then the compressor stalled and the flames went out apparently for lack of oxXygen,
The same test with a high engine speed showed little effect. The instrumentation
used was as follows: a thermistor bead was adopted for high wind velocity measure-
ments at the inlet (constant temperature type, 50 ms time constant); iron
constantine thermocouples were used in the exhaust (100 ms time constant}; Bytrex
strain gage pressure transducers were used near the middle of the engine where the
temperature was about 150°C; Suffield made piezoeleétrics were used where it was
cooler; water cooled transducer mounts for pressure transducers were used where
it was hotter (the exhaust gases were about 700°C); accelerometers were mounted
on the engine to sense vibration and the output was integrated to get velocity.
All told about 40 channels of instrumentation were used.

Horn raised the question as to whether it is really desirable to combine
the transducer and electronics in one package. He pointed out that this requires
expertise in materials, solid state physics, electronics as well as inst;umentation;
he also noted that a combination package probably would not be significantly cheaper.

Metz mentioned that in oceanographic applications where distances as great as
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30,000 feet may be encountered, that transducer, amplifier and A to D converter
are packaged together; he added that this was not a "miniducer" but a rather

large package with a heavy housing. Lederer suggested that there would be a
considerable advantage to the transducer package having the standard telemetry
system output of 0 te 5 volts; strain gages, for instance, have outputs now that
vary from 0-10 mV to 0-500 mV. In addition the package might contain an active
filter as well as an A to D converter. In the case of crystal pickups, built in
field effect transistor followers ought to be very desirable. Ingebritsen asked
how information like this could get back to the manufacturer and Lederer cited

the ISA as a good medium. Horn pointed out that the manufacturer's reps are

eager to hear user wants if there is a market. James suggested that some
flexibility would be desirable - enabling for instance an engineer to use the
walls of a piece of aerospace equipment as the container for the transducer. too.
Lynch put in a plug for the two part system noting that this allows for changing
the range of both the transducer and the amplifier. This also allows the amplifier
to be used for a variety of systems. He did point out however that the Piezetron
allows one to use low level lines which is a considerable advantage. Finley also
- cited good experience with the Piezetron and noted that it contains a mode for
checking; he also pointed out that the fixed semsitivity of the instrument removes
a potential pitfall. An audience comment suggested that one solution to the range
problem would be the use of external components to change the range. Another
audience comment arguing for separate systems cited how a single amplifier and

multiplexer could be used for a number of transducers. He also pointed out that

173




4

the state of the art makes amplifiers more susceptible to critical environments
than transducers., Naylor divided the problem into two parts, (1) piezoelectrics,
where the Piezetron does effect a big difference and (2} strain gages, where
impedance is no problem; in the strain gages even 500 mV output is toc low to

help much except in an improvement in signal to noise ratio. He would like the
ability to calibrdte piezoelectrics directly and perhaps multi-wire systems for
strain gages so that shunt calibration can be carried out. Ingebritsen felt that
the telemetry VCO should be a voltmeter, withk a variable range, limiting and perhaps
with an input filter such that it would carry the burden of handling the signal and
not the transducer. Curry pointed out that the transducer plus amplifier versus
the téansducer package argument really depends upon the application. Lathrop now
arguing for the integrated package cited difficulties Sandia has had with RF. This
problem has been more prevalent in strain gages and thermocouples despite the fact
they had comparatively short leads (3-10 feet). Kirshman indicated they also had
RF problems but Metz said although their cable lengths were sometimes as long as
100 feet, they only rarely had the problem. Lederer suggested that a rugged
integrated transducer might have many uses in industrial applications where there
is much mechanical and electrica? noise. Lynch observed that a high voltage at the
source requires you to have high current to drive the lines where you have long
cable lengths. Lathrop pointed out to Ingebritsen that there are new VCO's on the
market that are in the millivolt range. Ingebritsen again suggested that the burden
has often been put on the transducer rather than the VCO, Horn said that if the
manufacturer makes the whole system then he can tailor it to the specific needs.
Hilten suggested that the connectors and lead cable could use some attention be-

cause at the present rate the connector is going to be bigger than the transducer.
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