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FOREWORD

This report, "Checkout Techniques for Fluidic Systems", presents the
results of work performed by Bowles Engineering Corporation under Air Force
Contract AF 33(615)=5296. It was accomplished under the direction of Mr,
William H. Kemper {APFG), of the Air Force Aero Propulsion Laboratory, i
Wright ~Patterson Air Force Base, Ohio 45433, :

Appreciable contributions to the reported program effort were made by
Dr. W. A. Walston and P. Bauer, their studies being summarized by B.E,C.
Technical Memoranda included in this report, and by P, Cain in the perfor-
mance of numerous laboratory tests,

This report was submitted by the authors on 7 May 196§,

This technical report has been reviewed and is approved.

Gl J )

ROBERT D, SHERRILL, Chie
Ground Support Branch
Support Technology Division
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ABSTRACT

Bowles Engineering Corporation has demonstrated the feasibility of
checkout techniques for Fluidic circuitry. Sensors, instrumentation
techniques, and checkout procedures have been defined which has been
shown, by laboratory tests, to be successfui in establishing levels of
functional performance, and in isolating causes of circuitry malfunctions,
The program was sponsored by the Alr Force Aero Propulsion Laboratory.

It has been established that the most accurate means of establishing
leval of functional performance, to determine if the performance of a system
is satisfactory or is outside of allowable limits, is through the use of
primary sensors, such as certain praessure transducers and piezoelectric
crystals., Primary sensors daetect functional signals directly.

Acoustic sensing techniques, a secondary sensing procedure, has
bean applied, with a high level of success, to the isolation of anomalies
causing malfunction. An accelerometer has been mounted to & circuit
plate to sense the gsecondary acoustic energy generated by a group of
operating elements on the circuit plate, This sensed acoustic signal has
been convertad into an amplitude va, frequency acoustic signature, through
the use of sonic and ultrasonic spectrum analyzers. It has been demonstrated
that different anomalies cause distinguishingly differerit changes in the
acoustic signature, thus permitting detection and definition of the anomalies
causing malfunctions. The resulta realized in the isolating of malfunction
causes through the use of secondary acoustic techniques is considered to
be highly =iznificant,

The present report presents the results of the chackout technigques
program, during which the applicability of & group of candidate sensors
weare evaluated for use in the checkout of both analog and digital circuitry.

(This abstract is subject to special export controla and each transmittal to foreign
governments or foreign nationals may be made only with prior approval of Support
Technology Divialon (APF), Air Foroe Aero Propulsion Laboratory, Wright-
Pattorson Air Force Base, Ohio,)
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N SECTION I
i INTRODUCTION
{ 1, BACKGROUND
; .
E? ¢ The growtt. of the field of Fluidics since the late 1950's has been phenomenal,

A large and continuously increasing number of applications of Fluidic controls
have been implemented. The high level of interest in Fluidic systems is a con-
sequence of the inherent reliability and ruggedness of Fluidic circuitry and a
potential for low cost., With the performance characteristics of no-moving-part
Fluidic elements being a function of channel geometry as formed into an appro-
priate material, the maintenance of desired performance reduces primarily to the
maintenance of the integrity of a static material structure. With the selection of
materials and fabrication techniques appropriate to the application, highly re-
liable performance may be realized, with greatly minimized maintenance require-
ments and under extremes of shock, temperature, and radiation.

The established need for reliability and ruggedness in many areas of automatic
control has led to a concentration of effort in the Fluidics field to develop and
apply Fluidic control systems. The area of Fluidic system checkout has, hereto~
fore, received minimal attention. Under the sponsorship of the Air Force Aero
Propulsion Laboratory, therefore, Bowles Engineering Corporation has completed
a program to establish applicable techniques for instrumenting Fluidic clrcultry
with which to define the state of circuit performance and to diagnose causes of
malfunction. The results of this program are presented by this report, and are
highly encouraging. Techniques have been es*ablished, and demonstrated, by
which functional performance of Fluidic systems may be checked out,and through
which the causes of system malfunction may be defined.

2, PRCHLEM STATEMENT

Sensors &nd sensing techniques are required which provide, through an organized
checkout procedure, the means of evaluating the functional performance of Fluldic
circuitry. In addition, the sensors and sensing techniques must ectablish the
causes of malfunction to permit prescription of the appropriate corrective actions.

To define the problem more precisely, it is necessary to establish the level of
checkout which is of primary concern, and to consider a typical checkout sequence,

Of primary interest are techniques and procedures applicable to a flight line system
checkout. The first concern is to check out a supposedly functioning Fluidic
system, Here the cbjective is to jetermine whether the functional performance

is within prior established limits. If not, a second objective Is to diagnose the
cause of malfunctions so a= to prescribe either appropriate healing where this may
be accomplished in-place, or alternately, removal and replacement of a non-
healable circuit grouping. The development of laboratory techniques for bench

1




testing of faulty circuitry is not of prime concern, although techniques applicable
to flight line checkout techniques may be highly suitable for bench checkout
procedures.

It i1s necessary to make this distinction to establish requirements which candi-
date sensors and sensing technique must satisfy. As an example, flight line
sensors and sensing techriques may not degrade system reliability, as by the
addition of tubing and fittings (with added potential leakage sources) for the
remote attachment of sensors: the sensors must themselves be fail-safe in terms
of system performanre. The size and coupling means of applicable sensors must
be compatible with circuitry packaging concepts. These constraints, which are
applicable to a flight line checkout, do not necessarily apply to laboratory in-
strumentation,

A typical checkout procedure is outlined below:

CHECKQOUT PROCEDURE SEQUENCE

1. Check to establish that the system input/output characteristics
fall within establishad acceptable performance limits.

2. Check for absence of indications of impending failure.

3, If results of steps 1 and 2 are positive, checkout is complete,
If results of either step 1 or 2 is negative, proceed with checkout,

4, Isolate circult grouping containing malfunction cause,

5. Define cause of malfunction and healing procedure,

6. Perform appropriate healing. If defined anomaly is in-place
healable, carry out prescribed procedure, If not an anomaly
healable in-place, replace unsatisfactory circuit grouping
{as an integral module).

7. Re-initiate sequence with step 1.

An examination of the checkout procedure serves to establish a number of broad
functional objectives of circuitry checkout instrumentation,

o The instrumentation must have sufficlent resolution to distinguish
between satisfactory and unsatisfactory performance.

o The means used to detect the cause of unsatisfactory performance
should exhibit sufficlent resolution to detect and define an
anomalous condition of an amplitude which causes the limit of
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the input/output performance specifications to be approached.
These amplitudes are frequently quite small.

ke MRLGEROIT Ak - SN

s} The information generated by the checkout instrumentation and
related equipment should require the minimum possible inter- ;
pretation, to r.inimize checkout errors. Some degree of automation
of the checkout procedure is probably desirable, depending upon the i
specific system, to minimize human error. '

11y

3. GENERAL APPROACH

The program carried out by BEC was implemented by a three phase effort,
outlined as follows:

o PHASEIl - SENSQR SELECTION AND EVALUATION

A survey of sensors and sensing techniques was performed and
candidate sensors selected, Functional failure of typical analog

and digital elements was defined, An extensive evaluation of the
candidate sensors was carried out to establish applicability to the
detection of performance degradation and/or detection of malfunction
causes, as applied to analog and digital elements and simple circuitry.
The compatibility of the sensors with typical packaging concepts and
effects of envirunment on the sensors were investigated, Recommen-
dations concerning the applicability of the candidate sensors were
prepared,

o PHASEII - EVALUATION OF INTEGRATED CIRCUITRY INSTRUMENTATION
AND HEALING TECHNIQUES

Based on the conclusions of Phase I, sensing techniques considered
most applicable were applied in the instrumentation of typically
packaged analog and digital integrated circuitry and evaluated,
Technigues for in-place healing of circuitry were investigated.

o PHASE III - DEMONSTRATION OF FEASIBILITY OF A CHECKOUT
PROCEDURE FOR AN ANALOG CONTROL SYSTEM

A two-module analog controller was instrumented and a semi-automatic
checkout procedure implemented to demonstrate the technical feasi-
bility of Fluidis System Checkout Techniques,

The results of the effort as outlined above are submitted by this report, together
with @ summary, conclusions, and recommendations for future work.
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SECTION 1I
SUMMARY

Much effort has been successfully directed to the development of Fluidic
systems for a hroad range of controls applications, the inherent reliability
and minimized maintenance of Fluidics being much desired. Bowles
Engineering Corporation has completed a program directed toward an area
which has heretofore received little attention, that being the establishing
of checkout techniques for Fluidic systems. This area will become in-
creasingly more important as more Fluidic systems reach operational status,

Through the BEC program, which is described by this report, the feasibility

of instrumentation arrangements and procedures for use in checkout of

Fluidic systems have beaen demonstrated, the objectives of checkout procedures
being essentially to establish the level of performance and to isolate causes

of malfunction. The progrem was sponsored by ihe Air Force Aero Propulsion
Laboratory under Contract No. AF 33(615)-5296, with the effort directed by
Mr, W, H. Kemper, APFG.

A group of candidate sensors were selected for investigation and evaluation,
Two types of sensors were considered; primary sensors, which sense functional
signals such as pressure and flow, and secondary sensors, which detect
secondary indicators of the state of a circuit such as the thermal profile of a
circuit plate or the high frequency noise generated by a functioning element,
The applicability of these sensors, and techniques for their use, for both
analog and digital Fluidics circuitry, were investigated through tests with
elements and circuitry. The most suitable sensors and techniques were
selected and made use of in demonstrating the feasibility of a checkout
procedure for a Fluidic feedwater controller for a Naval propulsion steam
generator,

The results of the program indicate that primary sensors provide the most
accurate means of evaluating the level of performance, sensing directiy the
functional signals. A miniature pressure transducer, piezoelectric crystals,
and flow anemometers, were shown to be desirable primary sensors.

Secondary sensing techniques, namely the sensing of acoustic energy and
analysis of the amplitude vs, frequency signature of the sensed acoustic
energy, were shown to be highly successful in isolating anomalies causing
primary performance malfunctions. It was shown that one accelerometer
mounted to a circuit plate could isolate anomalies occurring at various

locations on a circuit plate containing a group of functioning elements. The
capabillity to isolate malfunction cau.es through secondary acoustic techniques,
stems from the demonstrated fact that different anomalous conditions, such as

i
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variations in supply, or bias pressure, or damage to a circuit structure,
each cause a distinguishingly different change in the acoustic signature.
These differing changes then serve to identify specific anomalies. The
accomplishments realized in the area of fault isolation, a difficult
instrumentation task, are highly significant and are considered to represent
an advance in the state-of-the-art.

Further work is necessary to move Fluidic system checkout techniques from
feasibility to operability. The development of sensors and related peripheral
equipment specifically for use in Fluidic system checkout should lead to a
lower cost of instrumentation. Approaches to minimizing the amount of
sensing equipment which is mounted permanently to Fluidic circuitry require
investigation, the objective being the reduction of cost and complexity of
instrumentation which "goes along" with the circuitry. Along this line,
means of transmitting information concerning the condition of Fluidic circuitry
(as the acoustic energy generated by elements) from the circuitry to
externally located sensing equipment requires study.




SECTION II1
o SELECTION OF CANDIDATE SENSORS

|

|-

be A discussion of sensor objectives and requirements is presented by this section.

biden A literature survey of technical references and manufacturer's catalogs was

i carried out to select a group of candidate sensors which appeared compatible i
with the defined sensor objectives. The candidate sensors are each described,

defining the supplier, model number, specifications, and reasons why each was
considered applicable,

The objectives and requirements of primary and secondary sensors differ signifi=
cantly, hence will be treated separately.

1. SENSOR OBJECTIVES AND REQUIREMENTS

Two types of sensors are considered necessary for the checkout of Fluidic
circuitry. The first type is those sensors which are capable of monitoring
functional or primery performance, This group of sensors monitors directly the
system functional signals, most commonly pressure or flow signals. The second
group of sensors detect secondary phenomena which are related to the functional
state of Fluidic circuitry.

It is considered probable that primary sensors are necessary for the reliable
establishment of satisfactory performance, by directly monitoring functional
system signals. The secondary sensors offer a potentially effective means of
establishing the mode of failure producing a malfunction, and the ampiitude of
the anomaly. Such failure modes as development of a leak, contamination of an
element's input or output channel, or @ loss of supply pressure, all induce some
change in the structure of an element’s flow field. This in turn effects changes
in such secondary indices of performance as local static temperature, tempera=-
ture gradients and profiles, and the acoustiz energy generated by a functioning
Fluidic element, These secondary indices may be sensed and used to yenerate
information concerning the operating state of a circuit and, hopefully, causes
of malfunction.

a. Primary Sensors

The function of primary sensors is to monitor and permit display of the functional
primary system signals, The signals are normally in the form of pressures (most
commonly) or flows, and changes in these gquantities.

Where sensing the primary signals of analog circults, the prime concern is with
accurate sensing of signal levels, which reflects a need for good linearity, low
hysteresis, and stability. High frequency response is not required. In sensing
the primary performance of digital elements, a sufficiently high frequency response

7
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is of more concern than a high degree cof linearity. Digital element signals are
defined more in terms of square wave or pulse rise times, shapes of leading
_ and trailing edges and time relationships between pulses. Consequently, a

1 trequency response compatible wich rise times of a fraction of a millisecond is
i a prime requirement, and linearity is a more secondary concern,

In addition to the fundaraental requirements of satisfactorily sensing primary
signals, the primary sensors shiould be of such a physical configuration that
they can be coupled to Fluidic circuitry withuut interfering with primary perfor-
manca, This is of prime importance with digital circuitry where a mounting
arrangement which effects a discontinuity in transmission passages mav cause
significant functional signal degradation. The capability of flush mounting with
a channel wall, or mounting of a small sensing device in a channel, is desired.

P otnh ol

The sensor and the means of mounting should not reduce the reliability of the
functional system, Consequently, the coupling of external tubing to a circuit
for the remote mounting of a c2asor is not desirable, since this introduces
potential sources of leakage, In order not to reduce system reliability the
sensor must in itself be fall=safe.  I* the sencors fails it should not impair
system performance. A sensor which in failing would permit diassociated
fragments to be transported down a ¢hannel into an amplifier nozzle i3 highly
! undesirable,

The size and physical configuration of sensors must be compatible with typlcal
concepts of packaging Fluidic system circuitry.

i b. Secondary S=nsors

Secondary sensors offer the capability of gai.erating highly valuable information
concerning the state of Fluidic circuits., This group of sensors offer a potential
means of detecting the causes of malfunction with a minimum number of sensors
and/or at a lower cost than by accomplishing the same objective through primary
sensors.

A given performarnce degradation can usually be causerd by more “han one mode
of fallure. The problem is to define which mode of failure has cccurred, to
egtablish the appropriate corrective measures. As an example, one type of
performance degradation of an analog circuit is an unacceptable shift in the
output signal from the desired level for a given input signal. This degradation
can be theresult of a large number of failure modes, including a change in
supply pressure, a shift in the setting of a blas adjust valve, a leak, or a
contaminated recelver, at some amplifier within the circuit, One approach
would be to couple pressure transducers to the supply pressures, inputs, and
outputs of all the clicuit elements, Then, by process of elimination and a
complex comparison of appropriate sigrnals, the problem could be isolated,
This is, of course, an impractical approach in terms of both cost and complexity.
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A number of secondary sensing techniques offer, ideally, a highly attractive
alternate. As an example, a sensor capable of generating a thermal map for
a complete circuit offers a possible means of locating, through use of one
sensor, the cause of a circuit malfunction by the location and nature of
changes in the thermal profile, The acoustic energy generated by operating :
elements also presents great passibilities, Prior tests conducted by BEC to ;
examine the acoustic energy a:nplitude vs, frequency signature generated by
an operating amplifier yielded encouraging results, The tests hava shown

that by indvecing different modes of failure, detectable and differing changes
occur in the acoustlc signature, The potential thus exists that a single sensor
of acoustic signals, with appropriate related equipment, may detect and define
the cause of failure within a group of elements,

Two prime functional require.nents must then be satisfied for secondary sensing
techniques to be applicable, The sensitivity of the technique must be sufficlient
to detect the small magnitudes of anomalies causing malfunction {malfunction
being defined as just exceeding the specified limitations of primary performance),
The technique must also be capable of distinguishing between the various modes
of fallure,

The same requirements of not affecting system performance, of not reducing
system reliability, and of compatibllity with prckaging concepts, described
for primary sensors apply to secondary sensors,

2. CANDIDATE SENSORS

The sensors selected as having potential applicability to the checkout of
Fluidics circultry are defined in this section. The s=lection of the sensors
included consideration »f the general sensor objectives and requirements as
given in Section III-1, as well as the sensing requirements as dictated by the
definition of failures of Section IV,

a, Pregsyre Transducers

Strain gage and other types of pressure transducers have been used for static
and low frequency dynamic testing of I'luidic elements since the beginning of
the Fluldic technology. Most of these transducers by virtue of their large
physical size, add volume to the circuit to be tested, For high frequency
analog circultry and digital circultry, this effects an undesired degradation of
gystem signals,

During the catalog search, a miniature pressure transducer was found which

could be mounted Ln such a way as to become an integral part of the wall of a
i:n2umatic channel, so that no additional volum.: i1s added to the circuit, This
transducer manufactured by Scientific Advances, Inc. (Model SA-SD-M7) was
used in the initlal phases of the program. Later in the course of the program,
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another transducer model was developed which possessed the same general
performance characteristics with improvements in handling and mounting
characteristics. This improved transducer, (Model SA-SD-M-6H) was used
in the later portions of the program.

In addition to their small size (0.25 in.dia,} and capability of being in-
corporated as part of the channel wall, the transducers have other advantages
which make them applicable to Fluidic checkout procedures,

o The pressure sensitive areas ts small (,028 sq.in.) providing
nearly point pressure measurement,

(o} The transducer consists of four straiii gegec bonded to a small
diaphragm so that failure of the strain gages will not interfere
with the functional performunce of the Fluidic element being
tested.

o The linearity and hysteresis is £0.5% of full scale. Tor a
2 psi transducer, this means the reading is accurate within
0.01 psi, and for a 15 ,.si transducer it is accurate within
0.075 psi.

0 The small diaphragm permits the transducears to have a high
frequency response; its resonance frequency being 15, 500
cps.,

o The pressure transducers are available for a large number of
pressure ranges, providing good coverage of checkout pressure
sensing requirements.

Summary of Technical Data:

Supplier: Scientific Advances, Inc,
Mode|: SA-SD-M-6H

Size: .25 in.dia, x ,25 in, thickness
Pressure Sensitive Area: 0.0Z8 in®

Iovut Voltage: 3V d.c, or a,c, rms

Eull Scale Qutout: 30 mv

Bridge Regjistance: 120 to 200 ohms
Qverpresgure: 50% over rated range
Lineerity and Hvgteregis: +0.5% FS
Calculated Natuial Freguency: 15,500 cps
Pressure Ranges(psid): +2, £5, £10, £15, +30, +£100
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b, Flow Anemometry

The use of hot-wire and hot-film anemcmeters is a highly developed part of
current Fluidic technology. Such anemometers operate on the principle that
convective heat transfer from a hot body placed in a cooler fluid medium will
vary directly with the velocity at which the fluid sweeps past the body. If

the body is an electrically excited conductor having a resistivity which varies
with temperature, its total resistance will vary as a function of fluid velocity,
Hot-wire and hot~-film anemometers, therefore, consist essentially of calibrated
conductors, probe~-mounted for insertion in fluld streams, together with suitable
instrumentation for detecting and displaying its electrical output signals which
are a function of fluid flow velocity.

Prasently available anemometers of this type can be designed with exceptional
sensitivity to low-flow velocities. Unfortunately, however, tnelr sensitivity

is inherently non-linear, necessitating careful calibration to attain accuracy

over wide velocity ranges, Accordingly, these devices are most commonly used
for qualitative measurements including, signal=to-noise ratios in Fluidic devices,

In spite of this limitation, however, anemometry is potentially suitable as a
sensor approach for I'luidic control system checkout purposes. This is particu-
larly true where either qualitative sensing or relatively ¢rude quantitative
mcasurements are required, Such capabllity is generally adequate for digital
circult evaluation and offers a limited potential for analog circuit measurements,
Moreovar, probes can be bullt ina size suitable for direct incorporation in the
inlet and output passages of virtually any type of fluid amplifier.

The hot wire gselected as being most suitable for chacking out Fluidic elements
is the model 55A52, manufactured by Disa Electronics, The principal reasons
for selecting these probes are:

o) The probe consists of a wire (.0002 in.dia, } mounted between
two needlas of 0.8 mm length with a 0,45 mm spacing between
them, Being of such miniature size, these probes are capable
of being mounted directly into the flow channels of pneumatic
elements with a minimum disturbance to the functional flow
characteristics,

o The maximum air flow velocity which the probes are capable of
detecting 1s 150 m/sec which is normally sufficlent for use
with digital elements,

o) The frequency response of a hot wire anemometer system is a
function of the rate at which the electronic circuitry can supply
power to the wire or film being used. A hot wire probe connected
to a bridge circuit and servo amplifier which keeps the probe
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resistance consgtant, and hence the probe temperature virtually
constant, is defined as a constant temperature anemometer
system, The output of the system is actually a measurement of
the power delivered to the flowing medium by the probe. A Disa
type 55D0S constant temperature anemometer system was selected
to be used with these probes. This system can be used to an
upper frequency limit of 50 KC which is more than sufficient for
the testing to be performed.

Because the hot wire anemometer system is capable of detecting
large flow veleocities with high frequency content, it possesses
the capability of detecting performance characteristics of digital
elements and the ablility to detect meaningful deviations in
performance degradation.

The most common failure of the hot wire i3 wire burn-out which
when it occurs, will not afiect the functional performance of the
element being tested,

The hot film probe chosen to be evaluated as a sensor of primary flow performance
is the Disa Electronics type 55A90/91 minlature flush-mounted probe. It was
selected for the following reasons.

=)

This type of probe can be flush mounted in a flow channel wall
and so become a part of the wall, thereby adding no disturbances
to the flow.

1{s miniature size (dia, of approx. 0.2 in,) is compatible with
Fluidic element flow channels,

Unprotected platinum probes may be obtained for use in gaseous
mnedia capable of detecting flow velocities up to 500 w/sec,
(Quartz-coated platinum films are also available which are
capable of detecting liquid flow velocities up to 10 m/sec.)

Using the Disa type 55D05 anemometer system with the hot film
probe provides a system response capabllity of 50 KC.

The sensitivity and frequency respoiase of these probes make them
useful as detector. of both the primary functional characteristic
and meaningful performance degradation of digital elements.

Failure of these probes generally consists of film burn-out or

cantamination of the film, Neither of these failure modes would
effect the functional performance of the element under test,

12




;i ;l Summary of Technical Data:

c.

Constant Temperature Anemometer

Supplier: Disa Electronics

Type: 55D05

Type of Operation: 10:1 and l:1 bridge ratio

Probes: Hot=-wire or Hot-film

Probe Resistance Range: 1to 50 ochms

Frequency Range: 0 to 50 K Hz, depending on probe
and condition of measurement

Qutput Voltage: approx. 1 to 7 volts

Qutput Impedance: approx. 500 ohms

Power Supply: Built-in, batteries

Hot Wire Probe

Supplier: Disa Electronics

Type: 55A53

Wire Material: Platinum-plated tungsten

Wire Diameter and Length: 0.005 mm x 0.45 mm
Length Supporting Legs: 0.8 mm

Probe Body Diameter: 0.9 mm

Resistance at 20°C: 1.4 +0.3 ohms

Maximum Air Flow Velocity at 1 atm: 150 m/sec

Hot Film Probe

Supplier: Disa Electronics
Type: 55A90/91

Filmm Material: Platinum
Film Length: approx. 1 mm

Film Width: approx 0,20 mm
End Diameter of Probe: 4.75 mm

Maximum Velocity gases: 500 m/sec

Piezoelectric Crystals

thin metal sandwiched between them.

Piezoelectric crystals are, as the name implies, pressure sensitive electric
crystals. Whenever a pressure is applied to a piezoelectric crystal, an
electrical charge is produced. PZT Bimorph ceramic crystals, manufactured
by Piezoelectric Division of Clevite Corporation were gelected for evaluation,
These elements consist of two layers of piezoelectric material with a layer of
The layers of crystal material are secured
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together face to face so that when a force is applied to the bimorph material,
o the strain in the crystals causes a corresponding voltage differential to be
o developed between two electrode terminals.

i Although we have already selected strain gage pressure transducers to be
; evaluated as pressure sensors, it is believed that piezoelectric crystals
possess certain characteristics which would be beneficial during certain
tests,

DA A R

I o) They generate an electric charge when a pressure is applied to
the crystals. This characteristic appears especiallv applicable
in monitoring the pressure pulses produced in digital circuits,

o They can be designed to meet the small physical size and shape
desired. They can be mounted in the sidewall of the pneumatic
channels, and thus becoming a part of the sidewall, do not effect
the operational characteristics of the element being tested.

o Because of their physical construction, they would not influence
the Fluidic performance if crystal breakdown should cause the
device to stop functicning as a sensor,

' o Their frequence response characteristics are a function of their
physical size (length, width, and thickness). Again their size
can be designed to meet the necessary frequency response
characteristics of digital elements.

o) Their low cost makes them particularly attractive where multi-
channel monitoring is required.

Summary of Technical Data:

Little data is given on plezoelectric crystals except for their
performance characteristics while mounted in typical non-Fluidic
configurations, Their sensitivity and frequensy response is
greatly dependent on the mounting configurations used. Therefore,
these sensors will be evaluated with respect to mounting con-

i figurations which are applicable to Fluidic elements,

; d. Infra-Red Sensing

. Infra-red radiometry has been developed in recent years so that a high level of
i sensitivity has been achieved. IR techniques are used extensively in mapping
the thermal contours of land, water, and cloud formations. More recent
developments have found IR sensing a practical method of locating defective
components in electronic circuits and defective bonding in printed-circuit
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boards. It is therefore, a possibility that their application to check out Fluidic
circults may produce meaningful data. '

Fluidic elements contain a variety of nozzles through which gases are accele-
rated due to pressure drops across them, The static temperature of the gas at
the nozzle throat is less than the temperature (essentially stagnation) in

the relatively wide channels upstiream of the nozzle, This temperature
difference in the gas will extend in some manner to the material forming

these elements. By monitoring the surface temperature of the elements,
temperature gradients should be detected which are related to the nominal
pressure changes occurring within the Fluidic 2lements, Abnormal pressure
changes should produce corresponding thermal gradients which differ from those
produced when the elements performance was satisfactory. As an example, if
a supply pressure nozzle were completely blocked by cuntamination, no flow or
expansion of gases would occur and thus no temperature gradient across the
nczzle would exist, Therefore, the surrounding medium would approach room
temperature which is a deviation from the normal operation. It is concelvable
that a relationship beiween changes in the surface temperature gradient and
performance degradation could be accomplished in this manner.

A portable radiation thermometer manufactured by the Barnes Engineering Company
(model PRT-4) was selected for evaluation as a performance sensor for Fluidic
elements because of these characteristics.

o The PRT=-4 radiation thermometar i3 capable of detecting temperatures
ranging from 10°F to 110°F, which adequately covers the expected
range of thermal gradients on the surface of Fluidic elements and
circuits.

o Its response of 50 m/sec is more than sufficient to detect changes
in the thermal state of Fluidic circuit plates,

v A checkout procedure which would involve using this device would
require no connections to the Fluidic elements flow chanrels, and
therefore, would not add any anomalies which would cause functional
performance degradation,

o The resolution of the Model PRT-4 I,R, thermometer is appro.iimately
0.02°C. If considering the isentropic flow of air through a nozzle
with a nominal pressure drop of 1 psi, a 0.02%change in air static
temperature in the nozzle throat would refiect a change of approxi-
mately (.00l psi in the nozzle pressure drop, With the I,R, ther-
mometer monitoring resultant changes in the circuit structure temper-
ature, the sensitivity in detecting pressure changes will be less, but
hopefully still useful,
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o The minimum field of view of the I,R, thermcmeter is .4 inches
diameter. This is sufficiently small to permit its use in plotting
thermal maps of functioning elements, with a matrix size small
enough to be meaningful.

The relatively large size of this I.R, thermometer and the fact that it must be
used in excess of one foot from the circuit precludes its use for checking out
Fluidic circuits where space is at a premium,

Its primary use in this program is to evaluate the effectiveness of thermal
mapping techniques in indicating performance degradation. If the thermal
mapping technique proves useful, suitable I.R, probes could possibly be
developed.

Summary of Technical Data:

Supplier: Barnes Engineering Company

Model: PRT-4

Temperature Range: 10°F to 100°F

Resolution: 0.02°C

Field of View: 2°at half energy point

Target Digstance: 1 foot to infinity, with target filling field of view
Response Time(63%): 50 m/sec

Dimensions of Optical Head: 5-1/2 in.dia. x 5 in.long

e, Thermistor

The thermistor provides an alternate method of detecting temperature changes in
a Fluidic circuit., A thermal map, or temperatures at selected locations, may be
obtained by monitoring the outputs of small thermistors embedded in the circuit
structure.

The thermistor exhibits a number of fundamental advantages as compared to an
I.R, thermometer, A thermistor of small size (.043" diameter bead) may be
embedded in the circuit structure in close proximity to channel walls. In this
position, the gain factor between operating fluid temperature change and the
surrounding medium temperature change is maximized, Secondly, a small
thermistor may be located in the immediate vicinity of circuitry locations where

the greatest temperature changes occur as, at a nczzle throat. As a consequence

of these two factors, it is probable that greater sensitivity to pressure changes
may be realized with appropriately located thermistors than with an I.R. sensing
device. One disadvantage of the thermistor, however, is that each point

temperature to be monitored required a thermistor, a pair of lead wires, and coupling

to, most commonly, some type of a bridge circuit,
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Although a large variety of temperature sensors are available today, their

performance specifications are relatively similar. Thermistors manufactured
by Fenwal Electronics, Inc,, model GB32]J2 were selected to be evaluated : “
based on the following: !

v o BRI b BRI
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o They are incxpensive which is desirable, particularly if several
sensors were required to be permanently mounted in a circuit
plate as part of a checkout technique.

o Because of their miniature size, these thermistors permit point
temperature measurement and are capable of being embedded into
the majority of Fluidic circuits marketed,.

o Being embedded in the structure material of Fluidic circuits, these
thermistors could not cause any functional performance degradation
if they should fail.

o] The average sensitivity of the selected thermistor biased on its
resistance change between 0°C (32°F) and 50°C (122°F) is
approximately 100 0/°C (55.50 /°F). This sensitivity should be
sufficient to detect temperature variations associated with the
functional performance characteristics and performence degradation
of Fluidic circuits.

Summary of Technical Data:

Supplier: Fenwal Electronics, Inc.

Model: GB32]2

Sensitivity: 1000 /°C ( average between 0°C and 50°C)
Time Constant: 2 seconds

Resistance: 2,0000Q +£20% at 25°C

Dimensions: 0,043 in. dia, bead

f. Acceierometer

Assoclated with the operation of Fluldic circuits is an audible acoustic noise

in the form of a hissing sound, To the trained observer, this acoustic noise
glves a gross indication of the circuit's performance. A typical example is that
which often occurs in the testing of digital counting circuits where one can often
detect the absence, or miss, of a count just by listening to the circuit's acoustic
noise, A change in the acoustic intensity is heard marking the presence of each
count, This suggested the possibility of detecting these acoustic signals by
more sophisticated means and analyzing their content to produce meaningful and
repeatable characteristics which could be related to the circuit's performance
status.
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A potential method of detecting these acoustical pressure disturbances is by
mechanical vibration sensing. Acoustic pressure disturbances developed
within fluid circuit passages will transmit characteristic Lre:;uencies to the
surrounding medium which, for mechanical vibration sensing, is the material
of which the Fluidic circuit was fabricated.

The device selected for detecting mechanical vibration is . Bruel and Kjaer
(B &K) model 4333 accelerometer, chosen for the following reasons:

o The sensitivity of 16 mV/3 is considered to be adequate.

o The frequency response 13 flat within + 1db, to 15 KHz with the
resonance frequency being 60KHz. It is foreseen here that
signature changes due to performance degradation can only be
interpreted if they are related to the signature of satisfactory
performance. Therefore, the frequeicy range to 60 KC could be
used to establish the reference performance signature and
deviations from this would be related to performance degradation.
A flat response characteristic of the accelerometer is not
necessary because only changes from the normal amplitude of
the frequency signature will be related to performance degradation
of a Fluidic circuit,

o The small size of this accelerometer will permit mounting onto
Fluidic elements or circuits,

Summary of Technical Data:

Supplier: B &K Instruments, Inc.

Model: 4333

Size: 1.4 cmhex, x1.6 cm

Mounting Means: 10=32 NF Stud, probe, magnetic base
Voltage Sensitivity: 16 mV/g

Acceleration Range: 0.0l to 2,000qg

Frequency Range: 2 to 14,000 Hz, £1db

Natural Frequency: 60 KHz

Acoustic Sensitivity: Less than 0.2uV/ubar

g.  Microphone

In the preceding section, the mechanical vibration of the circuit structure
resulting from acoustic disturbances tn the passageways was to be detected by
an accelercneter, These acoustic disturbances may also be detected by a
microphone, as the sound is radiated to the ambient air through the vents in
Fluidic circuits.
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Much of the acoustic signature of Fluidic elements is generated in the inter-
action region where the power jet is acted upon by the control jets. The
power jet also impinges on the receiver section in this region. In many
amplifier configurations, the interaction region vents through large holes

into the surroundings, where a small microphone may be conveniently located.

The "Massa" sound detection system chosen for evaluation consists of two
microphones (models M-213 and M-215) with a preamplifier (model M-114B)
and a 60 db amplifier {model M-185). This system was selected on the basis
of the following.

(o} The size of the microphone permits a variety of mounting techniques
which would be applicable to Fluidic circuit packaging techniques.

o The high sensitivity of the microphones, model M-215 - 12,5.V/ubar
and model M-213 - 8 uV/ubar, permits good resolution in detecting
amplitude changes which can be related to circuit performance
degradation.

0 A large frequency spectrum of 20 cps to 70K cps for the M=-215 and
20 cps to 90Kcps for the M-213 is available for locating changes
occurring from performance degradations.

o Rise times of 3-1/2usec and 2-1/2 psec for the M-215 and M-213
respectively, allows measurement of extremely fast transients.

o Having @ microphone mounted external to the Fluidic circuit will not
interfere with the circuit's functional performance and if fallure of
the microphone should cccur, no anomalies would be induced into the
functioning Fluidic circuit.

Summary of Technical Data:

Supplier; Massa Div, of Cohu Electronics,Inc,
Model: M-213 and M-215 microphones, M-114B preamplifier,

M-185 amplifier and power supply
M-213 Microphone

Sensitivity: 8uV/ubar

Frequency Response: 20 cps to 90K cps

Rise Time: 2-1/2 usec

Dimensions: 0.236 in.dia. x 0.5 In,
M-215 Microphone

Sensitivity: 12.5uV/ubar

Frequency Response: 20 cps to 70K cps

Rise Time: 3-1/2 usec

Dimensions: 0.344 in.dia. x 0.75 in.
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SECTION IV
DEFINITION QF ELEMENT FAILURE

In order to define element failure, it is necessary to deline the parameters of
primary performance and then establish allowable limits for deviations of these
performance parameters. [t is these deviations which the primary sensors must
be capable of detecting. It is also the magnitudes of anomalies leading to these
deviations that secondary sensors must detect,

Allowable deviations In primary performance for analog and digital elements are
defined in the following along with modes of failure which cause malfunction,

1. FAILURE OF ANALOG ELEMENT

There are two types of deviations of performance from the desired nominai. One
1s the fabrication tolerance hand and the second is deviation in performance for
a specific circuit which has been adjusted to provide the desired functional
performanrce, It is not the first, but the second ¢, 'pe of deviation, which is
dJdegradation of performance, that is of immediate concern,

Figure 1 shows a photograph of a typical analog amp'ifier element. A continuous
supply pressure is direrted into the power nozzle reservoir which is located on
the center line of the element to the left of the photograph. A power jet issues
from the nozzle exit into the interaction region downstream of the exit, This
power stream impinges on a three channeled receiver section. The center channel
is vented. The two outer channels are signal output channels. The two nozzles
on either side of the power nozzle are control jets. A change in a control, or
input, signal causes a deflection of the power jet, and consequently an increase
in the output pressure in the output channel on the opposite side of the amplifier,
with a decrease at the near sided output. The change in output pressure i3
greater than the change in input pressure and hence the element exhibits pressure
gain. The output may be taken either from a single output channel or as the AP
across the two outputs in a push-pull manner, depending on the application of
the amplifier.

Figure 2 shows the nominal performance characteristic of a typical analog element
when loaded into an amplifier of the same size, Performance may be defined in
terms of;

Pressure gain

Pressure recovery at saturation

Operating range

Null ocutput (output signal when control signals are equal)

© © O © ¢

Signal to noise,
21
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Figure 1,

Typical Analog Amplifier Element
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BEC Technical Memorandum, TM~116, (Appendix I) presents typical allowable
fabrication perfurmance limits and allowable degradation of performance limits
in terms of the above parameters. The allowable performance degradations
given by TM-116 was used as a standard in the evaluation of sensors applied
to analog elements.,

Table I lists for an analog element the modes of failure, or anomalies, which
may cause a degradation in each of the above defined performance parameters,
As can be seen, degradation ¢an be caused by a relatively large number of
fallure modes and, conversely, many of the failure modes can cause a degra-
dation in a number of performance parameters,

TABLE I, PERFORMANCE DEGRADATION AND CAUSITIVE MODES OF FAILURE

PERFORMANCE DEGRADATION CAUSITIVE FAILURE MODES
1. Change in Pressure Gain Deformation of Control Nozzle

Deformation of Power Nozzle
Deformation of Receiver
Change in Load

Leakage

2. Change in Pressure Recavery Change in Supply Pressure
Deformation of Power Nozzle
Deformation of Recelver
Change in Load

B Leakage

3. Change in Operating Range Change in Supply Pressure
Deformation of Power Nozzle
Deformation of Receiver
Change in Load
Leakage

4, Change in Qutput Null Change In Supply Pressure
Change in Bias Signal
Deformation of Control Nozzle
Deformation of Power Nozzle
Deformation of Receiver
Change in Load
Leakage

5. Change in Signal to Noise Ratio Deformation of Receiver
Deformation of Power Nozzle
Deformation of Control Nozzle
Excessgive Control Signals
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The modes of failure given by Table I, include two types of anomalies; pressure
anomalies and physical anomalies, Changes in supply pressure and bias
pressures fall within the former category. They are not directly related to the
physical structure of an element, Physical anomalies are those which relate
directly to the physical structure, They are either caused by a failure of the
structure (as a crack, loss of @ seal, or chipping or wearing away of parent
material) or by the entry and lodging of foreign material within an element (as
contamination)., Deformation of nozzles or recelvers may be caused by either
structural failure or the lodging of foreign material.

2. FAILURE OF DIGITAL ELEMENTS

The desired performance characteristics and allowable degradation of performance
of digital elements is much more difficult to define than for an analog element. A
detailed and thorough discussion of the subject is presented by BEC Technical
Memorandum, TM-106, given in Appendix I,

As indicated by the memorandum, the performance of digital elements may, to a
partial extent, be defined in terms of steady-state switching pressure and
hysteresis along with input and output pressures vs, flow characteristics, which
are readily determinable. However, the satisfactory functioning of digital
elements is strongly a function of dynamic or transient parameters, such as
waveform, switching times, pulse duration, and time relationships between
signals, which are more difficult to define and to detect.

The memorandum defines steady-state and transieat performance parameters,
describes allowable performance deviations, anci defines anomalies causitive of
circuitry malfunctions. The information presented was used as a basis for
evaluation of digital element sensors,
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SECTICW V
EVALUATION OF SENSORS

This section presents the results and conclusions of an evaluation of the candi-
date sensors, The capability of primary signal sensors to detect performance
degradation, as defined by Section IV, was evaluated. The secondary sensors
were evaluated with respect to their capability to 1) detect the levels of
anomalies leading to the allowable limit of performance degradation, and 2) to
define the cause of performance degradation. The degree of performance

_ degradation as related to the magnitude of causitive anomalies was investigated.

Also considered was compatibility of the sensors with typical circuit packaging
concepts and the effects of environmental conditions on the candidate sensors.

1. PRELIMINARY ACOUSTIC STUDIES

A phenomenon inherent to the operation of Fluidic elements is the radiation of
acoustic energy. This acoustic energy offers a highly desirable means of
detecting a Fluidic circuit's performance degradation and the potential to ,
determine the cause of the malfunction. To a person with much experience with
Fluidic circuitry, the audible noise a circuit generates during operation provides
information concerning it's functional state, This observation inspired BEC,
prior to the present program, to do some initial research into the potentials of
acoustic radiation as a performance indicator. It was shown that the introduc-
tion of @ number of anomalies did produce detectable changes in the frequency
spectrum detected by a micropnone, with a potential of relating characteristics
of signature changes to the introduced anomaly. It was concluded that further
exploitation of this technique was highly desirable,

Within the present program, preliminary studies were carried out to learn more
about the nature and sources of acoustic noises, Exgperiments were conducted
with an accelerometer and microphone to select the sensor possessing the
greatest potential. Instrumentation techniques were developed to sense and
display these acoustic noises in a usable manner.

a. Acoustic Source Study

In order to achieve a better understanding of the sources of acoustic radiation
in & Fluidic element, preliminary tests were conducted on a model 1786 analog
amplifier, of a configuration as shown by Figure 1. Detection of the acoustic
radiation was accomplished by an accelerometer attached to the circuit and by
a microphone at the side vents. Sources of prominent acoustic frequencies
wer: detected and are defined in Figure 3, so as to define the relatioaship to
the element's structure and pressure performance characteristics.
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The primary intent of Figure 3 is to relate the generated frequencies detected
to their generating source and give a general idea of the relative amplitudes
generated by that source, but there is no relationship displayed between the
amplitudes of the frequencies detected due to the various sources,

A group of frequencies between 1 KC and 10 KC were related to the receiver
section of the amplifier, These frequencies were caused by acoustic refizc-
tions from the downstream end of the output channels and from discontinuities
in the lines connecting the outputs to the loads; these reflections acting on
the power jet induced periodic oscillations.

A phenomenon occurring when a free jet impinges on an edge is the generating
of acoustic signals known as an edgetone, Early work in this area was con-
ducted by Brown (1) (2) and subsequently by Powell 3, Experimental testing cn
the 1786 analog amplifier has shown the detection of frequencies with the
characteristics of edgetones, As is typical of edgetones, a number of eigen
frequency stages were observed, as is shown in Figure 3, with the eiien
frequency stages and the frequencies within each range being a function of the
power jet velocity (or Pg),

Periodic oscillations caused by reflection of acoustic signals from the innermost
edge of the side interaction region vent back to the power jet were observed,
These frequencies are shown in Figure 3 as "vent reflections - open ended,"
The perilodic nature of these reflections are similar to that of an open ended
organ pipe (pressure node termination) of length nominally equal to the dimen-
sion from the power nozzle exit to the inside edge of either of the side vents.
This dimension represents 1/2 wave length for the fundamental nominal frequency
of 12 KC. Eight (8) harmonics of the fundamental were observed, Note that the
lower eigen frequency edgetone of nominally 12 KC correspends closely to the
fundamental frequency related to that of the open ended vent reflection, When
operating with a supply pressure that induces the lower frequency edgetone, a
high intensity 12 KC oscillation occurs, due to reinforcement of the jet edgetone
osclllation by the vert reflections.

Figure 4 shows a photograph of frequencies due to open ended vent reflection as
they appear on the Panoramic Ultrasonic Analyzer after being detected by the
Massa microphone system, The pressure settings of the element and the

sweep widtli scale settings are shown in the figure. The first spike shown to
the left is the zero frequency spike associated with the internal noise of the
sensing and recording equipment, more commonly referred to as the 60 cps
noise spike. The second spike from the left is the fundamental of 12 KC. It

is of such amplitude that it exceeded the calibration grids of the recording
screen, The other spikes to the right are the harmonics at approximately

24 XC, 36 KC, 48 KC, 60 KC, 72 KC, 84 KC, and 96 KC,
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Pg = 19.6 psig
Py =0

SENSQR: Microphone

Center Frequency - 50 KC
Bandwidth - 100 KC
Calibration -  10KC/Div,

Figure 4, Pressure Node Vent Reflection Frequencies

1t was observed that a large amplification of the open-ended vent reflections
was achieved by locating a solid body external to the vent at pressure antinode
locations for the fundamental frequency This indicates the desirability of
locating any reflective object, as a metal circuit cover or an instrumentation
item, at other than 1/4, 3/4, or 5/4 wave lengths from the region wnere the
interactior. region intersects with the inner edge of the vent, An ampi tude of
oscillation of the power jet may otherwise be affected which is large enough

to cause a degradation of the element's primary performance.

A perlodic oscillation related to reflection from the outer edge of the vent side
chamber was induced by closing the vent exhaust holes. These periodic
characteristics wete similar to a closed organ pipe ( pressure antinode termi-
nation) of lergth 2qual to distance from the power nozzle to the outside edge
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of the vent chamber, This produced characteristic frequencies between 3 KC
and 4 KC which are shown in Tigure 3 as "vent reflections closed ended."
These frequencies are not normally detected during normal element functional
performance where the vents are opening.

Consideration of the results of this test show for this amplifier, where prominent
frequency components of the acoustic signature occur and the souvrce, and in
addition indicates some anomalous conditions which should be detectable by
this means. The lodging of a particle in a receiver channel or an obstruction

in the element output line should be detectable, by introducing a new acoustic
reflection surface. Deformation of a receiver tip should cause a change or
destruction of an existing edgetone frequency component. A change in supply

pressure will cause a change in edgetone frequency within a given eigen-frequency

stage or cause a shift to a new eigen-frequency stage, both of which should be
detectable,

b. Acoustic Instrumentation Optimization Study

A laboratory study aimed at optimization of acoustic sensing instrumentation
was carried out, Two specific objectives were to maximize sensitivity to small
changes in state of elements and to achieve satisfactory repeatability., Tests
were carried out with an analog and a digital element, and instrumentation
settings which led to a desirable display of information were established. The
use of both a microphone and an accelerometer as the sensing device was in-
vestigated.

The first series of tests conducted were on a model 3126 analog amplifier, The
acoustic sensing device selected for these tests was the Massa microphone
system. A test jig was fabricated so that the microphone position with respect
to the element under test would be kept constant, When locating an acoustic
sensor in th2 near field of a source, i1 is imperative that the position of all
kodies in the area be unchanging. This is a prerequisite to realizing repeat-
ability of the acoustic signal sensed by the microphone,

Figure 5 shows the block diagram of the instrumentation used., The signal
detected by the microphone was coupled through the preamplifier to the amplifier,
The amplifier attenuator settings were at 0 db. The output of the Massa ampli-
fier was monitored by @ Panoramic SB-15a ultrasonic analyzer.

The Panoramic analyzer embodies a narrow band pass filter, the tuned frequency
of which is varied continuously with time. The sweey of the [ilter tuned
frequency is coupled to the horizontal axis of a cathade ray tube, with
horizontal position calibrated in terms of the filter tuned frequency. The out-
put of the filter is coupled to the vertical axis of the cathode ray tube. In
operation, the display tube presents a trace of the amplitude of the frequency
components of the inputted acoustic signal.
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Massa
M-213
Microphone

Massa
M-114B
Preamplifier

Massa
M-185

60 db Amplifier

Panoramic
SB-15a
Ultrasonic Analyzer

Bowvles
1§77
Infinite Resolution
Voltage Source

Moseley

7001A
X-Y Recorder

Figure 5,
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Bowles
1577
Infinite Resolution
Voltage Source

Instrumentation Block Diagram TI'or Analog
Amplifier Acoustic Signature Test
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While some components of the accustic signature of an element are of o
defineable periodic nature, as edgetones and vent reflections, much of the
sig! -ture is in the nature of noise. The randomness associated with the noise
is r ‘lected as differences between two acoustic signature traces generated
by 1 Panoramic analyzer.

TI requirements of optimized sensitivity and optimized repeatability must be
tru.ed off to achieve a satisfactory compromise, The analyzer offers a number
of variables through which this compromise may be effected, The range of
frequencies analyzed may be varied. Increasing the frequency range reduces
the resolution, thus improving repeatability and decreasing sensitivity. The
effects are reversed by decreasing the range considered, Varying degrees of
filtering may be applied to the output of the analyzer narrow band pass filter
prior to display; thus simultaneously improving repeatabllity and decreasing
sensitivity or in the reverse manner,

For the analog amplifier tests, positive results were realized with the following
settings of the Panoramic ultrasonic analyzer controls:

o} Center frequency - 75 KC

o) Sweep width - 150 KC

o I I Bandwidth - Auto

o  Amplitude scale - Linear

o Sweep rate - Min

o) Video Tilter - Full ON (clockwise)
o] Input Atten Cont - 4db

0 Input Atten Step - 0 db

o IT Atten - 20 db

o] Morker - OFF

The horizontal and vertical ocutput of the ultrasonic analyzer were recorded on
an X-Y reccrder which was coupled through Infinite Resolution DC Voltage
Sources., The purpose of these are to null out the high DC component present
on the horizontal and verticai output of the ultrasonic analyzer. The front panel
settings of the X-Y Recorder were as follows:

o X Range 0.1V/inch
o X Varieble 2-1/2 inch 2qual 100 KC
v Y Range - 0.1V/inc
o Y Variable

Cci position
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Initial testing of the set-up described above resulted in the sweep rate of the
ultrasonic analyzer {which ig driving the horizontal axis of the X-Y recorder)
being too fast for the response of the recorder vertical axis, and therefore,
caused a filtering effect {overdamped condition of the vertical axis). A minor
modification to the sweep rate circuit of the analyzer reduced the sweep rage
from 1 second io 20 second full scale,

Figure 6 shows typical results from these tests. Changes in supply pressure
(Pg) were induced. Changes in the relative amplitude of the acoustic signature
were recorded over a frequency range of 0 to 150 KC. The figure shows that a
large amplitude change occurred in the signature with a 50% change in supply
pressure, and that the sensitivity was sufficient to readily distinguish a 10%
change.

Although the :est results above were encouraging, the need for further work
was indicated, to lmprove the detecting and monitoring techniques in order to
improve ths resolution to a state where it would detect performance degradation
within the allowable deviation limits set in section IV-1].

A second test series was cairied out to accomplish two objectives. First, to
improve the instrimentation technique used for the prior test, and second, to
investigate these techniques as applied to a digital element, The element
selected to be tested was a digital flip-flop, model 4709. A description of a
4-input flip-flop and its steady-state characteristics can be found in TM-106
(Appendix I), The sensor selected to be evaluated is the B & K mopdel 4333
accelerometer. The accelerometer was mounted directly to the element over the
interaction region.

Figure 7 shows the instrumentation block diagram for this test. A Tektronix
AC preamplifier with a fixed signal oain of 10 was used to amplify the output
of the accelerometer, The signal was then monitored by a Pancramic model
LP-1la sonic analyzer with iis suxiliary function unit, Instrumentation settings
which yielded desirable results are given in the following. The front panel
controls of the frequency analyzer system were set as below:

o Scale Selector - 2.5 mv

o lnput Mult - X1

o Input Pot - )

o Center Frequency - 10 KC

0 Sweep Range - 5,000 Lin

o Vertical Calib, Selector - Lin

© Aux Functions - 10 sec sweep
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Steady State Conditions:

Pey Py = 1lpsig
POl Pg; = 1 psig
Pg v__° Pg = 10 psig (—)
4 Pg = 11 psig (....)
P
02 .
P = 15 psig (---)
PBl S

ELEMENT: Analog Amplifier
Model 3126

SENSOR: Massa Micrenhone
Model M-213

Relative
Amplitude

| .
0 F{EQUENTY 100 KG

Figure 6. Accustic Signature Instrumentation Test #]
Supply Pressure (Pg) Changes
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B&K
4333
Accelerometer

Tektronix
Type 123

AC Preamplifier

Panoramic
LP -1a
Sonic Analyzer

Panoramic
Cc-2

Auxiliary Function Unit

Bowles
1577
Infinite Resolution
Voltage Source

Moseley

7001A
X-Y Recorder

Bowles
1577
Infinite Resolution
Voltage Source

Figure 7. Instrumentation Block Diagram {or Digital I'lip-Tlop
Acoustic Signature Test
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o  Spectra Sensitivity - Line
Compensation

o IF Bandwidth {cps) - 200

o Sweep Width Factor - 1

o Smeothing Filter - 4

The horiz~ntal and vertizal output from the sonic analyzer were recorded by the
X-Y recorder. The Infinite Resolution DC Voltage Sources preceding the recorder
null out the high DC component of the analyzer outputs. The front panel control
settings of the Moseley X-Y Recorder were as follows:

o X Range - 0.2 V/inch

o X Variable - 5 inches = 2 KC
o Y Range - 20 mv/inch

o Y Variable - Cal position

The earlier described analog amplifier test results suggested that there are
particular frequency bandwidths more sensitive to element performiance changes
than other sections of the signature. Before actually selecting the sonic
analyzer for this test, preliminary tests were conducted using the ultrasonic
analyzer, Various bandwidths over the frequency range of 0 to 150 KC were
investigated to select the one showing the best potential (the ¢reatest change
in signature for an induced anomaly) of detecting performance degradation, The
area presenting the best sensitivity for the digital flip-flep test was in the band-
width between 7 KC and 12 KC. Since the sonic analyzer was capable of
monitoring this frequency range, has the capability of selecting sweep speed
of 1 or 10 seconds full scale, and the capability of selecting five degrees of
smocothing filters, it was used for this test.

Figures 8 and 9 show typical results of the digital flip-flop secondary acoustic
test. Figure 8 shows the changes that occurred in the signature due o a change
in the control signal, Pgy , from 0 psig to 0.1 psig. No change of switched
state (changing output from leg Pg2 to Pp) ) occurred, The change in signature
is due to an increase of control pressure from 0 to 0.1 psig. The large change
in signature for this small pressure change indicates a high sensitivity to small
changes in the performance state of the element,

Figure 9 shows the change occurring in the acoustic signature due to a change
of switched state. The output was switched from leg Pz to leg Py). For both
signatures, control pressures were zero. The data shows that the acoustic
signature can determine the swiiched state of a divital element.

Comparison of Tigure 8 and Figure 9 show that the changes occurring in the
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signature from the nominal condition (Pg = 1, PC] = PC2 = 0, output leg P02)
for the two conditions induced are distinctive from each other in the pattern
they produce, i.e., the amplitude changes over the bandwidth investigated

are differeat. It is this condition which makes it possible to determine the type
cf changes occurring in an element or the type of anomaly induced,

Summary:

These tests established an instrumentation arrangement that yielded satisfactory
results in terms of sensitivity and repeatability for @ number of specific elements
In addition, the considerations discussed provide some insight into possible
modifications to instrument different e¢lements. The tests showed that sufficient
resolution and repeatability may be realized to detect, by acoustic means, small
changes in the operating condition of elements and that the anomaly causing the
changes meay be defined by typlfying characteristics of the acoustic signature
changes.

2. THERMISTOR EVALUATION

The intent of this section is to evaluate thermistors as a detector of secondary
indications of performance, This technique is based on the fact that fluid
expansion produces temperature gradients and that these changes in temperature
will be ransferred, to some degree, to the structures of Fluidic contio. devices,
The temperature changes that occur in Fluidic circuitry are related to pressure
changes, i.e., the pressure drop across the supply pressure and control pressure
nozzies, By mounting thermistors in the structure of the Fluidic circuits it is
expected that temperature differences will be monitored to establish satisfactory
performance and that deviations in these differences will be related to performance
degradation and the snomaly causing it,

Thermistors were calibrated as part of & basic bridge circuit. They were then
nounted into the flow channels and the structure of a Fluidic element, close
tu the chanr~l wall, beneath the exit nozzle of the supply pressure channel,
Supply pressure was varied and resultant temperature changes recorded. A
theoretical evaluation of this technique to establish its potential was con-
ducted. The results of this affort are presented in the following.

a, Thermistor Calibration

Two thermistors, model GB32]2, manufactured by Fenwal Electronics, were
calibrated against an Atkins temperature system, model 3FO1A. These thermistors
will be referred to as thermistors T and T3.

The temperature source for this callbration procedure was an oil bath surrounded

by water, Temperature changes were produced by adding ice or boiling water
to the water surrounding the oil bath. The oil bath was used for electrical
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isolation and to provide a constant reference temperature.

Figure 10 shows the bridge circuit used to calibrate thermistors T} and T2.

Ry Rz Rl = 14.5K®

Rz = 14,5K%

v = Ry = 2.2KQ

= V = 1.35V
] R3 @ T = 2KQ+20%

@25° G

Figure 10. Thermistor Bridge Circuit

The output E was recorded in millivolts. The bridge circuit was designed in such
a manner that the power delivered to the thermistor would not raise its temperature
more than 1°C above its surroundings.

The results of these calibration tests are stabilized anc plotted in Figure 11.
E; is the output of the first bridge containing T; and E2 Is the output of the
second bridge containing T2, A spot check was made in air in order to show
that little or no current was being conducted through the oil. These points are
shown on t'.«> graph,

b. Test Results of Thermistor Evaluation

Thermistors T} and T2, calibrated above, were used to detect temperature
changes related to pressure changes., Tests were conducted on 2 1786 analog
amplifier.

Thermistor T2 was mounted under the supply pressure (P3) nozzle in the
structiu-al material, close to the channel wall, To accomplish this, a hole

of the diameter of the thermistor was drilled from the back of the element to
within approximately .003 of the bottom surface of the supply pressure nozzle.
The thermistor was then inserted into the hole and potted with epoxy.

T, was mounted into the large input tube, where flow was considered to approach
stagnation, to monitor the stagnation (or total) temperature. The same bridge
circuits used to calibrate the thermistors, shown in Figure 10, were used during
this test.
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Figure 11, Calibration Curves for Thermistors T} and T,
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Arange of supply pressures were applied. For each new supply pressure value
a settling time of 1/2 hour was allowed, then the data for the two thermistors
was recorded. A measure of totaltemperature and temperature at the nozzle
exit was thus accomplished for a range of nozzle pressure differentials,

Figure 12 shows a plot of the results of this test, including the tabuiated data.
The data was taken on a Tektronix oscilloscope, model 502, in millivolts and
then transposed to °F with use of the thermistor calibration curves., The incoming
air temperature (1] ) remained relativeiy constant. The plot of T3 versus Pg shows
the decrease in T2 with increasing Pg.

The results of the described experimental work were inputted into an analytical
evaluation of the applicability of thermistors, the results of which are pre-
sented in the tollowing discussion,

c. Theoretica. Evaluatic .

A theoretical analysis was conducted on using thermistors as detectors of the
thermal characteristics of Fluidic ~ircuits. The results of this study are
reported in TM-132 given in Appendix II of this report,

The report covers a theoretical evaluation of the expansion of gases through a
nozzle under ideal conditions of perfect gas, air with K = 1.4, and isentropic
flow, Evaluated under these conditions are the changes in gas temperature
at the nozzle throat due to:

o Stagnation temperature changes
Changes in supply pressure

Physical dimension changes

o O QO

Changes in ambient temperature.

While small perturbations, as in supply pressure, generate appreciahle changes
in the static temperature of the gas at the nozzle throst, the static temperature
cannot be directly sensed. The temperature sensed by a thermistor located
within the element structure, close to the channel wall of a nozzle, is approxi-
mately the adiabatic wall temperature, Adlabatic well temperature, Taw , 18
given by Geidt (4) as

Taw=Tm+ R (TlS —Tm)

where:
T o = static temperature in free stream
Tig = total temp -rature
R = Recovery factor
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0 22,71 74,31 40,51 7%
74,31 36,01 73.5
74.3] 31.5] 71.5
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74.3) 27.0§ 70.0
74,31 24,51 69,0
74.3] 22,1] 68,
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Values for the recovery factor are typically in the regilon of .95 to less than 1.0.
Changes in adiabatic wall temperature are thus small in comparison to changes
in static temperature, remaining close to the stagnation temperaturz. (If the
recovery factor were a value of 1, the adiabatic wall temperature would
theoretically be the stagnation temperature,) The temperature changes monitored
by a thermistor, mounted as described, are thus small.

-

Evaluation of the test data, described earlier, shows that the temperature
monitored did foilow that predicted by the adiabatic wall expression with a
recoveryv factor of between .95 and .95,

Ce v R e a3

As pointed out by the TM, the adiabatic wall consideration does not take into
account the effect of varying ambieni tempeiatures on the temperaturs monttored
by the thermistor. Where ambient temperature changes are apprecisbie, difflcuity
would ve experienced in isolating this effect from changes of, for exampie,
supply pressure,

d, Conclusions

It is concluded from the analysis of TM~-132 and from the results of laboratory

tests that, while thermistors can be satisfactorily mounted in an element, and

can detect nominally the adiabatic wall temperature, their use is practical only

where ambient temperatures can he closely controlled., Otherwige, meaningful
interpretation of monitored temperature changes would be difficult, The

possibility does exist of developing techniques for compensation of changes

in amblent temperature and would be worthwhile investigating {r a case where

the thermistor afforded a unique means of performance evaluation. .

3. INFRARED THERMOMETER EVALUAIION

The Barnes infrared thermometer, model PRT-4, was evaluated as a means of
detecting temperature gradients related to the functional parformance and
fun~tional performance changes of Fluidic elements, The theory realating
temperature changes, and thus thermai gradients, to Fluidic functional perfor-
marce is explained above in Section 2 -~ "Thermistor Evaluation” and in TM-132
of Aprendix II.

It was consldered possible that an I R, aensor could indirectly detect pressure
changes and cause a change in flow and therefore, s change in the fluid flow
temperatures, By heat transfer batween the fluld operating medium and the body
of a Fluldic elemant, meoasurable changes in the element body temperaturh should
accompany, following a thermal lag, changes in the fluld flow temperature,

Tests ware conducted on an analog lluidic element, with the I ,R, thermometer

sensing the temparatures oocurring on the outulde nurface of the elemant ans
pressure changen ware recordead, An evaluation of the data and the resulting
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zonclusions are given,

a 1.R, Thermometer Tests

The tests were conducted on @ 1786 aralog amplifier. The temperature dis-
tribution over th2 rear surface of tne analog element was monitored by the

_ thermometer. The optical head of the IR, thermometer, mounted on & tripod,

was aiined at the element to sense a field of view of 0.5 in. diameter,
Therefore, data was recorded for grid spucings of 0.5 in. x 0.5 in, over the
suvrface of the element, The grid location with respect to the functional
channels of the Fluidic element is shown in Figure 13.
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Figu's 1Y, Grid Lozeations - IR, Thermometer Test

The teniperature measured by the I,R, thermometer can be read directly from

a metar on the front control panel, but this meter, ranging from 10°F to 1007 F
did not have sufficient recolution for the amall tempersture gradients oxpected
during these tests, The [,R. tharmometer does provide for a recordar output, The
resolution needed was accomplished by expanding the scale of the recorder,

A Moselay 700]1A X-Y Recosder was used, plotting the output fur mach temperature
measurement for 30 seconds, T 3 avarage was then recorded as the tempersture
of the point being measurec. Eveiy effort was made to roduce the effects of
room air current and room temperature changes during this test by wurrounding

the 1,R. thermometer optical head (senning device) and the test element with a
curtain,

46




The test procedure was as follows. A number of changes were separately
introduced. Specifically, the supply pressure was varied, a control pressure
was chen ed, and the load applied to the amplifier cutput was changed.
Following each change, a 30 minute stabilizing pericd was allowed., Then the
temperctures at cach of the grid points were established, taking a 50 second
average for each point, The stagnation temperature of the incoming air (Tg)
was also recorded for each test,

The resultant data is given by Table 11, Test #1 is considered the yeference

test, with & supply pressure of 10 psi, and the bias and control pressure eaca
equal to 10% (1 psig) of the supply. For test #2, the supply pressure was
decreased to 5 psi, with control ana bias pressures remaining at 1 psi. For

test #3, the supply pressure was iucreased to 35 psig, with the centrol pressures
nominally 1 »sig. TFor test #4, the supply pressure was returned to reference
condition of 10 psi, with a 1 psig bias and 1,5 psig control (a .5 psi differen=-
tial input signalj. In the last case, test #5, a reduced load area was imposed
on one of the outputs, with the supply pressure, bias and control pressures
being the reference values,

Figures 14, 15, 16, and 17 show typical results in the form of a three

dimensional representation of the thermal maps for tests 1, 2, 4 and 5,
raspectively. In considering the three dimensional thermal maps, as well

as the original data, the emphasis should be on qualitative regults, The
magnitudes of the sensed temperature differences were of a small enough
amplitude so that the incurred experimental errors were not insignificant. This
fact doos not, however, detract appreciably from the observations and conclusions
wnich may be drawn from the results,

Examination of the thermal map of test #1, Tigure 14, shows the temperature of
the reur surface of the element to decrease from the supply pressure reservoir
to exit of the power novzle and into the interaction reglon, as is expected. A
temperature drop across the power nozzle of approximately 1°F is shown, This
ls quite compatible with a differential beiween total temperature und adiabatic
wall temperature at the nozzle exit of approximately 3° I for a pregsure differ-
ence of 10 psl (as shown by Table 1, of TM~132 in Appendix I}, The tempera-
ture differential on the rear surface of the element will be less than that predicted
by the adilsbatic well equation, due to heat transfer phenomenon in the element
body structure, The map of test #1 also shows the temperature to Increase in
pysging (rem the recelver entrance toward the receiver channel outputs, This
reflects, as anticipated, the diffusion of the gas In the receivers, with a
rasultent Increase in temperature,

The thermal map of test #2, Tigu-e 15, shows that decreasing the supply pressure
from 10 psig to 5 puig reduces the temperature differantial across the power

nozzle, Examination of the data of test #3, glven by Table 1I, shows an Increase
in the temperature difference ascross the power novzle with an invrease of supply
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pressure from 10 psig to 35 psig.

Figure 16, the thermal map for test #4, shows the effect of introducing an

input signal pressure difference, with supply pressure being the reference value
of 10 psig. Comparing Figure 16 with Figure 14, shows that a change in the
thermal map was induced by the input signal. A'concise reason for the indicated
changes is difficult to make, since the thermal phenomenon occurring is quite
complex. Within the interaction region, the air issuing from the power and
control nozzles, which exhibit one value of stagnation temperature, entrains

and mixes with ambient air of a different stagnation temperature, A mathe--
matical description of the thermal phenomenon downstream of the power nozzle
exit is hence quite complex,

Figure 17 presents the thermal map for test #5, where the supply, bias, and
cor§trol pressures were the reference values, and 2 smaller than normal load area
was imposed in air output leg. An observable difference as compared to the

test #1 map, occurred,

b. Conclusions

It is concluded that indications of the performance state of Fluidic elements

can be realized by use of I.R, sensing techniques. However, the changes
introduced for the zbove described tests were significantly larger than the

small changes of interest, as defined by Section IV, In view of the small
temperature changes detected during the tests, and the bounding limits as
prescribed by adiabatic wall theory (which predicts small temperature changes),
it is concluded that the IR, sensing technique has insufficient sensitivity to
circuit changes to be practical for most checkout applications.

4. EVALUATION OF SENSORS FOR APPLICATION TO ANALOG CIRCUITRY

An extensive test program was performed to evaluate sensors and sensing
techniques which were considered most promising for the satisfactory in-

strumentation of analog circuitry. The test program was directed to the
evaluation of sensing techniques as applied to a single element and to a
simple integrated circuit, The latter case is considerably more complex,
where concerned with detecting the degradation of one element within a

functioning group of elements.

The basis for evaluation was the capability of the sensing techniques to detect
specified allowable deviations in primary performance and the capability to
detect and define the level of anomaly leading to this limit of performance

degradation.

Another facet of the test program was relating the magnitudes of failure mode
anomalies to changes in primary performance.
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Previous tests and evaluation of sensors indicated two types of sensors with
_the greatest potential of applicability to analog circuitry. The miniature
pressure transcucers, model SA-SD, manufactured by Scientific Advances, Inc.,
were considered the most accurate and the most applicable means of monitoring
primary performance. The use of secondary acoustic sensing techniques
-appeared to exhibit the greatest potential for detection and definition of the
causes of malfunction, Previous testing of the Massa M-213 microphone

and the B & K model 4333 accelerometer yielded positive results, hence these
'sensors were solected for this test serles.

During the test. the emphasis was directed to secondary acoustic sensing,
There were few unknowns concerning the applicability of the miniature
-pressure sensors. Prior consideration of the sensors indicated that perfor-
mance was as specified by the manufacturer and that installation could be
satisfactorily accomplished, Sensitivity was satisfactory. The related equip-
ment is the same as that for the more common types of strain gage pressure
transducers. Hence the effort was directed to secondary acoustic sensing
where considerable information was desired.

In the following, the test procedure is described and the test set-up and
instrumentation defined, The results of the tests are given, with test data
included. Finally, the conclusions generated by the test are submitted.

a. Test Procedure

Figure 18 shows the analog test circuit. It consists of three stages of model
1786 analog amplifiers. Provisions were made to disconnect the first stage
element from the second and third elements so that data could be obtained for
three modes of operating conditions, The primary objectives for each of the
three test modes was to relate the level of the failure mode anomaly induced

to the level of parformance degradation, to evaluate the sensitivity and
resolution of the secondary acoustic sensor in detecting the level of the anomaly
related to the allcwable set primary performance deviation limits, and to define
the cause of the anomaly by typifying signature changes. The nominal operating
pressure values for the three modes of testing conducted are listed in Table III
with Figure 19 showing the circuit diagrams.

The first mode consists of having only the first element operating. Primary
and secondary indications of performance data were recorded for satisfactory
functional performance. Anomalies were then introduced into this element
while changes ir: the primary and secondary indications of performance were
recorded. The cdata was then evaluated to determine the resolution of the
secondary sensc: in detecting the element's performance degradation, and to
relate the failur¢ mode anomaly to the level of performance degradation.
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TABLE II7. NOMINAL PRESSURE VALUES FOR THREE MODES OF
TESTING - THREE STAGE ANALOG AMPLIFIER

Pg) Ps2 Pg3 Ppy Pc1 Pp2 Pc2
. (psig).  (psig) (psig) (psig) (psig) (pslg) (psig)

Mode #1 10 0 0 1.5 1.5 0
Mode #2 10 18 35 1.5 1.5 2,7 2,7
Mode #3 10 18 35 1.5 1.5 - -

The second mode of testing performed was with the second and third stages
operating separately from the first stage. The objective was to determine if
changes in the secondary acoustic signature could be detected as anomalies
were induced intc the first element while it was operating in the vicinity (on
the same circuit plate) of other elements generating total acoustic signature
components of the same order of magnitude or larger.

In the third mode of testing, the first stage element was interconnected to the
second stage, so that the three elements presented a three stage amplifier
circuit. The reason for this was to determine if changes in the secondary
acoustic signaturs, due to the induced anomalies in the first stage would be
amplified, nullified, or remain constant by interconnecting elements to form
circuits. In a manner similar to that for the single element, the data was
evaluated to determine the resolution of the secondary sensor in determining
the performance degradation of the three stage amplifier circuit, and to relate
the magnitude of a failure mode anomaly (introduced into the first stage) to the
level of performarce degradation,

Performance deviation limits for a single stage analog amplifier have been
established in Section IV of this report. For the third mode of testing, allowable
performance deviction limits were established. The following allowable circuit
performance degradation limits for a three stage analog amplifier were con~
sidered to be real stic.(Actual requirements vary with specific applications).

Primary Characteristic Maximum Allowable Change
o Gain . o £5% .
o Mazx, Recovery Pressure -10%
Operating Range -10%
o Output Null + 5% of Operating Range
o Signal/Noise Ratio Minimum value of 50.
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Changes greater than these specified are considered a malfunction,

Varlolis préssure cnd physical anomalies were induced into the first stage element
while the three mcdes of test described above were conducted. The anomalies
induced are somevhat typical of those which could occur in a functional Fluidic

analog circuit,

The anomalies for each test are listed in Table IV below.

TABLE IV, ZNOMALY DEVIATION VALUES FOR THREE MODES OF
TESTING - THREE STAGE ANALOG AMPLIFIER

Mode 1 Mode 2 Mode 3
Nominal Deviation Deviation Deviation
Anomaly Value Values Values Values
1.3 psig 1.3 psig

PBl 1.4 psig 1.4 psig 1.4 psig

1.5 psig 1.5psig 1.5 psig 1.5 psig

Changes 1.6 psig 1.6 psig 1.6 psig

: 8 psig

Pg1 9 psig 9 psig 9 psig

10 psig 10 psig 10 psig 10 psig

Changes 11 psig 11 psig 11 psig
6.4x10"*sq.in. 6.4x10"*sq.in. 6.4x10"*sq.in. 6.4x10"*sq.in.
PO1 5.6x10~*sq.in, 5.6x10"*sq.in. 5.6x107*sq.in.
Contami- 4.4x10~*sq.in, 4.4x107*sq.in., 4,4x107*sq.in.
nation * 4,2x10-*sq.in. 4.,2x10"%*sq.in. 4.2x10-*sq.in.
6.4x10"%sq.in., 6.4x107*sq.in. 6.4x10"*sq.in. 6.4x10-*sq.in.
Center © 4,8x107*sq.in. 4.8x10"*sqg.in. 4.8x10"*sq.in.
Vent 3.2x10"%sq.in, 3.2x10"*sq.in, 3.2x10-*sq.in.
Closure 0.0sq.in, {off) 0.0sq.in.(off) 0.0sq.in, (off)

Reduction of Reduction of Reduction of

Chipped .005 in. .00S5 {n. .005 in,
Splitter .020 in. .020 1n., .020 in.

* - Lodged Particle

?B1 changes consist of varying the ideally constant bias pressure to an element,
This anomaly may occur due to events similar to that causing the Pg anomalles,
or by contamination of an upstream dropping orifice,
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Pg changes concist of varying the supply pressure to the first stage, This
anomaly may occur when there is a change in the supply pressure regulator
adjustment, because of vibrations, a drop in the supply pressure from the
compressor, or contamination of the supply pressure regulator,

Po) refers to contamination of the receiver channel of the output leg of the first
element. This contamination was induced by placing various levels of Duco
cement in the receiver channel, near the receiver tips, to reduce the receiver
area to the values shown in Table IV, This was a simulation of small particie
contamination build-up over long periods of time. The last Pg; contamination
shown in Table 1V was a reduction in receiver area caused by lodging a large
particle in the receliver tip area. This was done to investigate the effects
caused by large particles such as a chip of circuit material, or foreign
particles entering through the vent regions and lodging in a receiver.

Center vent closure anomaly were produced by connecting a valve to the center
vent channel by a length of polyflow tubing and varying the valve orifice size.
This anomaly gressly simulated anomalies occurring in the center vent region
suc.: as contamination build-up or particle blockage of the channel. The areas
shown are the effective areas of the center receiver and external loading valve
in series, The nominal value is that of the center receiver only.

The last anomealy considered is that of chipping a splitter. The splitter is the
narrow wedge, with 8 small radius at its tip, which separates two adjacent
receiver channels., These are manufactured within close tolerances. Any
significant damage to the tip of a receiver will effect a performance change. .
Two magnitudes of this anomaly were induced; a breaking off of .005 in. and
.020 in. of the splitter tip.

b. Test Set-Up _and Instrumentation

Two considerations entered heavily into the finalizing of a test set-up for this
test. First, all physical objectives in the near field had to be as stationary

as possible because of the concern with near-field acoustic phenomena.
Secondly, means had to be provided for repeatedly seallng and unsealing the
three stage amplifier to permit the introducing of various magnitudes of physical
anomalies, such as contamination, Figure 20 shows the test stand built to
include these considerations, As shown in the picture, all tubing connections
to the circuit were kept parallel and of constant length. Whenever the circuit
under test had to be removed from the test stand in order to induce physical -
anomalies, the same physical environmental conditions can be maintained, This
also provides for all circuit interconnections to be made external from the
immediate environment, such as the circuit changes necessary between the
Mode 2 and Mode 3 test. The single elements shown on top of the test stand

is acting as a standard load for the last stage output.
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Figure 20. Three Stage Amplifier Test Stand

Also, consideration was given to the supporting structure of the three stage
amplifier. A half inch thick steel plate was fastened to a table top as the base
for the test stand. Three hold-down clamps were fastened to the steel plate for
clamping the circuit down to this plate. A quick release action was also in~
corporated in the hold-down clamp design so that the circuit could be removed
without considerable effort and time being involved., With this arrangement,

a unit could be tzmporarily sealed by placing a gasket between the circuit being
tested and the sieel plate, thus permitting access to the Fluidic channels and
interaction areacs in order to induce anomalies.

Figure 21 shows a diagrar: of the instrumentation set-up used for monitoring the
primary function performance data. It consists of strain gage pressure trans-
ducers (0 -5 psi range and 0-15 psi range , for monitoring the input and output
primary characteristics , respectively), d-c transducer bridges which provide
the transducer e:xcitation voltage and output null adjustment, and the X-Y
recorder which piotted the transducer's outputs (the input-output characteristics
of the circuit being monitored).

The calibration procedure for this recording system is as follows. Inherent to
each transducer is a d-c null shift, With zero pressure applied to the pressure
transducers, the null balance of the transducer bridge boxes was adjusted so
that the X-Y recorder was at its zero input position (the position that results
when the input is shorted) and the null shift was eliminated. The X-Y recorder
was then calibrated as known pressures were applied to the transducers by
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INPUT
Pca

|

Statham
PL96TC
Pressure Transducer

BEC
1576
Trarsducer Bridge

X Input

OUTPUT
PO 1 or POZ

CEC
4312
Pressure. Transducer

BEC
1576
Transducer Bridge

Moseley
7001 A
X-Y Recorder

Y Input

Figure 21. Instrumentation Block Diagram for Primary Performance
Test - Three Stage Analog Amplifier
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adjusting the recorder gain to acquire the necessary sensitivity. As an example,
for the first mode of test to be performed, that on a single element, the X and Y
gain of the recorder was calibrated so that a sensitivity of 1-inch deflection per
psi was acquired, A mercury manometer was used to monitor the pressure to the

transducers,

A comparison was made between the microphone and accelerometer as an acoustic
sensor for this test program. It was concluded that, for the above described test
set-up, the accelerometer was the most satisfactory.

With arrangement designed to permit removal and reinstallation of the circuit plate,

sufficient repeatabllity in the relative position of the microphone with respect to

the circuit and test set-up tubing could not be realized. As a result, repeatability

of the acoustic signature was poor,

The accelerometer could be directly and permanently attached to the circuit plate,
thus maintaining constant its position and acoustic coupling with respect to the
circuit plate., When removing the circuit plate to introduce anomalies, the
accelerometer remained attached to the circuit plate. It was observed, however,
that considerable care was necessary in clamping down the circuit plate in
always the same way. Differences in structural stresses within the circuit body,
caused by inconsistent clamping, appeared to degrade repeatability.

Figuré 22 shows the block diagram of the instrumentation set-up for monitoring,
analyzing, and recording of the secondary acoustic data detected by the
accelerometer, The instrument of primary importance here is the sontc analyzer,
Its function is to determine the frequency components and the relative amplitudes
of these frecuency components that are present in the acoustical characteristics
sensed by the accelerometer, As stated earlier, it is the changes in these
frequency components and their relative amplitudes which will be related to
circuit performance degradation and that provides the foundation for this method
of testing, A preamplifier was used between the accelerometer and the sonic
analyzer to Increase the gain by a factor of 10,

Althongh the sonic analyzer displays the detected frequency spectrum on its
screen, it was necessary to maintain a permanent record of the frequency
spectrum signature in order to detect changes in the signature caused by
performance degradation. This was accomplished by coupling the horizontal
and vertical output provided by the sonic analyzer to an X-Y recorder, This
produced a permanent record of the signature displayed on the sonic analyzer's
screen, Due to the fact that the spectrum analyzer contained a high DC level
component, approximately 9 to 15 volts, DC resolution voltage sources were
used to null out this DC shift,

Calibration of the horizontal scale of the X-Y recorder to that of the spectrum
analyzer was accomplished by applying known frequencies to the analyzer and
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B&K
4333
Accelerometer

Tektronix
Type 123
AC Preamplifier

Panoramic
LP-1a
Sonic Analyzer

Panoramic
C~2
Auxiliary Function Unit

Kintel
112
D,.C. Amplifier

Moseley
17108-A
Time Base
Bowles Moseley Bowles
1577 7035A 1577

Infinite Resolution
Voltage Source

X-Y Recorder

Infinite Resolution
Voltage Source

Figure 22. Instrumentation Block Diagram for Acoustic
Signature Test - Three Stage Analog Ampllfl_er
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adjusting the bandwidth of the analyxer and the sensitivity of X axis of the
recorder to the resolution desired. Calibration of the vertical axig wag not
extremely aritical since primary importance was placed upon the relative
amplitude change detected, and not the actual magnitudes of the signals.
Therafore, the sonic analyzer was adjusted to display signal amplitudes
within the limitations of its screen and the X-Y recorder was adjusted to
present the maximum sensitivity of the changes detected, and yet stay within
the limitations of its recording arca, All winstrumentation seftings [or this test
are given in Table V.

TABLE V. Ipatrwmentation Coutrol Panel Settings for Acoustic Signature
Taat - Throe Stage Anolou Amplifier
Sonigc Analvxer Settings
Input Multiplier - X1
Input Pot - 1.1
Vartical Callbration Selecator -  Linear
Beale Selewtor - 5
Canter Frequoncy - 12.45 KCG
Sweap Rongoe Selector = 5 KC Bandwidth *
Auxiliary Funotion 8witah - Tw=1la *w

S8pectra Senaitivity Compenaation - Line

11" Bandwidth - 200

Sweep Width aator - 1

Smoorthing Mty - Y Laar)
E-Y Recordur Sottingn

X gain adj = Varlable ponitlon between 10 to 100 mv/inch
Set for 1 KC! » | inuh

X gain adj ~ Varlable position botwoen 0,1 andl | v/inch

Kintel Amplitier Hottingy
Galn - 100
Lxternal Time Payy Sottings
Rato - 10 svconds poer inch

* 1 XC bandwidth for test involving expanded scale
**  Condition necensary to use extornal Horizontal Time Base

64




- . T e o s NP PR AL W o
1
1
i

R ..ol

#

g

i g During preliminary test using the instrumentation set-up described above, data

: showed that the signature displayed on the X-Y recorder was not the same as
that observed on the sonlc analyzer, It was determined that the horizontal
sweep rate of the sonlc analyzer and thus, the horlzontal sweep rate of the X-Y
recorder were too fast for the vertical frequency response of the X-Y recarder
and caused the signature to be over-damped. This problem was resolved by
; connectinyg @n extarnal time base uait to the horizontal sweep circuit of the
! sonic analyzer permitting the selection of any sweep rate desired. An amplifier
| was placed between the time bsse unit and the sonic analyzer in order to pruvide
l the proper voltage gain necaessary to drive the sonic analyzer. Through use of
the externa. time bare, a recorder hortzontal sweep rate of approximately B
’ 10 sec/in was achieved, ;
’ .
l

k4
2
¥
$
¥
.é
#
@
L]

-

L a, Test Results

The daia for each of the intreduced modes of fallure, along with a Jdiscussion of
the results for each fallure mode, are presented by this section.

The format of dste presentation is the same for each of the failure modes, The
format iy <efined by the {ollowing, the sequence given being that adhered to for
each faliure mode,

Primary Porformance Gurves = Single Element:

This figure presents the primary input/output curves of the single element for
aach lavel of anomaly,

lorformance Doviaticns - Single Element:

The dimenslonless performance parsmeters are presented [or 2sach level of
anomaly, as determined from the primary performance curves. The alipwable
daviation limits for each parameter ..-e@ givan, through which the maximum
accoptable magnitude of the anomaly may be established. The relationship
botwean the mognitude of the anomaly and the resultant change in primary
performance ls shown,

Acoystic Signature - Single Glement:

The acousiic signature of the single elemant for each magnitude of anomaly is
glven, with coding relating each signature to the anomaly magnitude,

Acoustic Signature - Single Llement plus Decoupled Croup:

This presents the acoustic signature nf test mode 2, where the second and
third stage amplifiers are active 'ed, but decoupled from the first stage. In
this cose, the intent was tc establish the capability to detect an anomaly in
vne clemoent where unrelated, hlaher intensity, acoustic energy from other
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elements was prasent. It was desired to determine whether or pot the charagusr-
: istic gignature changes detected for the element where the anomaly occurrad

F would be “waghed out" by other higher intensitv noise sources, Tlis differs

: appreciably from the 3rd test mode where considering the three stage amplifier.

? In this case, an anomaly ir the first stage will normally cause some change in
state of the second and third stzges and thus alter their components to the total
b signature. Coding relates tlie signature curves to the magnitude of anomalies

’ introduced into the first staye.

Primary Performance Curves ~ 3 Stage Ainplifier;

The input/cutput primary performance curves tor the intercontected three stage
amplifier are given for each level ol anomely introduced into the first stage
element, All dats related to the 3 siage amplifier falls witiin the counsideraiion
of the 3rd test mode,

Performance Naviation - 5 Stage Anjplifiar:

The dimensionless performance pacameters fer the 3 stege awlifier are given
for aach level of anomaly iatroduced {ato the first stage. The allowable
deviations in performance for the 3 stoge amplifier are shown, The level of the
| anomaly in the first stage which leads to maifunction of rhe circuit may thus be
; established,

Acouatic Signaturs - 3 Stage Amplificr:

This nresents the acous’ic signature of the nomplete 3 stage amplifier circuit,
Appropricte coding relates the signatura curves to the anomaly amplitudes in-
troducad into the firgt stuge,

The terminology used in presenting anu discussing the results of this test are
given by Table VI.
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TABLE VI,

DEFINITION OF TERMS - THREE STAGL ANA AM IER TEST

Supply Pressure

Supply Pressure at Nominul Conditions
Bias Pressure

Bias Pressure at Nominal Conditions
Control Pregsure

Conirol Pressure at Qutput Null
Qutput Presasure when Pg = P30
Output Pressure at Nominal Conditlons
Gain - APouT/ O PIN

Gain at Nominal Conditions

Allowable Deviations Limita from GQ, PNO. PRO, ot
Pyop and PLO

Maximum Pressure Recovery at Saturstion
Maximum !  :sure Recovery at Nominal Conditions

Upper Limit of Qperating Range whan Linearity is
Within 3%

Upper Limit of Operating Range at Nominal
Conditions

Lower Limit of Operating Range when Linearity
is Within 3%

Lower Limit of Qperatinyg Range at Nominal
Conditions

Receiver Nozzle Area
Recelver Nozzle Area Nomipel
Center Vent Nozzle Area

Center Vonlt Nozzle Area Nominal
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Failure Mode #1 - Bias Shift

Changes in the bias pressure of the first element were induced
as the three modes of test were conducted. The magnitude of the
change from the nominal bias pressure of the first element for
each mode of testing are given in Table IV,

‘Shown in Figure 23 are the changes in the input-output charac-

teristic curve that resulted from these induced bias pressure
anomalies. Extracted from these curves are the primary perfor-

.mance characteristics which are plotted in Figure 24, along with

the allowable dzviations in primary performance as specified in
Section 1IV. The only performance characteristic which exceeded
the allowable parformance deviation limits was the output null.

‘According to th= limitation set on the output null, the maximum

Pg) change permitted is approximately 1% or .015 psi.

-Figure 25 shows the changes in the acoustic signature, resulting

from the induced Pg) anomalies for the single elément test, over a
5 KC bandwidth. Figure 26 shows an expanded scale, 1 KC band-~

‘width, of the center frequency (12.5KC) of Figure 25. The intent
here is to show that if an indication of performance degradation

is presented by the 5KC bandwidth signature, better resolution in
determining the level of the anomaly is possible by looking ata 1

‘KC bandwidth of the area in question. Considering the level

differences of the signatures detected, changes in bias pressure of
1% can be detected.

Figure 27 shows the changes occurring for the second mode of test
performed. Changes occurring in these signatures were activated
by the same biss pressure changes as those for the single element
test. Therefore, the same changes in primary performance apply
here. Comparing the changes in the signature shown in Figure 27
for an element operating within a group of other elements, but not

-interconnected, shows that changes in the bias pressure level could

be detected with a resolution approaching that for the single element
test. The primary difference detected here is shown by the zero
reference line. The total acoustic signature detected contained a
much larger DC average component so that the zero reference had

to be shifted two inches (equivalent to 2.85 mV) in order for the
total signature to appear within the limits of the recording paper.
Activation of the two decoupled higher power level elements did

‘not "wash out" the first stage amplifier signature. The signature

shape in the 12 KC to 15KC region was not greatly changed nor were

the changes in signature, »due to the bias anomalies, appreciably altered.
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Plgura 28 shows the changes resulting in the primary performance
input=output curves for the third mode of testing (3 stage amplifier)
as PRl changen weare Induced to the first atage, Thin tnput-output
characteristic curve i3 a tlot of tnput signal to the {irst element
veraud tha output of the last elomont, Lxtracted from the primary
parformance vurve arv the primary parformance characteristic
changes as ahown in Figure 29. The primary performance charac=
toristics, due to this anomaly, show little change exaept for that
of the output nul), A biang change of +6% from the nominal of

1.5 peiy eftected tho limiting valuen of output null shift,

I'igura 30 ahowa the changaes that rerulted in the acousdtio algnature
for this third modu of tesiing an the bias anomalies were induced.
The ncouatic mignature ahange diaplays good resolution in da-
tecting the lavel of performance degradation related to the ollowable
parformonce degradation limita,
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Failure Mode #2 - Supply Pressure Changes

Various changes in supply pressure were induced into the first
element as the three modes of test were conducted, The magni-
tude of changes from the nominal supply pressure (Pg) of the
firat stage element for each mode of testing conducted are given
in Table 1V,

Figure 31 shows the primary input-output characteristic changes
for the single element that resulted from the changes induced

in the supply pressure, Extracted from these curves are the
primary performance characteristics, which are plotted in Figure
32, &slong with the allowable deviation in primary performance

as specified by Section IV. Although the maximum recovery
pregsure, operating range, and output null exceeded the allow-
able performance deviation limits for the supply pressure changes
induced here, the characteristics determining the maximum change
in supply pressure permitted { before the circuit is considered
malfunctioning because it excewds its allowable limits first) is
that of output null, According to Figure 32, the limitation set

on the output null will only permit a Pg; change of 3% (0,3 psi).

Tigure 33 shows the changes in the acoustic signature for the
single element as a result of the P3| anomalies, Four traces
wera recorded for 2ach supply pressure setting v determin : the
stability and repeatability of the dete.'ing signature. Based on
the differences between signature changes in the area of 12,5 KC
and the repeabability of the signatures for the fixed pressure
levels, changes in supply nressure of 3% represent the minimum
thut can be detected. The desirability of impreving trace
repeatabliity to obtain better resolution was indicated by this
test, This was subsequently accomplished later in the

program,

By comparing Figure 25 of the acoustic sigiature changes for bias
anomalies to Flgure 33 for that of the acoustic changes for supply
pressure anomalies, it s apparent that the changes from the base
line signature for these two anomelles ¢re quite different, Bias
snomalies caused the greatest changes in the signature between
the bandwidth of 12 to 15 KC, while supply pressure anomakleu
eftacted the most significant changas in the signature betwecn
the bandwlidth of 10.5 to 12,5 KC. This shows that tyoifying
signature changes can be related to the cause of the anomaly.

78




Figurec 34 and 35 show the changes occulring in the secondary
acoustic signature for a bandwidth of £ KC and 1 XC, respectively,
for the second mode of test performed. Changes occurring in
these signatures were activated by the same supply pressure -
chanaes as that during the first mode of testiny. Therefore,

the sane changes occurring in the primary performance charac-
teristics apply here. Evaluation of Figures 34 and 35 show that.

for @ supply pressure failure in one element, performance degradation .
occurring in that element under conditions where other elenents in -
the area werc activated and generating acoustic energy, could

be detected by changes in the secondary acoustis signature. As

in the test performed for bias anomalies, the acoustic signature

generated by elements activated for this test did cause an

additional DC level increase, showrq in the figures by a zero

axis shift of 2 inches (2,85 mV) in crder for the signature to fit

within the limitations of the recording paper,.
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rigure 36 shows the changes resulting from the Pg) variation to
the first stage element for the third mode of test »erformed; ali
three stages connected together to form an amplifier circuit. This
input-output characteristic curve is a plot of the input signal to
the first element vs. the ovtput from the last stage element. As
shown 1n the input-output performance curves of Figure 36 and

the primary performance characteristics data given in Figure 37,
tt @ anomalous deviations in Pr) produce little or no change in
the primary characteristics except where a drastic change of 40%
(Pg1 = ¢ poig) from the nominal value of 10 p.i was made, Con-
sidering the sllowable performance degradation limitations for

the 3 stage amplifier, as indicated tn Figure 37, a change of 2
psl or greater (20%) is necessary in the supply pressure to the
first stage in order for the circuit to be considered malfunctioning.

Pigure 38 shows the acoustic signature changes for a 5 KC band-
width signature as supply pressure to the firgt stage was changed
£10% (1 psi) from itc nominal value of 10 psi for this third
mode of testing. Sipce these signatures show the potential of
detecting variaticons oI 1 psi with relatively good resolutior and
it takes a change oi approximately 2 psi before the circuit is con-
sidered malfunctioning, this test shows tiie potential of the
secondoary detection technique in detecting impaending failures, as
weli as getecting a state of malfunction,

The signature for the three stage amplifier changes in a similar
manner to that for the single stage, the signature level decreasing
with increasing supply pressure., The changes in the acoustic
sigrature diliers appreciably frem that where 3 bias anomaly was
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introduced into the first stage of the three stage amplifier (Figure
30). In the latter case, large changes occur in the 13 to 15 KC
region which do not occur where the supply pressure was varied,

indicating typifying differences in signature changes for different
anomalies,
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Failure Mode #3 - Receiver Contaminaticn

Where the pressure anomalies of failure modes 1 and 2 were conductad
on a permanently sealad unit, physical anomalies such as recelver
contamination were conducted on a circuit possessing a temporary
sealing technique, using hold-down clamps and a gasket seal. This
is the primary reason for the changes in the base line primary perfor=
mance and in the base line acoustic signatures that will be observed
during these tests. The contamination induced during these tests is
described in part 4.a. of this section, with Table IV defining the area
reduction for each of the test modes performed.

]

o

e W e e

Figure 39 shows, for the single element, the changes in primary per-
formance input~output characteristic curves due to the various levels
of the anomaly induced. Generated from these curves are the changes
in primary performance characteristics, which are shown in Figure 40,
along with the allowable performance deviations. All levels of the
anomaly induced exceeded the allowabie performance deviation limits,
indicating the sensitivity of the element to & significant build-up of
contamination in the receivers,

Figure 41 shows the changes occurring due to these receiter con-
tamination anomalies, in the secondary acoustic signature, An

increase in the signature level with increasing contamination occurs

in the 10 KC region, with sensitivity marginally sufficient \o detect
allowable deviation limits. It should be noted that the signature

change due to the particle contamination is easily distinguished

from that for the wall build-up contamination. The signature changes

due to both wall build-up contamination and a lodged particle differ
signiticantly from the changes dua to bias or supply pressure anomalies, .,

Figure 42 gives the changes in the secondary acoustic signature for the
second test mode. The changes in the sighature are quite similar to
thos= for the test performed on the single element, This indicates

that contamination in one element within a group is detactable,

Figure 43 shows the changes in the input-output characteristics for
the third test mode, due to receiver contaminatior of the first element,
Figure 44 shows the resultant changes in the primary performance
characteristic of the three stage amplifier., As for the element test,
each level of anomaly led to malfunction.

Figure 45 shows the changes caused by these induced anoinalies in
the secondary acoustic signature for the three stage amplifier. Fs3
with the earlier discussed contamination signatures, contamination
due to a lodged particle may be easily distinguished. Tha three stago
amplifier signature changes due to receiver contamination also difier
distinguishably from those for bias and supply pressure anomalies,

89




R B S T e

.- - -/ = 7

. PO1
velg

2
O AR =6.4%x10"*sq.in,
O AR =5.6x10"¢sq.in.
0 Mk =4.4%10"% sq.in.
¥ AR = 4.¢%x1077 sq.in.
1 ( Lodged Particle )
1 2 3 4

Pc1 - psig

Figure 39. Failure Mode #3 - Receiver Contamination
Primary Performance Curves - Single Llement




BT T e SR S

Pso = 10 psig ARQ=51 10&.1.&3}”4
Go 2 3 : o

: obTPUTNﬁ T
Psoalolpsigb ? 4x
iPNO=1. 2psis Jd
1% (P o-

i
b
B T TINE IRt i *......

Cm——

RIS
et et s mdes aatait oo el

i . ; O

: T "UT.I s "{.:.:‘:J:::.’t::::' -
i Cor TR 4
i X 0.1 { 1 S ORI EEETREIRN ST I
z N IR 7 4 ? :_. ..;-;%.. . e
. B TR R Lol

- ot “‘01.‘8‘“" -y M“.-A - ? bt ..'3 !’H
e PR SR TP EES SEOME S et it
R _ T ETE N
0.6 S IR SN R i
S S SO T ‘ U SO -
i ’ i
1 i

e REae: rre
¥ e
X
i
;
;
.
i

: Lo TR I R T L TSt
.....,..._..*‘ ; e
0.7 0.8 0.9 140 ; 7046 o §7 1048 (0.9 ;g{:»é.:_‘

o L a1

-
0.6

‘

0.3
0.2

0.1

‘PSO. = 10 psig .

MAX PRESSURE RBCOVERY

0.8 :

ARO=6.4x 10"".1n‘a

0.7

Figure 40,

AR/ A;:zo

i

o

L qpnnmnc‘; RAN#B
B fPso =L10.pslm, ]

B
Anops‘ix 0-4id

PRO = 4.40 psig L P Pyo=8.93pstg } | | 1

———— -s% of PRO ! : PLo =1.0 psih;s S \

SR it ““"; ::::ﬁ 90%“r$f"FPUO -;P+'7
S, jE e

X

i

i

!

! O
i

’.. .

0

i

———— -J.--u-

Failure Mode #3 - Receiver Contamination

Performance Deviation - Single Element

91

e



juawia|g a[buUIg - aINPuUbIg D115NODY
UOTIEUTWE JUGH IBATADSY - £= SPOW ainjied "Iy @Inbl]

{ I ) - 1ot 1

_.ﬁqm.hl_'ly.u._*.:...,,____ :“‘_u

P G S T

et

IR

T

Lo
3
v tS
R
&

.
+ _
1
11l B - .
HHH b _ Sn , ==

92




s T SR

dnoin pardnooeg snid juswall 316uls - amnjeultg 2§3snody
sanprej “zp oinsSig

UOTIEUWEIUOY) 18A1803Y ~ ¢
., i
1 # ] L
apmrduy.
EDYRYH

Y43




T

R —————— o T——

Po2
psig

16

12

O AR=6.4x10"* sq.in.
A PR=5.6x10"%sq,in.
(] AR =4.4x10"*sq.1n.
< AR =4.2x10-*sq.in.
(Lodged Particle)

;—-—'/—_9_—-‘

1 2 3 4
PCcy - psig

Figure 43. Taillure Mode #3 - Recelver Contamination
Frimary Performance Curves - 5 Stage Amplifier

94




T TR . 02090200 wEEETEAR. T TENRTEETRTTRTE TS TR . T T T e T TR IR TR R TR e T s iR e e Ty = 5 TRTEERRSR TETEE VYRR T T

—cs T T - o - T T "1 LTt
PRESSURE GAIN . : v OU'I‘PUT NULL = ;
Pso = 10 pslg  Agg =6. 4x10-4m9 Pgg =35 psig ARQ=6 dxm-* m=
" Gp = 21.2 ' ; ;""'PN0=‘229319'T §
_ 2222= + 5% of GO : zzz3= +5% (PyO- Pro) at Puo ;
 Go "Pso !
1.0 0.10
0.8 0.08 ' )
0.6 0.064-.. o
|
0.4 L 0.04 .
_ : : i
Q.2 0,021 - - ek R BN ﬁ,
, - S A T B
m X : R . : . : :
T 0Je 0.7 048 0.9 1.0 - ! -5_“. 0.6 o..7 0,8 0.9 1.0 |
o AR/ MRO : oo .PR/AkO ) I
{  MBAX. PRESSURE RECOVERY. : !~ | OPERATING RANGE | |
Pgo =35 psig.  ARO=6. 4x10"‘1n° . PsQ =35 ppig. Mo=6. 4x 10““ lns_i
PRO = 16. l pslg ' PU0= 15.2 psig | . E I
; : ' Pw = 5 2 psig i : : i
- ““;‘ 'f‘otf" of pRO ::::.n 90% of (PUO Pm)
B SRR B
Pso : - :
0.5 : ‘ .,
0.4  TmFm—————=—— o4l TTTTT |
0.3 , '
0.2 9.2
0.1 a.1
=t~ 0.7 0.8 0.9 70 - HEET5,7 0.8 0.9 1.0
AR/ARO 7 Ap/ARo

a0

Forformancc Devxatxonk. - 3 Stdgo Amphfler

95

B T

[



layplduy abe1g g - aI3eubrg o1I5NOJY
{1OTIBUTWRIUCY) 1BATEOTY ~ £4# SPOW aINj1ej -Gp ainbij

1 T
- G ‘ 1~ =

]
1T
|

I
i

ol

|

_l

i

H
:




CTTTTTTTE

Failure Mode #4 - Center Vent Closure Anomalies

Center vent closure anomalies were accomnlished by connecting
a valve to the center vent with a length of polyflow tuking and
varying the crifice size of the valve. Table IV gives the tabu-
lated orifice size induced for each mode of operation,

Tigure 46 gives the input-output characteristics and changes in
these curves for the various center vent closure anomalies for

the first mode of testing, It is shown in this figure the importance
of this center vent because of the changes occurring in these
curves when its area is reduced, and in particular, the erratic
input-output curve that occurs when this center vent is blocked
off, Figure 47 shows the primary performance characteristics
determined from Figure 46, For each level of vent closure,

failure was induced, The allowable limits of null shift prohibit

a vent closure reduction of more than 3%.

Figure 48 shows the changes that occurred in the secondary acoustic
signature due to these center vent closure anomalies. The figure
shows that as the magnitude of the anomaly increased (area de-
creasing), within the bandwidth between 12 to 14 KC, the secon-
dary signature decreases in a logical manner. It is also observed
here that positive coing changes occur in the signature, as the
anomaly is increased, at the extreme ends of the signature in the
area of 10 KC and 15 KC. These unique proportional changes that
occur are quite different from those of the anomalies induced
previously, which shows the potential of defining the cause of the
anomaly by typifying signature changes, Better resolution of this
anomaiy could be achieved by expandirg the scale or increasing tha
gain of the detecting circuit.

Figure 49 shows the changes that occuried in the secondary acoustic
signature es the same anomalies were induced into the first ctage
element for the second mode of testing. These changes in the sig-
~ature occurred in the same manner as that for the first mode of testing.
The results indicate that a typifying signature for this anomaly can

be detected in the presence of other active elements,

Shown in Figure 50 is the primary input-ouiput characteristic curves
for the third mode of testing with Figure 51 showing the primary per-
formance data determined from the input-output curves. The first
level of closure vcuses malfunction by unacceptably reducing the
operating range. The second and third levels of closure causes a
highly erratic output signal.
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Figure 52 shows the changes occurring in the secondary acoustic
signature for the three stage amplifier as the anomalies were in-
duced into the first element. These changes are similar to those
occurring in Figure 48 for the single element test and those
occurring in Figure 49 for the single element within a group of
elements. This test shows the potential of defining the anomaly
due to the characteristic of a decreasing signature in the 13 KC
area with an increasing signature at the ends of the bandwidth
at 10 KC and 15 KC, The decreased in amplitude at 13 KC from
the nominal to the first level of closure appears sufficient to
detect the allowable level of this anomaly.
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Performance Deviations - 3 Stage Amplifier

Failure Mode #4 - Center Vent Closure
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Failure Mode {5 - Splitter Chipping Anomalies

Figure 53 shows the changes that occurred in the primary perfor-
mance input-output curves for chipping of the splitter tip between
the center vent and the Pn) output leg. A reduction of 0.005 in,
produced a relatively small (but unacceptable) change in the
primary characteristic input-output curves while a reduction of
0.020 in. produced quite a substantial change. Figure 54 shows
the changes in the primary performance characteristic. The 0.020
inch reduction exceeded the alloweble performance deviation limits
in all the performance characteristics, while 0,005 chipping caused
the limits of gain only to be exceeded, the limit on chipping being
approximately .004 inches.

Figure 5S shows the changes in the secondary acoustic signature
for the single element, caused by the chipping of the splitter.
These changes show that the changes in performance degradation
is detectable with sufficient resolution to detect the allowable
degradation limit, This anomaly effects changes in the signature
which differ from changes due to prior anomalies.

Figure 56 shows the changes that occurred in the cecondary signature
for the second modz of testing, Resolution is satisfactory. While
similarities do exist between the signature changes for this case

and for the singie element, the similarity is not as good as with
prior anomaly tests, [t is probable that this was due to damage to
the circuit plate. It is anticipated thut the chipping of a splitter

in one element may be both detected and defined where in the
presence of other active elements.
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d. Conclusions

In summary, the results of this test serles were highly encouraging. In a
large percentage of cases sufficient resolution was realized to permit detection
of the level of anomaly ieading to malfunction of an element and of a 3 stage

anplifier circuit.

Comparison of the signatures for the various anomalies shows that typifying
differences in signature changes do exist, permitting definition of failure
causes, Consideration of the second test mode results indicate that the
typifying signature changes associated with an anomaly of an element were
not washed out by the acoustic noise of other non-connected but adjacent
elements. The changes in the signature of the three stage amplifier circuit
were shown to permit the detection of allowable magnitudes of induced
anomalies, with differences in the signature changes permitting definition
of the various anomalies.

It was concluded from these tests that secondary acoustic sensing techniques
exhibit a high potential as a successful means of detecting and defining the ' -
anomalous conditions causing the malfunction of analog circuitry.

5. EVALUATION OF SENSORS APPLIED TO DIGITAL ELEMENTS

This section and section 6. present the results of laboratory tests to evaluate
sensors for use in monitoring the performance of digital circuitry. This section
deals with tests conducted with an element while section 6 deals with tests

of a simple digital circuit.

The total group of candidate sensors selected for consideration during this
program, along with a description of each of the sensors, is presented in
Section III of this report. Considering the characteristics of the individual
sensors relative to the performance characteristics and the types of failure

c{ digital elements to be detected, as discussed by Section IV, the following
group of senscrs were selected as potentially applicable to check out of digital

elements and circuits.

Miniature pressure transducer

o
o Hot wire anemometer
o Piezoelectric crystal
o Accelerometer

o Microphore.
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Included within :he total group of sensors were thermistors and an infrared
thermometer. It was concluded from an evaluation of these two sensors , as
reported by parts 2. and 3. of this section, that neither sensor offers a high
degree of applicability to Fluidic systems checkout. These sensors are
consequently excluded from the above group.

In the following, the test procedure is discussed, the test setup and in-
strumentation are described, and the results of laboratory tests are presented.

a. Test Procedure

Figure 57 shows the digital test element. It is a model 1715A OR/NOR Gate.
The input and output channels were elongated to permit the installation of
multiple instrumentation for sensor performance comparison. Also shown

in Figure 57 are the location of the primary performance sensors and the
location of induced physical anomalies.

The Fluidic OR/NOR Gate functions in the following manner. A continuous
supply pressure, Pg, effects a power jet which is directed into one of the
two output channzls, depending upon the input signal rate. A signal into -
any of the P¢ inputs generates an output at Pgj. This, then, is the OR
output. For no inputs only, the element switches to output P2, this being
the NOR output, The wall attachment efiect on the OR side is negated by a
spoiling vent, hance the jet will be directed to the OR side only when one or

more of the input signals are active.

The test element was sealed with a single-sided sticky tape, clamped down

by a Plexiglas ccver plate {approximately 1/2 inch thick) which was fastened
by screws to the circuit. This arrangement permittad the sealing and unsealing
of the element ir order to induce physical anomalies. The screws clamping the
Plexiglas cover to the circuit were torqued to the same value each time the
element was reassembled, thus producing a reasonably repeatable seal and
repeatable operaiing characteristics,

Two modes of test were conducted on this OR/NOR Gate. First, satisfactory
performance test:: produced the necessary data to evaluate the primary perfor-
mance sensors and to determine and record the base line acoustic signature

to be used as a roference. Second, anomaly tests were conducted to provide
primary and seccndary performance data as various pressure and phy:sical
anomalies were induced.

Dynamic input signals were generated by a Fluidic oscillator and directed into
the digital element. These inputs were of nominally a square wave, The input
and output signals were monitored by a8 number of primary sensors which were
paired to permit comparative evaluation in sensing the same signal. The output
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,of' the senscrs were simultaneocusly recorded as a function of time by a multi-

channel light galvanometer 2scillograph recorder,

A microphone was mounted adjacent to the circuit plate to investigate the
potential of acoustic monitoring of primary dynamic performance. An accele-
rometer was fastened to the element to investigate the capabilities of this
secondary sensor to detect and define intrcduced pressure and phyasical
anomalies, under both steady-state and dynamic conditions.

b, Test Setup and Instrumentation

The primary sensors selected for evaluation during this test were mounted in
position as shown in Figure 57. The hot wire anemometer probes were mounted
through a 0,.030" diameter hole drilled from the hottom of the circuit so that the
prob2 tip was located in the middle of the flow channel. The miniature pressure
tranoducers were mounted through a 0,.25" diameter hole drilled from ihe bottom
of the circuit so that the surface of the pressure transducer was flush with the
bottom of the channel, These two sensors were flxed into their positions, and
sealed to prevent leaks, with Duco cement,

The plezoelectric crystal was mounted on the top side of the channel. A 1/2"
hole was drilled through the Plexiglas cover plate and tappad. The crystal
was then mounted on top of tha sticky tape gasket which sealed the element,
It was locked into position over the channel with a 1/2" Plexiglas screw,
with its center drilled out, gripping the crystal only at its outer edges, thus
permitting it to flex with pressure to its center surface.

The microphone was mounted under the OR/NOR Gate element approximately

1/2 inch from its bottom surface, The microphone was used in the test to

givae a gross Indication of primary performance by detecting the changes in

tho average scoustic energy with changes of switched state., The accelerometer,
used to monitor the secondary acoustic signaturs, was mounted directly on the
bottom of the slement surface over the interaction region, Mounting was
accomplizhed by use of the threaded m. unting stud, providsd by the manufacturer,
which was bondad to the element with Duco cement.

The instrumentation block diagram for monitoring &nd recording of the secondary
acouativ signature detected by the accelerometer ig shown In Figure 58, 7The
signals detected by the accelerometer were amplified by tha preamplifier which
had a fixed gain of 10, and monitored by the sonic or vitrasonic analyzer. The
horizontal and vertical output of the ultrasonic or sonic analyzer weroe nonnected
to an X~Y recordar, DC infinite resclution voltage sources wero used to null
out the DC shift from the analyzer, Preliminary testing had shown that the
signatures recorded with the ultrasonic analyzer lacked sufficiunt repaatablility,
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in otder to impreve repeatability, a 0 cpe low pass filter (60 db/decade

© . above 10'cps) was soupled into the circuit between the analyzer's vertical

output and the X-Y recorder. This filter, added tc the smoothing filter of
the analyzer, mtoduced a more repcatable trace. The front panel control
settings for the instruments are given in Table VII,

The instrumentation block diagram for the priinary senscrs is shown in

- Pigure 59, Although there were two pressure transducers &nd three hot

wises ugsed. the block diagram only shows one of each, because the

_instrumenta’lon was repeated for the others. A description of the sensors

and {nstrumentation used is as follows:

o Two miniabtire pressure transducers, model SA-SD-M-64,
manufactured by Scientific Advances, Inc., were used., The
first transducer, 0 to 2 psi range, monitored the input PC2.
The second, 0 to 15 psi range, monitored the OR output,
Modified BEC model 1576 transducer bridges were usad for
transducer excitation and as the balancing hridge, with
modifications made to improve the balancing circuit, A
sthematic dlagram of the bridge circuit i1s showan in I'igure
60,

F'TRAN‘T)'E"]
! \VV = 3 volts
v
_ R1=25Kﬂ
| Rg=1.5KQ
l OUTPUT
-

Figure 60, Transducer Bridge irouit

The output of the trarisducer bridge circuits were amplified by
Consolidated Eleotrodynamics Corporation typa 155 amnplifiers,
with a guin of 20 and 500 for the P32 transducer and the CR
output transducer, resractively, The output of the amplifiers
wore monitored by 8 C .C typa 5-124 recording oscillograph.,
The recording circuits of the oscillograph consisted of a type

116




TABLE VII. INSTRUMENTATION CONTROL PANEL SETTINGS FOR
ACOUSTIC SIGNATURE TEST - OR/NOR GATE ELEMENT

Sonic Analyzer
S Input Multiplier X100
Input Pot 10
: ‘-'i Vertical Calibration Selector Lin
: Scale Selector 10
[ Center Frequency 100 cps
[ Sweep Range Selector 200 Lin
{1 Auxlliary Function 3witch 10 sec
E Spectra Seansitivity Compensation Random
L I 1.F, Bandwidth 2
: Sweep Width Factor 1
Smoothing Filter 1
| Ultrasonic Analvzer
Center Frequency 5 KC
{ Sweep Width 10 KC
1.F. Bandwidth Auto
v Amplitude Scale Linear
Sweep Rate 20 sec/full scale
Video Filter Full ON (clockwise)
Input Atten Stup 0
input Atten Cont 10 db
I.F. Atten 20 db
Marker OFF
£-Y Recorder for Sonic Analyzer
X gain adj 50 mV, variable set for
1 inch = 25 cps
Y gain adj 50 mV, fixed
2=Y Recorder for Ultragsonic Analyzer
X gain ad] 50 mV, veriable set for
1 KC 1] inch
Y gain ad) 10 mV, fixed
117
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Massa
M-213
Microphone
Scientific Advances Massa Clevite
SA-3D-M-6H M-1143 PZT Bimorph
: -1--Pressure Transducer Amplifier Crystal
Transducer SKL 302 CEC
Bridge Electronics Type 1-135
f L_ Filter Amplifier
i‘ . CEC Kietley 102B 60 cps
[' l Type 1-155 Isolation Notch
o Anplifier Amplifier Filter
.
i : Detector
i
R l
i |
i
i
. CEC
i N Type 5-124 '
%l Recording
: Oscillograph
|
Disa
! 55005
- Anemomaeter
!
i Diga
: 55A55
H.W, Prabe

SICICRE 2 - SRR P OURN ~—-4'~’

Figure 59. Instrumentation Block Diagram tor Primery Performance
Sensor Test - OR/NOR Gate Elament
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7-363 damping network and a 7-363 type galvanometer for each
iransducer. The flat {+5%) frequency range of this galvanometer
circuit is 0 tc 1,000 cps.

Three Disa Model 55A53 hot wire probes monitored the fiow of
Pc2. Pc3, and the OR output channels. These probes were
connected to a Disa Model 55D05 constant temperature
anemometer which supglied the power to the probes and monitored :
the flow characteristics. The probe heating resistance ratio was
set by selecting 2,4 on the resistance selector switch or the fTont
panel, The output of the C,T, anemometer was recorded on the
CEC light galvanometer oscillograph, Type 7-345 galvanometer.
and damping networi.s were used which permitted a flat (& 5%)
frequency range of 0 tc 50C cps.

o v i s e

The instrumentation for recording of the primary performance
characteristic with the Massa microphone system was developed

by experiment. The final circuit was as shown in the block diagram
of Figure 59. The output of the microphone was coupled through the
Massa M=114B low noise preamplifier, with an approximate gain of
one, to the Massa M-185 amplifier set for 0db attzruation, The
output of the Massa system was passed through an SKL Dual Section
filter, set t» permit a bandpass of 20KC. The output of the fiiter
was amplificd by the Kintel decade icolation amplifier with its gain
adjust set ut 1,000, The signal was then paased through a detector
as shown in Figure 61, The detectcr consists of a half wave rectifier
and filter, It permits detecting the level changes of the 20KC
signal's average intensity. The output of this circuit was monitored
by the oscillograph recorder using a 7=3G4 galvanometer with a {lat
(£5%) frequency range of 0 - 500 cps.

R
O—+ 4\»\2/\;- =0
I Cl=8uf
From Ry - Cy To Ry = 1.9Kn
Amplifier ‘I Recorder Ry = 1UKq
O —O

Figure 61, Datector Clrcuit Diagram
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C. Satisfactory Pertormance Tests

During this test serles with a satisfactorily performing element, data was
taken to permit the comparative evaluation of primary sencors for digital
elements. In addition, base line acoustic signature data was obtained for

- use as areference during subsequent anomaly detecticn tests.

Figure 62 shows the inpnt/output performance of the OR/NOR Gate as

" detected by the various pr-mary performaunce sensors., The miniature

pressure transducers, selected as being the most accurate of the primery
gensors (based on the manufactured specifications and previous tests) were
used to evaluate the element performance and as a reference when evaluating
the performance of the other primary performance sensors included in this test.

According to the data shown, the OR/NOR Gate was functioning satisfactory
for 2 single input frequency of 3 cps. The input signal to the QR/NCR Gatn
is shown to be noisy. This is an ancmaly related to the input signal and

not the OR/NOR Gate. The output traces show that the element was switched
by the narrow input noise spikes which indicated that the OR/NCR Gate would
function properly at higher frequencies and much narrower pulse widths at

its input,

The traces of Figure 62 indicate that for a 3 cps switching frequency, the
agensing capability of hot wire anemometers compared favorably with the
minlature pressure tranaducers. The representation of waveform generated
by the hot wire follows closely that depicted by the pressure transducer.
The traces do, however, indicate some lag in the anemometer system as
comparad to the pressure transducer. The lag is not immediately detected
by observation of the nominal waveform at the recording speed for this test,
but it can be saen in the attenuation of the narrow noise spikes.

The microphone trace 13 seen to exhibit significant information, Tha capability
of this sensing means to detect changes in switched state at low frequencies
is definitely demonatrated. It is also shown that accurate svaluation of wave-
form by this means is improbable, The poasible potential of an acoustic system
of this nature (described in part ».) 18 considered to be in the gross monitering
of switching of one or a group of digital elements by means of a single sensing
device external to the element flow channels,

'The trace ganerated by the crystal, which was mounted over the OR output
channal, demonstrates the capabllity to detect the signal described by the
pressure transducer in the OR output, The results were coneldered highly
encouraging, though tho need for improvement was obvious.
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Figure 63 shows a section of recording date displaying the vrimary performance
cheracteristics as detected by the various sensars .for two contrél signals at
different frequencies. The tnput into PG2 15 approximately 30 cps while the
input into Pc3 is approximately 100 cps. The imraqularity of the input flow
amplitude, Prz3, ig a result of feedback into this channel, when its signal

1s zero and the input to P2 is of some amplitude other than zero, This
interaction of the two signals is not a desirable characteristic, but it does

"not constitute a malfunction of the element. The result shows that the OR/NOR

Gate will accept two input signals and perform properly. This data demonstrates
the capability of the instrumentation in defining the satisfactory dynamic perfor-
mance of the element under realistic operating conditions.

Comparisun of the het wire anemometer representation of the Pc2 signal with
that of the minlature pressure transducer shows a definite lag in the hot wire
system, This lag is clearly cetectable with the higher chart spead of this
test. To provide a more accurate description of waveform, the need to reduce
lag in the hot wire system is apparent. (Significant improvement was sub-
sequently realized, and is discussed in section 5.)

The microphone trace is shown to contain the same information, albeit with
less accuracy, as that sensed by the pressure fransducer in the OR output,

Detection of the OR output with the crystal vielded good results. The trace
shows sufficient response to monitor pulse rise times of less than a milli-
gsecond. This test indicated that the crystal had a high potential as a sensor
of digital element primary signals, although the need to decrease the dis-
tortion of a sustairied signal pressure is apparent. (A large improvement in
this area is presented in section 6.)

While conducting tests to establis» a static base line acoustic signature
trace, a test was performed to determine to what extent frequency of dynamic
operation of this element would effect the acoustic signatuia. Figure 64
shows the results of this test. The trace performed under static :onditions
(Ps = 1 psig, P2 = 0) shows a large amplitude signal in the 5.5KC region
and a low amplitude signal in the 0 to 1 KC reglon. As periodic control
signale were introduced, the 6 KC area decreased and the ¢,5 to 1 KC

means »f detecting operating frequency changes. The static base line,

used subsequent as a reference for satisfactory operating condition, was

as given by the 0 cps trace of Figure 64,

Further evaluation on the static base line acoustic signature monitored by
the ultrasonic analyzer was performed to establish the typical signature
changes that could be expected during the anomaly test, This test consists
of introducing a 0,25 psi DC signal in PC2 to produce a change of state
{output switched from NOR to OR) in the element, Figure 65 shows the
resulting change in the acoustic signature. Good resolution was displayed.,
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Tests were also conductad using the accelerometer and sonic analyzer to
display the acoustic signature produced in the low frequency region (0 to
200 cps) by detecting the dynamic operating frequency of the test element.
Figure 66 shows the results in detecting satisfactory dynamic performance
for two control signals at different frequencies of approximately 100 cps and
150 ¢ps being induced into PC3 and P2, respectively, The results show
that detecting. the operating frequency of a digital element is possible by:
secondary means and that the detecting of various simultaneous operating
frequencies within an element is also possible. This technique possesses
the potential of detecting the various operating frequencies of a group of
elements forming an integrated circuit. It will also be shown later that the
amplitude of these signetures can be related to pressure anomalies.

d. Anoma h( Detection Tests

The prime objective of this test series was to investigate the capabilities of
secondary acoustic sencing to detect and define anomalies introduced into a
digital element. The capabilities of primary sensors were established during
satisfactory performance tests, hence the consideration of these sensors
during the aromaly tests was minimized. The results realized for each of the
anomalies introduced ar2 presented in the following.

1. Supply Pressure Changes

Changes occurring in the static secondary acoustic signature were detected
by the accelerometer and recorded as various levels of supply pressure
changes were introduced into the OR/NOR Gate. Figure 67 shows these
changes. Good resolution in detecting the level of the anomaly is displayed
by the figure and as will be realized later when signature changes due to
other anomalies are presented, supply pressure changes have their own
defining characteristic signature change. A decrease in PS produces a
decreasing amplitude of the signature over the entire bandwidth observed,
and an increasing PS produces an increase in the amplitude of the signature
observed. Therefore, both the magnitude and type of anomaly induced is
considered to be well presented in these signature changes.

The capability of acoustically detecting supply pressure anomalies under
dynamic operating conditions was demonstrated. Figure 68 shows five (5)
sections of the 100 cps region of the sonic analyzer as it detected the
dynamic performance of the OR/NOR Gate with an inputted 100 cps control
signal and with varying supply pressure. The five sections of the 100 cps
region, ffom separate graphs, were placed adjacent to each other in Figure
68 for ease of signature comparison for the various levels of supply pressure.
Trace "A" shows the amplitude of the signal due to control pressure only,
since Pg = 0. Traces "A" through "C" show an increase in the relative
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amplitudes with an incraasing Pg. With the supply pressure activated, the
resultant power stream was switched at the input signal frequancy. As the
supply pressure was increased, the acoustic encrgy of the oscillating power
stream wae increased, thus causing the increase in signatite amplitude with
increasing P§. Traces "D" and "E* show the changzs nccurring in the
acoustic signal ag Pg wag increased beyond 1 psig, the nc.ninal value. In
the case of Trace "D", the supply pressura was sufficiently large ao that
the input signal could not consiatently effect switchine of the power atream,
which caused the shown irregularity ¢t the traces. In the umse of Trace "E",
the supply presaure was incrossed to such a lave!l that the coatrol algnal
could not switch the power stream. In the abaence of switching, thew, the
microphona detactad assentially the same acountlo changes as in gasc "A",
the effects of the input signal only.

2. Control Prersure Changes

Control pressura changes were effaotively detacted unider dynamlo conditions
by the accelarometer and sonic analysar, as shown in Pigure 69, Four levels
of signal were detected as the amplitude of the 100 opa vontrol tnput was
varied, while the supply pressure wag hoid ot n oonstant 1 paig value, ‘These
traces are in the 100 opa region correaponding to the input fraquenay of the
control signal, Shown in the figure is a definite relationuhip butwaeen the
level of the control signal amplitude and the relative amplilude of the signal
detected by the acceleromater, Switching of the OR/NOR (3ote osourred {or
all tracea except for the case where Pr3z w 0.1 pui, An the amplitude of Pep
was {noressed, the traco repeatability shows a graatar margin of orroe {tw
wide band at the top of each group of traces ), Thie iv an lndication of
over=driving the element with ton large a conbol signul, such ar the 0.5
paiyg input,

In addition to the dynamic detection of control prassure changes, small
changes in the static sooustio wignature were also obsarved when changlng
the levol of & atatio input signal, The capability to diftarentiatn between
the two switched atates under atotio conditions hag hean shown earlier In
Figure 6%,

¥, Hplittor Cunp Contamination

Figure 70 nhows the ohangen that ocourred in the statia vecondary aaountic
signatuiw tor two degyrean of aplitter cusp comamination, Contamination wos
simulated Ly the application of Duoo vement, Bhown In the fgure in & decrmane
in the amplitude of tho algnature predonted in tha 5,5, XC and § RO ereoan
rolated to the level of anomaly induced. Sufficlent rexolution is shown here

to detect themso lovals of anomaly. The dearcaning amplitude in the 6 AC anu

8 KO itana 1e definitive ol splitter cusp contuminution.
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4. Power Nozzle and Spoiler Vent Contamination and
Splitter Cusp Chipping

Figure 71 shows four (4) static condition traces; the baseline signature, the
changes in signature produced by contamination of the supply pressure nozzle,
the change in signrature produced by contamination of the spoller vent, and
that produced by chipping of the splitter. These three anomalies were plotted
on the same graph with the baseline signature to show the appreciable and
typifying signature changes for each anomaly.

Figure 72 shows the primary performance of the OR/NOR Gate with the magnitude
of contamination of the spoiler vent the same as that of Figure 71. The mal~
function caused by this anomaly is shown by the OR output (PO1), as detected
by a minlature pressure transducer. e

For a number of cases, the power jet remained attached to the OR output side
during a zero input signal state. Contamination of the spoiler vent caused an
increased wall attachment effect on the OR side which prevented the power
set from dropping back to the NOR output with cessation of the input signal,
Examination of the microphone trace shows satisfactory detection of this
malfunction by this sensing means also.

Figure 73 shows the primary performance with the splitter cusp chipped the
same as that of Figure 71. The noise present in the OR output signal is not
acceptable. The malfunction was also detected by the microphone. The
microphone trace cf Figure 73 shows greatly increased noise as compared
to Figure 72.

e. Conclusions

The conclusions drawn from this test series along with those generated by
subsequent tests of a simple digital circuit are summarized in Section 8,

‘Summary of Sensor Applicability.
6.  EVALUATION OF SENSORS APPLIED TO A SIMPLE DIGITAL CIRCUIT

One objective of this test series was to further evaluate primary performance
sensors. Tests were conducted to show the results of the plezoelectric
crystal performance incorporating improved mounting conditions and to show
the results of the Lot wire probe performance after improvements were made
to the external circuitry, Also, tests were conducted to evaluate the perfor-
mance of a hot film probe-for the first time. The mounting techniques, ex~
ternal circuitry, ard test results will be discussed for each sensor.

During previous te:ts on digital elements, changes in the secondary acoustic
signature were to be a successful technique for detecting and defining various
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levels and types of introduced anomealies. It was a second objective of this
test series to show that this same technique could be employed when more
than one element is contained on a circi it plate, The secondary detector
was mounted in the near acoustic field of one element while anomalies were
induced into another more distant element, The test procedure and results
will be discussed,

a. Test Clrouit

The digital circuit selected was a pulse shaper circuit plate which 1s shown
in Figure 74 with its schematlc representation. Also shown in the figure are
the locations of the primary secondary sensors.

The circuit consists of a Flip «Flop element and an OR/NOR Gate interconnected
with feedback, The OR/NOR Geate functions to provide an output at the NOR leg
in the absence of all control signals or an output at the OR leg with either one
or all of the control signals presen-. The Flip~Flop element 18 switched to
provide a signal at output leg P by a control signal P2, or switched to
provide an output a8l PO2 by a signal P¢1. The output signal remains at the
most recent switched state sven after discontinuation of the respective input
signal,

The objective of the pulse shaoper network is to produce a signal of narrow
pulse width for each cycle of tapr  ‘ignal, This is accomplished as shuwn
below,
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Flip-Fiop being PO and the output of the OR/NOR being PO4. Thus,

Pci, PC2, and Pc4 = 0, When the first positive pulse of PIN ocours,

the Flip-Flop flow is switched to output leg PO2, or Po1 = 0. The output
of the OR/NOR Gate remains conctant since there ls still an input in the
controls. When P]N goes to zero, the Flip~Flor output remains switched to
PO2. PG3 and Pcq are now both zero, hence the OR/NOR Gate switches

to the NOR leg which is the positive pulse output. The NOR lag is connected H
by a feedback path to the Flip-Flop control PC2, causing its output to switch :
to PO1, which results in switching the OR/NOR Gate back to tha OR output, 5
The circuit is now in the static (initial) state awaiting the next positive

input signal, The pulse width of the OR or NOR output (either may be used

depending on whether a positive or negative going pulse is required) is

determined by tha amount of signal delay selected to be used in the feedback.

With Py = 0, the static state of the network results in the output of the é
1

b, Primary Performance & 3psors

Four (4) miniature pressure transducers manufactured by Scientific Advances
model SA-SD-M-~-6H, were mounted to monitor the primary functional perfor-
mance of the test circuit, Since these transducers had already been selacied
as the most accurate means of monitoring static and dynamic performance,
they were used ag a reference for evaluating the other primary performance
sensors included in this test.

The pressure transducer mounting tachnique, the bridge circuit, and the
monitoring instrumentation was the same as that described for the OR/NOR
element tost in Section 5. The performance of these pressure transducers
is shown in Figure 75. Their ability to detact the functional performance
of this circult was highly satisfactory and they show that the circuit was
functioning properly,

Two (2) plezoclectric bimorph crystals manufactured by Clevite, a Division

of Brush Instruments, were mounted into the circuit as shown in Fi¢ure 74,

The crystals were of two different sizes, 0,25" x 0.25" and 0.55" x 0.06",

in order to determine the effects of size and shape on the sensing performance.
The mounting technique of the crystals was modified, compared to that used
during the CR/NOR glement test, in an attempt to improve their performance.
During the element test. the crystal was mounted on the thin film of sealing
tape over the top of the channel, with a screw=down clamping arrangment
fasternirg the ends of the crystal to the circuit plate, Under these conditions,
it was found that the performance of the crystal was very sensitive to the
pressure applied by the clamping arrangement. As an alternate, the crysatals
were mounted through the bottown of the circuit plate, flush with the bottom of
the channel, with a bead of cement around the outside edge of the crystals

to seal off all leaks and fix the crystal in place. The instrumentation circuit
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for these crystals was the same as that used dnring the OR/NOR elemant teat
in Sectiun 5., except that a madel 7-363 galvanonieter and damping unit were
used, permitting a flat (+5%) frequency ranqgs of 0 to 1 KC,

Figure 79 shows the performancy of these cryatals monitering the OR and NOR
output of the aircuit, Also shown tn this flgurd dre the signals datectad by

the pressure transducers which monitorad the same glgnols, so that evalustion
of the ciyatals on A comparacive basis uould be accomplished. The rasults

show that the crystal's performance was improved, compared to the tost results
of the separtte OR/NOR Gate element test, as & rosult of the mounting technique
vmployed. Although thoir amplitude characteristics are not necesgcarily linear,
their performance in deteating pressure changes with rospect to the time scale

'8 highly sativfactory, This charanteristic is of prhinary importance in detecting
dynamic performance of digital cirouits. Traces A and C of 'igure 75 show that
the sire and shapes of the crystals did not produce any detactable dynamic
porfurmance differences except that the larger cryatal, with more aenaing area
diponad to the pnaumatic signal, ~vus of a larger amplitude, The soale for the
Jarger crystal ls approximately half the ucale for the amaller onae, although the
output hed not bean callbrated to be direatly proportional to pressura, It s also
kinown that the upper frequancy limit will be a function of the crystal's gize,
dogreasing with {ncreasing sise,

A hot wiry anemomator probe model 55A52 manufactured by Disa was mounted
in the OR output chunniel. This sensor, previously tested during the QR/NOR
Gate elomont tests, produced a meaningful indication of dynamic performanca
but exhikited the dasgirability of decrgasing the rise tima of the hot wire
anemometry system, Durlng this teat, the rise time was tmproved by eliminating
oxcoss resistance incuced by the lead wires to the probs, and by improving
upon the satting of the overheat ratio (definad as the ratio batwaen oparating
roaistance and the probw resistance) which permits the optimum performance
prube temparature. The more precise setting of the over-heating ratio wan
accomplishad by setting the "Resistarice" gawitch to the "external" ponition,
connecting & non~inductive docads realdtance box to the "Lxternal Resistance®
torminal, and satiing this external resistance to within & tanth of an ohm of tho
required valua, Tha required external reaiatance (Rgxy) wae determined by the
oquation,

Ruxt w10 (r Rc'.'RL)

whare 1 is tho heating ratlio required (which is rocommended by the manufaoturer),
Rg is the cold resistance of the probe at 20°C, and Ry, {8 any resistancy added by
the lead connectiona. The recording instrumentation for this test wan the CEC
racorder os used during the OR/NOR Gate test, except that model 7-364 galva-
nomsetor and required damping circuits were used permitting a flat (2 5%) frequency
response of ¢ to 500 cps,

The performance of this hot wiro probe is shown in Figure 76 . 7The results show
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shat its ability to detect dynamic primary performance is highly satisfactory.
The adjustments made to the external circuitry led to a considerable improve-
ment in its performance ability compared to the raesuits ol earlier tests,
Although its amplitude characteristics are inherrntly ron-linear, its ability
to dewect dynamic flow events, a characteristic of p-inciple interest in
digttal circuitry, is highly satisfactory.

The flow datecting performanca characteristic of a hot film proby was investi-
gatad for the first time during this test. As shown in Figure 74, it was mounted
in the DR output channal go that it could be comparativaly evaluated against
the performance of the hot wire protre and the pressure transducer. The probe
was o Disa model $5A9]1. Its deaign is such that it permit flush-mounting in

a flow channel wall without ¢hanging the geometry of the circult or disturbing
the flow, This model el fiot fiim picba has a quartz coated film permitting

its ure In liquids,

X
%
3
4
£
&
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The hot film probe was connectad to the Disa constant tenmperature anemometer
model 55D0S, as was the hot wire probe described above., The "Resistance"
switch was set in the "uxternal" psoitinn 1nd a 280 ohm resistor was connected
to the "External Raoistance" terminal tn provide the proper over-heating ratio,
according to the manufacturer's specifications for thiy model of probe, The
anemometer supplied the powar to the probe and praduced an output proportional
to the power delivered, The output of the anemomater was recorded on the CEC
modsel 5=124 recording oscillegraph using a model 7364 galvanomater and
damping natwork permitting a flat (+ 5%) frequency response of 0 to 500 cps.

Figure 76 shows the performance of the hot film probe along with that of the hot
wire probe and the yressure transducers mounted in the same channel. The
results show tha. the hot film probe is capable of detecting qualitative measure~
ments of flow eventa reletad tu the time scale cimilar to that detected by tha

hot wire probe. While poorer dynamic rasponse is shown for the hot film probe,
it is bolisved that the response time can be appreciabiy improved by optimizing
the over~heating ratio.

¢.  Secondary Sensing Evaluation

Static tests were conducted to evaluate the secondary acoustie signature
technique usad in the pravious OR/NOR element test as to its capabilities of
detecting levels of an anomaly induced in one element with the detector
(accelerometer) mounted in the near fleld of another element. Figure 74 shows
the location of the accelerometer as belng near the output of the Flip=Flop
elemant. The anomalies were introduced into the OR/NOR Gate element,

Thoe instrumentation necessary to monitor and record the signature detected

by the accelerometer was similar to that for the static test on the CR/NOR
Gate element, as described in Section 5. The mounting of the accelerometer
for this test consisted of drilling and tapping a hole at the selected location
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and mounting the accelerometer on a screw-mounting stud proviced by the
manufacturer fnr this purpose.

Figure 77 shows the changes that occurred in the acoustic signature detected
for various supply anomalies introduced into the QR/NOR element, The pulse
shaper circuit was functioning in its static state (no signal input) for this
test. The results of this test show that it is posrible to detect anomalies in
one digital element by secondary acoustic senslng while the sensor is located
in th2 near field of another digital element. It is belleved that centrally
locating the accelerometer with respect to the interaction reglons of all elements
contained within a circuit plate would result in an increase in the sensitivity

of the sensing technique.

d. Conclusions

The described test results in conjunction with prior tests of a single digital
element, indicate that the evaiuated miniature pressure transducer, hot wire
and hot film wnemometers, and plezoelectric crystal, each offer a satisfactory
means of monitoring the primary performance of a simple digital circuit, It
was concluded that eugally satisfactory results could be expected with a more
complex clicuit.

The capability of acoustic sensing techniques to detect an anomaly in one
elemant in the presence of 8 second active element was shown, This
accomplishment, mlong with the positive results of acoustic detection tests
with a single element, indicated that the secondary acoustic sensing technigque
should provide an effective means of detecting and defining ano:nalies in a more
complex digital circuit,

The results of thig effort are incorporatied into Section 8, Summary of Sensor
Applicability.

7. PACKAGING AND ENVIRONMENTAL STUDY

A study was carried out to establish means of mounting the candidate sensors '
to typically packaged Fluidic circuitry. Two pankaging concepts were considered,

One concept was the modular packaging approach where single circult plates

are attached to one or both sides of a manifold, with a cover placed over each

clrcuit plate, the complete package assembly baing a circuit modula, Systems

may be assembled by the rack mounting and interconnection of the number of

modules required to make up the total system, The second packaging concept

considered was a stacked circuitry arrangement. In this case, circuit plates

and manifolds are stacked into @ monolithlc assembly which may make up a

complate Fluidic system,
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The effects of environmental conditions on the candidate sensors was
investigated, considering temperature, pressure, humidity, vibration,
acoustic energy, and electromagnetic energy.

The results of both investigations are presented by BEC TM- 147,
"Compatibility of Sensors with Packaging Approaches and Ef.ect of
Environment on Sensors" which is located in Appendix III o. .his report.

T e s e

In summary, the following candidate sensors are compatible with the modular
packaging concept:

Microphone

Accelerometer

Anemometer

Miniature Pressure Transducer

Thermistor

0O o 0 ¢ 0 O

Piezoelectric Crystal.

The sensors listed below are considered to be compatible with the stacked
; packaging concept:

| Accsalerometer

Anemometer

Miniature Pressure Transducer

Thermistor

o 0 O O 0o

Flezoelectric Crystal,

The candidate miniature mircophone is not considered suitable to stacked
circuitry due to the compactness of the circuitry and lack of comnion

spaces into which groups of elements vent and into which microphones may

be mounted. In most cases, mounting of the compatible sensors into a
modular package is more easily accomplished than mounting into a stacked
clrcuit arrangement, because of the higher circuit density and less available
space in the latter. The infrared thermometer which was used io evaluate the
feasibility of I.R. sensing techniques was too large to be practicably mounted
as an operatioral sensor to either type of circuit package,

Most of the sensors are influenced to some degree by one or more of the
! considered environmental conditions. In some cases, the influence may he
negligible. Where this is may not be true, it is considered that appropriate

146




il

TTEL -

X
{
i

b
i

compensation may be made. When selecting sensors for use i.. a specific |
checkout procedure for a Fluidic system, the effects of the enenuntered i
environmental conditions on the seansor characteristics, and consequently

on the accuracy of the checkout rrocedure, must be €. aluated,

8. SUMMARY OF SENSOR APPLICABILITY '

Part 2. of Section III defines a group of candidatr. sensors which were selected
early in the program as being potantial sensors cf the state of operation of
Fluidic circuitry. Through a program of analysis and testing with analog and
digital elements and simple circuits, the capabilities of these sensors were
evaluated. The results of this program are presented by the present section.

The sensors were evaluated in terms of the capability to detect malfunctions

or to define the causes of malfunctions, The compatibility of the sensors with
two typical types of circuit packaging arrangements was investigatad. One
type of package is a modular arrangement where a single circuit plate is
attached to one or both sides of @ manifold, with a protective cover then
placed over each circuit plate. The second package type is a stacked circuiiry
arrangement, where circuit plates and manifolds are stacked into a multi-
layered monolithic structure, In addition, the effects of environment nn the
sensors weare lnvestigated. The conclusions drawn concerning each of the
candidate sensors are summarized in the following.

a. Miniature Pregsura Transducer

The Sciuntific Advances, Inc. Model SA-SD-M~-6H miniature pressurae transducer
is a righly satisfactory sensor of the functional operating signals of bhoth analog
and digital clrcuitry. This device is a small strain gage pressure transducer

of 0.25 in. diameter and 0.25 in. length, designed so that it may be mounted
flush to a circuitry channel wall. The flush mounting capability permits the
sensing of pressure signals without causing any deformation of the sensed signal.
Pressure range of £2, +5, £10, £15, £30, and + 100 psig are availabla,

The peripheral equipment required for this sensor is a standard d-c transducer
bridge and power supply, which provides the transducer exitation voltage and
the capability of adjusting the output signal null,

The sensor is well suited to accurately establishing the leve! of psrformance

of both analog and digital circuitry, to establish whether or nct performance

(in terms of pressure signals) is within specified limits. A linearity of £0,5%
of full scale pemits the accurate detection of analog circuitry performance.

The natural frequency of 15.5 KHz is sufficient to accurately sense the transient

characteristics pertinent to the satisfactory performance of most digital
circuitry.
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The pressure transducer may be suitably mounted into both circuit modules and
stacked circu‘try. Moui.tng into the circuit plates of circuit modules is readily
accomplished. Where mouniing into stacked circuitry, it may be necessary to
design the circuitry layout to provide the necessary niounting space.

Temperature variations cause a small change in sensitivity of the pressure
transducer and in the zero outpats, a 0.01% full scale sensitivity change

and 0.05% rull scale zero shift per °F for a remperature compensated model.
Where checking out circuitry with small allowable deviations in prassure

signal tiansfer characteristics, it may be desirable in some cases to incorporate
a temperature compensation adjustme nt into the external bridge, to corract for
changes in sensitivity without resorting to a pressvre calihration.

b. Flow Anemometerg

The Disa Electronics Model 55A52 hot wire probe and trpe 55490/91 flush-
mounting hot film probe are applicable to the chackout of functional perfor-
mance of digital circuitry, as defined in tem:s of mass flcw signals., Because
of fundamental nonlinear characteristics, and the pcasibility of calibration
changes due i¢ contaminetion and oxidation, the hot wire and hot film probes
are not well suited to the checkout of analog circuitry, where accurate
monfitoring of signal levels is highly important. Since in the chackout of digital
circuitry, tho transient characteristics of signals are normally of greater
significance than a high degree of accuracy of signal lavels, the nonlinearity
of tha hot wire and hot film probes, and the possibility of small calibration
changes, do not present a serious disadvantage.

The model 55A52 hot wire probe is sufficiently miniaturized so that the supporting
neadies (0.8 mm. long, spaced 0.45 mm, apart) and wire may be inserted into a
circuit channel without affecting an appreciable deformation of the sensed signal,
The tvpe 55A90/91 hot filla probe, with an end diameter of 4.75 mm. may be

mounted flush to &8 circuit channel wall. The hot wira probe has a number of
advantages relative to the hot film probe, It is smaller and less costly., Tho
advantages of the hot film probe are no interfererice with functiona: signals, lass '
posibility of damage due to contaminants in the operating fluid, and, should cleaning
of circultry bo necessary, less possibility of damage during 1 solvent flushing
procedure. The desirabiliily of the hot wire vs. tha hot film probe is dependent

upon the instrumentation requirements for specific circuitry checkout procedures.

Both probes may be coupled to a Disa type 55D05 consgtant temperature
anemometer system which heats the wire or film to a constant temparatura and
providas an output signal which may be directed into a wide range of recording
or digplay devices. The frequency range of the aremomater system igs zero to

50 KHz, the upper limit being dependent on the probe and conditions of measure~
ment, Evaluation tests made with digital elaments and simple circuitry, as
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described in parts 5. and 6. of this section, indicate that the frequency response
of the anemometer system/probe comnbination is adequate to define the functional
performance of digi-=! circuitry.

Both of the probe types may be readily incorporated into modularized circuitry.
For stacked circuitry, the hot wire probe is more suitable, because of its
smaller size,

Environmental conditions which lead to variations in the temperature, pressure,
or humidity of the sensed operating fluid, may in some cases cause sufficient
calibration changes to require the use of calibration curves or multiple
anemomater installations (and appropriate electronic circuitry) to null out
these & fects,

C. Piezoelectric Crystals

PZT Bimorph ceramic crystals, manufactured by the Piezoelectric Division of
Clevite Corporation have been demonstratad by laboratory tests to exhibit
good potential as sensors of digital element functional performance. These
crystals, when suitably flush-mounted to a channal wall, generate a
differential charge potential when deformed by a pressure signal. The crystals
are not as well suited to analog c¢ircuitry since the output signal (the charge
generated by deformation) is not necessarily a linear or easily predictable
function of signal pressure, Teasts indicate, howeaver, that the linearity is
adequate and the response ia sufficiently fast to dutect the functional perfor-
.1ance of digital circuits. The prime advantage of the crystals in comparison
to the pressure transducer or hot wire anemometer is a lower cost. Whera a
checkout procedura for spacific digital circuitry requires a relatively large
number of functional performance chack points, the cost advantage of the
crystal sensor may be significant, and may lead to selection of this sensor
os the niost suitable.

The output of the crystals may be coupled directly to a variety of common
display and recording devices when used as a transient sensor, as is the
case with digital performance monitoring. A high impedance load is desired
to minimize the rate of discharge.

The piezoalactric crystals are highly compatible with both the modular circuit
and the siackad circuit packaging concept.

The pressure calibration of the crystals is effected to some degree by

temperature varciations. [t is expected that in most cases, the calibration
changes would not graatly effect usefulness as a sensor for digital circuits.
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d. Infrared Senging

A Barnes Engineering Company Model PRT-4 radiation thermomater was tested
as a means of evaluating the potential of I.R. sensing techniques. It was
initially considerad that a thermal map of a Fluidic circuit plate, generated
by an I.R. sensor, would show variations due to changes of the internal flow
field causad by anomalous conditions.

During laboratory tests, changes in the thermal map were induced by a number
of anomalous conditions of relatively large magnitude. The sensitivity was

not, however, considered sufficient to detect the less gross anomalous
conditions that normally cause a malfunction. The poasibility of obtaining
useful information from thermal maps is further diminished by the effects of
variations in operating fluid temperature and external environmental temperature,

It was concluded that [, R, sansing techniques are not well suited to the chack-
out of Fluidic circuitry.

a. Thermistorsg

Thermiegtors are considered to nave a limited usefulness in the checkout of Fluidic
circuitry. The thermistors investigated during the program were Fenwal Electronics,
Inc., Model GB32]2 units. These are small beads of 0.043 inch diameter which
may be mounted within a circuit plate adiacent to a circuit channel wall. The
tharmistors so located can de.ect, to some degree, changes in temparature of the
operating fluid within the channel, which may indicate a change in operating
conditions of a Fluidic circuit.

The response of a mounted thermistor is too slow to be well suited to the sensing
of functional performancoe. It was initially consideraed, however, that the thermistor
might be ugeful in detacting, through chuagaes in straam temperature, changes in
pressure that should remain constant, such as supply and bias pressures. A
thermistor located adjacent to a channel wall senses approximately adiabatic wall
temperature. This temperature deviates from the stagnation temperature most
where the velocity is greateat and the staiic tonperature lowest, which occurs at
a restriction such as a power nozzle, and in this location should axhibit the
greatest sensitivity to undesired changes in supply pressure. Analytical and

test results indicate that while s1pply pressure chanjes can be datactod by a
thermistor, the sensitivity i{s low hen considering typically ¢ncounterod limits
of supply pressure cor bias pressure variations. The capability of obtaining
meaningful informeticn from themmistors is hindered by the deteclion of changos
in stream stagnation temperature and ambient temperature, both of which may
have no effect on supply or bias pressures. Only in cases where large pressuio
variations are of interast and where stream stagnation temperaturo and oxtornal
tamperature are nearly constant (or compensation for changes providod) doos thu
thermistor appear to have useful applications, Typically, the external oquipmont
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used with a thermistor is a d.c. power supply and bridge circuit, with the
thermistor being one leg of the bridge.

The thermistor, because of its small size, may be easily incorporated into
modularized or stacked circuitry.

The environmental condition of greatest concern is temperature. It is probable
that much can be done to minimize the effects of changes in stream stagnation
temperature and external temperature through the use of multiple thermistors
and external compensation ciicuitry.

f. Accelerometer

Laboratory evaluation tests of a B&K, Inc., Model 4333 accelerometer have
shown the accelerometer to be highly effective in the isolation of faults.
The accelerometer does not directiy detect functional performance, Its value
lies in detecting and defining the causes of malfunction of a Fluidic circuit.

It has been demonstrated by laboratory tests that the presence of anomalley,
such as supply pressure changes, contamination, and element deformation,
may be detected by analysis of the frequency content of the acoustic energy
generut~d by functioning analog and digital circultry, as senced by an
accelerometer mounted to a clhrcuit plate, Anomalies of the relatively smali
magnitudes causing performance deviation limits to be reached, have been
detected and defined by the changes produced in the amplitude vs. frequency
acoustic signature of elements and simple circuits. Each introduced anomaly
caused a distinguishingly different change in the acoustic signature. It is
highly significant that anomalies occurring in one element of a group of
functioning elements have been isolated. This Indicates the potential of
defining the cause of malfunction of an integrated circuit, such as an analog
integrator, through the use of a single sensing element permanently attached
to the circuit plate,

The accelerometer tested was of reasonably small size, 1.4 cm. hex., x 1.6 cm.,
and mountable to circuit plates by means of an adheslive or threaded mounting
stud. Smaller accelerometers are available for cases where space limlitations

do not permit use of an accelerometer of this size. The frequency range of the
B&K accelerometer was 2 to 14,000 Hz which appeared to be sufficient.

The accelerometer may be coupled into a Panoramic LP-1a sonic analyzer, or a
Pancramic 3B~-15a ultrasonic analyzer, both of which provide a means of
determining the am, litude vs. frequency slgnature of the sensed acoustic
energy. Arecorder such as the Moseley 7035a X-Y recarder may be used to
record the acoustic signature, Figure 22 shows an instrumentation arrangement
used during tests with a three stage amplifier,
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The accelerometer is compatible with both the modularized and stacked circuit
i package concepts, In the stacked circuit arrangement, it is necessary to
[ . design space into circuit plates for the inwegral location of an accelerometer,

L el
P U S

and it may be desirable to use an accelerometer of smaller size .

f There is a slight change in the accelerometer sensitivity with temperature

E changes. Data supplied by the manufacturer allows for sensitivity change

E compensation if required. Since changes in shape of the ascoustic signature are
i more critical to the isolation of faults than are precise signature amplitudes, it
is probable that under most conditions, temperature induced sensitivity
changes will not present a problem, Externally introduced vibrations within
the signature bandwidrh may be elther damped out by appropriate package and
mounting means or may be factored into the interpretation of the signature.

; 1 g. Microphone

The Masga M-213 miniature microphone has been shown Lo be capable of
sensing the secondary acoustic energy generated by Fluidic circultry and
thus may be used for fault isolation in a manner similar to that with an
accelerometer.

The primary differences between the microphone and acceleromter sensors

: is the medium through which acoustic energy, much of which Is generated

} in the element interaction region, is transmitted to the sensor. A microphone
| located in a fixed position close to the vented side of Fluidic elements senses
! the acoustic energy transmitted by air from the interaction reglon through the
vents to the gsensor. In the case of an accelerometer mounied to a circuit,

the transmission medium is the structural material from which the circuit is
formed,

Tests made with the microphone, though not as extensive as for the
accelerometer, indicate that the microphone should be nominally as effective
in sensing secondary acoustic energy as the accelerometer. The microphone,
{‘ in conjunction with @ Massa M~-114B preamplitier and M-185 amplifi=r and

power supply, when coupled to a spectrum analyzer and recorder shculd have
| basically the same capabilities In fault isolation as the accelerometer.

Where the microphone ig te be used to isolate faults within an integrated
circuit, it is desirable that all of the amplifiers vent into & common space
within which the microphone may be located. To achieve repeatability of
acoustic signatures, it is necessary that the relative positicns of everything
within the space be held constant. It was found difficult to sufficiently
satisfy this requirement during laboratory tests because of versatilities
built into the laboratory set~ups, which would not occur in an operational
checkout arrangement.
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The microphone may be easily incorporated into a modularized circuit,
within the space between a circuit plate and the protective cover placed
over the circuit plate. location within a stacked circuit is more difficult,
requiring that the circuitry structure be designed to provide a chambe into
which to mount the miciophone and into which some number of elements
may be vented.

Temperature variations may effect he wensitivity of the microphone. As
in the case of the accelerometer, since changes in shape of the signature
are of greatest importance in defining the anomaly causing a malfunction,
small sensitivity changes should not present a problem in many cases.
Calibration data as a function of temperature allows for sensitivity
compensation {f needed, Externally generated noise and vibration within
the selected signature bandwidth may be either damged by appropriate
p&ckaging and mounting, or may be factored into the interpretation of the
signature,
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SECTION VI

EVALUATION OF INTEGRATED CIRCUITRY INSTRUMENTATION
AND HEALING TECHNIQUES

1. EVALUATTON OF INSTRUMENTATION FOR AN
' AN IO CIRCUIT MODULE

The investigations described in Section V of this report have shown that for
analog elements and a simple analog circuit, the secondary acoustic
signature, i.e., the sound and/or vibration emitted by a Fluidic element,
provides a means of detecting and defining an anomaly, once its existence
has been established by the degradation of primary performance. It has
been concluded that primary performance sensors are required to determine
overall performance. This section discusses the extension of that technique
to a circuit module from the Feedwater Controller, which was chosen as

representative of analog controls.

The primary performance of the chosen module was established, with all
parameters within specified values, as a base line. Three (3) anomalies
‘were introduced and the primary and secondary characteristics determined.
The anomalies were; first, changes in supply pressure (P*); second,
changes in circuit load; and third, introduction of contamination into the

circuit.

a. Description of Circuit to be Tested

The-analog circuit chosen for test is part of one module of a Feedwater
Controller for a Naval boiler. The module consists of an integrated circuit
plate attached to a manifold which supplies pressure to each of the circuit
elements. The particular module circuit is shown in Figure 78. A functional
block diagram of the complete Feedwater Controller is shown as Figure 79,
with the circuit of interest enclosed by dashed lines. The other circuit on
the module is substantially identical.

This circuit operates to produce an output signal pressure ‘vhich is proportional
to the difference of the two input signals. In other words, it operates as a
typical summing amplifier, so that Wg = Wy, - W5, Wg is output pressure,
W, and Wy are the input pressure signals. Typical performance is shown in
Figure 80, which presents W vs., Wg for Wy a constant, and W vs. Wy,

for Wg a constant,

b.  Test Setup

Pressure transducers were connected through signal conditioners to an X-Y
recorder for primary performance, A B&K Model 4333 accelerometer was used

Preceding Page Blank 155
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to detect changes in the secondary acoustic signature for various anomalies,
Preliminary experiments were performed to determine the optimum position for
the accelerometer. The signal from the accelerometer was analyzed by a
Panoramic ultrasonic analyzer using a band from 15 KHz to 65 KHz, This
signature was then recorded as amplitude vs. frequency on an X-Y recorder,

c. Results Varying Supply Pressure

The supply pressure to the circuit is specified to be 35 psig. A typical
system malfunction is a decrease in supply pressure, Therefore, perfor-
mance with degraded supply pressure is of inteiest, The primary performance
for supply pressures of 35, 30, 25, and 20 psic is shown in Figure 81. The
nominal null output pressure is shown, about 4.1 psig, and the change in
input required to produce that null can be readily seen. For this circuit, the
allowable null shift is on the orcer of +.2 psi.

The secondary acoustic signature for changes in supply pressure is shown
in Figure 82, for the condition where the input pres.ures are equal, This
acoustic signature is distinctive from that produced by other anomalies
because it changes proportionally along most of the curve, Sensitivity is
sufficient to detect the magnitude of supply pressure variation effecting the
allowable nall shift,

d, Results Varying Load

The normal load for this circuit is a 0,020" » 0.040" control port in the next
section of the control. The circuit testing was done with an equivalent load
orifice {0. 0008 in?). Typical malfunctions in service could be a complete
blockage (deadended), a small leak, and a complete disconnection {short
circuit), Tests were performed to simulate these conditions, i.e,, blocked
or deadended, increased load to 0.0014 in? orifice, and complete dis-
connection,

The primary characteristics are shown on Figure 83 for these lvads, The change
from null is readily apparent. The secondary acoucstic signatures are shown in
Figure 84. The change In signature occurred primarily in the vicinity of 40 KHz.
An expanded scale display of this region is shown in Figure 85. From this it
can be seen that changes in load produce a change in secondary acoustic
signature quite different from that caused by supply pressure variation, and that
sufficient sensitivity in detecting this anomaly exists,

e. Results From Varving Levels of Contamination

Contamination is a rather subjective paramster, and no exacting method o!
measuring, or for that matter, producting contamination exists, Frevious
experience has shown that a typical contaminating situation exists when
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Figure 83. Analog Attenuator and Logic Module Test
Primary Detecuoni(_-zx,oad Anomalics
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traces of oil are present in the supply air, together vith fineiy divided
particulate matter. For this series of experiments, therefore, a drop of
oil was intruduced in the air supply, and dust was added to the supply
air. The dust particles are of 3 size that will pass through a 0.004 in.

x 0.004 in, screen mesh. Three levels of contamination were introduced,
but since no measurement has been devised these are referred to as level
Cl, C2, and C3. level C2 results from running longer with dusty air than
level C1l, and level C3 from even longer times,

The primary performance is shown ir Figure 86. The change in null is readily
apparent, and an increase in cutput noise may be seen. The data shown is
ar X-Y r=cording, so the freauency response of the recorder must be con-
sidered in viewing the resulls, Also, since it was not significant to the
test, the input ramp rate used to produce the recording was not noted. It

is apparent, however, that the performance was greatly degraded.

The secondary acoustic signature for these levels of contamination are shown
in Figure 87. The frequency band between 53 KHz and 64 X.Hz exhibits some-
what random changes with contamination which are attributed to varying
build-up of contamination in the nozzles and channels. The changes in the
signature in the region from 38 KHz to 53 KHz are somewhat proportional to
contamination, This is similar to the results from varying load, and while
not due to load restrictions, indicates that changes which degrade output
capability will also show a decreasing amplitude in the secondary acoustic
signature in the frequency range around 40 KHz,

Figure 88 shows a detectable change in the secondary acoustic signature
when the oil was introduced, but prior to the introduction of dust. This is
ex.remely significant because it provides a potential for detecting inpending
malfunction, before the contamination has built up to the point cof primary
performance degradation.

2. EVALUATION OF INSTRUMENTATION FOR A STACKED PAIR OF
DIGITAI CIRCUIT PLATES

The previous sections of this report have shown that both pressure transducers
and bimorph crystals will monitor primary perfarmance of digital elements,

and that accelerometers will detect the secondary acoustic signature, The
secondary acoustic signature can determine the type of an anomaly, with the
primasy sensors detecting performance malfunction. This section discusses
the application of that work to a palr of digital circuit plates from the BEC
*Missile Control, These circuit plates contain two parallel, independent
amplifying and pulse-shaping networks.

The primary performance of thest: networks was es-ablished, with all parematers
within prescribed vperating condltions, us a base Une. Thiee (3) anomalics
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Figure 89. B,E.C. Missile Countrol Fluidic Logic Package
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were introduced; one, changes in supply pressure; two, inserting a small wire
tc simulate channel contamination; and three, blocking an unused output leg
of a selected element.

a. Description of Circuit to be Tested

The B,E,C. Missile Control from which the selected circuit plates were chosen
is shown in Figure 89. Both stacked and exploded views are shown, and the
chosen circuit plates are marked as Plate #2 and Plate #3., The circuits built
into these plates are shown in Figure 90. There are two identical, parallel
circuits each of which accepts a more-or-less sinusoidal input signal, These
inputs are amplified and shaped into pulses for use in other circuits in the
control. Amplifying and pulse shaping is a common function in many digital
systems, and was chosen as typical of digital circuitry because the charac-
teristics required of it, such as high frequency response, positive switching,
and acceptance of poor quality signals, are required throughout digital circuitry.

The circuit piates are round as befits a circuit for a round missile, and are
mcounted back-to-back, Transfer tubes provide interconnection between
plates., Typical primary characteristics, shown as input and output wave-
forms, are shown in Figure 91. The input operates at a nominal frequency of
100 He=z,

b. Test Setup

The compactness of the missile control dictates the use of small detectors.,
Accordingly, plezoelectriz bimorph crystals were chosen to detect the primary
performance characteristics. They are small encugh so that they were mounted
without disturbing either the control stacking concept or the space require-
ments, Crystals were located as shown in Figure 90 to monitor both inputs
and both outputs. A miniature pressure transducer was mounted near one of
the crystals, monitoring one of the outputs, to serve as a check on the crystal
performance., A B&K Model 4333 accelerometer was used to determine the
secondary acoustic signature, As was done for the analog circuit module,
preliminary testing was performed to determine the optimum location for the
accelerometer. The accelerometer was mounted on Plate #3, as shown in
Figure 90.

The outpus from the crystals and the pressure transducer were recorded using
a light beam galvanometer type recorder. The acoustic signature was analyzed

using a Panoramic recorder, and amplitude vs, frequency results recorded using
an X-Y recorder,

c. Results of Varying Supply Pressure

The specified supply pressure to both circuit plates is 1.5 psig., Typical
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primary performance is shown in Figure 91. Degraded supply pressure is a
typical system malfunction, so circuit performance at reduced pressure is of
interest. The primary characteristics for three supply abnormalities are
shown. The thrce abnormalities are supply for Plate #2 reduced to 1.0 and
0.5 psig, and supply for Plate #3 reduced to 1.0 psig. The operation is
shown in Figures 92, 93, and 94, respectively.

The secondary acoustic signature as monitored by the accelerometer is shown
in Figure 95, for various values of supply pressure to Plate #3. These curves
are for normal supply to Plate #2, and for a steady-state (not sinusoidal) '
signal at the inputs. The changes in signature with supply pressure are
clearly evident.

It was hoped that the accelerometer mounted on either plate could detect
anomalies in either plate. However, the investigation to determine the
optimum location for the accelerometer showed that the secondary acoustic
signature from Plate #3 was strong enough to mask the signature from Plate
#2, independent of location of the accelerometer. Thus, supply pressure
causing ancmalies in Plate #2 cannot be detected when Plate #3 is supplied

with air.

Figure 96 shows the secondary acoustic signature for Plate #2 when Plate #3
is not supplied with air, and the input is steady-state, not sinusoidal. The
change in signature with supply pressure (to Plate #2) is clearly evident.

Referring again to Figure 95, the (approximately) 8 KHz peak is seen to
decline more rapidly than the (approximately) 12 KHz peak as the Plate #3
supply is decreased. Figure 96 shows the condition when the Plate #3 supply
is reduced to zero. (The calibration of relative amplitude between Figure

95 and Figure 96 is different . )

The use of the secondary acoustic signature for circuit plates which are
mechanically attached, as are these, is therefore somewhat limited. There

are three routes the designer may choose.

1. Mechanically isolate the plates so that acoustic signals
are not transmitted between plates, and use an accele~

rometer on each.
2. Provide a means for deactivating Plate #3 (shut off the supply).
3. Treat the pair of plates as the minimum replaceable sub~-group;

i.e., an entity, and determire the overall secondary acoustic
signature degradation.
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Relative Amplitude

1

Circuit: #5275 and #5275
Sensor: Accelerometer

Monitor: Ultrasonic Analyzer e

Pip =P'in= 0.25 psig

Ps3 as shown
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Secondary Detection--Pg3 Pressure Anomalies
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d; Results from Simulated Contamination

Contamination, due tc foreign particles, is a likely form of malfunction.
However, the inability to reproduce and quantify real contamination in

the circuit was discovered during the analog circuit investigations. Because
of those difficulties, it was decided to simulate the contamination by the -
introduction of some physically real object. . It was found that a small wire
introduced into @n element vent produced a change in the secondary acoustic
signature without a concomitant change in the primary performance. The
location of the vent is shown as Vent X on Figure 90. The acoustic signatures
are shown on Figure 97. Again, this signature is obtalned with a steady-state

input.

The change is appreciable, and indicates the possibility of detecting impending
failure since no change in functional performance with this level of anomaly

was observed.
e. Results from Blocked Vent

One of the anomazlies which may occur in a Fluidic system is blockage of a
vent hole. Typical vents are shown in Figure 90 as D and D'. Blocking
these vents results in unsatisfactory primary performance, as shown in

Figure 98.

The secondary acoustic signature is markedly changed, as shown in Figure
99, The difference between D and D' is probably because the accelerometer
is not equidistant from the vents. This signature is obtained with a steady-

state signal.
3. HEALING OF MALFUNC'I'IONING CIRCU"ITRY

The primary investigations of this program have been directed toward detection
and location of Fluidic system malfunctions. Some of the malfunctions which
may occur are caused by an accumulation of contaminants within the channels
and passages. The combination of oil and carbon particles is known to degrade
performance if a sufficient quantity accumulates. It is thought that the oil
provides a wet surface on which the carbon particles accumulate, since neither

oil nor particles alone will accumulate.

It would be very desirable to have a technique for healing circuits in-place,
without having to remove or disturb the system, Since contamination due to
oil and particulatc matter is a potential problem, some effort was directed

toward a healing technique.
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a. Introduction of Contamination

The introduction c¢f contamination in meaningful, repeatable, quantitative
amounts proved extremely difficult, This has been discussed in part 1, of -
Section VI. It was found that a drop of oil introduced into the supply port

of an element or ~ircuit, followed by dust particles added to the air stream,
would produce degradation of primary performance. The oll used for this

was commercially available ESSO Lube 20-20W motor oil. The dust con-
sisted of particles that would pass through a 0.004" x 0.004" mesh. The

' change in primary characteristics ot an analog circuit with three levels of
' contamination is shown in Figure 86 of part 2. of this section, and the change
in the secondary acoustic signature is shown in Figure 87. Also, the change
due to oil alone is shown in Figure 88,

b. 4 Healing Procedure and Results

Freon TF DRL 714 :s used as a degreasing agent in many industrial process.
It is a-Hquid of ordinary temperature, is non-toxic, and nonflammable, and
is known to not attack the materials used in both the Boiler control and the

Missile control. Freon TF DRL 713, therefore, seemed a logical sclvent to
use. to remove the contamination of oil and dirt. .

Fraon was flushed through the circuit, and the circuit allowed to “soak" for
varying periods. It was found that after one hour, primary performance was
returned to acceptable limits., Figure 100 shows the before and after primary
performance for a single analog element. However, the secondary acoustic
signature did not racover to its original character. A large amount of the
contaminate was found to have built up in the porous plugs used in the vents
of the amplifiers. These plugs have large open-area, and very low velocity
so no significant degradation of primary characteristics results from con~
tamination at these plugs. However, the particles did produce some change
in acoustic properties, resulting in an inability to return the acoustic
signature to its base line. In order to achieve the desired build up of
contaminant in the receivers, an excessive and unrealistic amount of
contaminant material was directed into the element, a large part of which
deposited in the amplifier vent plugs. It is not highly probable that this
level of vent contzmination would occur under realistic conditions, It is
expected that under realistic conditions, the signature should return to
essentially the baze line following solvent flushing.

c. Conclusions of Healing Study

The use of a solvent such as Freon TF DRL 714 has potential for removing
- certain kinds of contamination without disturbing or removing the system.
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SECTION VII

DEMONSTRATION OF FEASIBILITY OF A CHECKOUT PROCEDURE
rOR AN ANALOG CONTROL SYSTEM

This section describes tie demonstration of a checkout procedure for an analog
control system, The primary performance characteristics are used to determine
whether the system is operating satisfactorily. Secondary acoustic signals are
used to establish the anomaly causing primary performance malfunction. A
description of the Fluidic circuitry and the instrumentation arrangement are
included. The test procedure is enumerated, anrd the results from introducing
various anomalies are shown in tabular form.

1. TEST CIRCUIT

The test circuit consists of the Fluidic Feedwater Controller which was developed
by Bowles Engineering Corporation and successfully tested on @ DLG-9 Boller,
This is the complete control system from which a portion was taken for the
integrated circuit studies described in Section 1V, The feedwater controller,
shown diagrammatically in Figure 101 functions to automatically regulate the
flow of feedwater into the boiler, acting to cause the water flow signal (Ww)

to follow the steam flow signal (Wg), and to maintain boiler drum level (L)

at, the desired set point value (Lg). The output signal is water flow command
(Wwc) which operates a fesdwater valve,

The Feedwater Controller is packaged in two modules, each of which contains
one Fluidic c¢ircuit plate mounted on a manifold. These two modules, as they
were set up for test, are shown in Figure 102, with the attenuator und logic
module on the right and the reset module on the left., The Instrumentation
Control Panel, monitoring their performance, is shown in Figure 103. The Fluidic
circuits are shown in Flgures 104 and 105.

2, INSTRUMENTATION ARRANGEMENT

The Feedwater Controller is basically a reset function, acting to control water
flow as the time integral of the summation of the various signals. The most
valid check of performance is to "close the loop" around the controller,

apply known Input signals, and examine the output response for operation
within establishec limits, Two signals to close the loop must be generated,
and two tnputs must be set, The feedback signals required are WW and L,

Ww may be fed back directly from ch since these signals are of the same
pressure range. [n the boller, L is related to water and steam flow approxi-
mately by the transfer function [, = %(v‘vw - WS). This requires a time integral
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Figure 102,

Feasibility Demonstration
Circult Modules
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Figure 103.

Feasibility Demonstrotion
Test Setup
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function which is achieved by converting Wy, and Wg to electrical signals,
electronically integrating, and converting back to pneumatics to generate L,

o\ e ‘ﬂ"'r‘w""".’_‘g' FMGW

Flush mecunte. miniature pressure transducers of the type fournd -uitable

in Section V were used to convert Wy, Ws, and L to electrical signals.

The signal V\.w - Ws was integrated using @ Burr-Brown model 1507

! operational amplifier, driving @ model 1519 power booster. The power booster
noe provided the electric signal to a Taylor, model 701T, electro-pneumatic

i converter., §

i |
:
a
!
3
!

-y

: Acceleromete.s of the type found suitable in Section V were mounted on the
i circuit plates, A separate accelerometer was mounted on each plate to

g ' detect the secondary acoustic signature of that circuit. Very little acoustic
4 coupling exists between the circuits since they were interconnected with

f piastic tubing for these tests, The output of the accelerometers was analyzed
f by the Panoramic analyzer, and the output recorded on an X-Y recorder in the
. same manner as during previous tests,

4 bleck diagram of the checkout setup is snown by Figure 106. The water flow
control loop is shown closed by coupling the output of the reset module, Wy ,
to the water flow signal input, W,. Pressure transducers used to mcnitor the
three active controller input signals are indicated, The means 9f generating

the water level signal is shown, subtracting the output of the Wg transducer
from the Wy, transducer, integrating, and converting to a pneumatic water level
signal, L, by use of an E/P converter. The Lg signal is a fixed set polnt value
of 9 psig, hence need not be meonitored by a pressure transducer during checkout,

The independent variable during checkout is the stream flow signal, Wy ..

. With the arrangement shown, the water flow and water level signals respond
to changes in the steam flow signals in 2@ manner similar to that occurring
with the controller coupled to a boiler,

Figure 107 shows a schematic diagram of the electrical checkout circuitry used
during the checkcut demonstration. The pressure transducers monitoring Ww,
Wy, and L, are each coupled through a bridge circuit to a Simpson Model 1327
wide view 3-1/2" 0-15 microammeter . Through the bias and galn adjustments
provided, the ammeters are callbrated to read 4 to 14 microamps for a 4 to 14 psi
pressure range applied to the pressure fransducers. Power was supplied for

the transducer circultry by 4.5 volt batteries as shown, with switch 81

provided to swit :h on the power supplies during checkout.

_ The flqure sh>ws ‘he electronic circuitry used to generate the water level

! signal. The water flow - steam flow differencing circuit includes a 25K and
. a 1K trimming potentiometer to equalize the gain of the two input signals,

l so that for Wy and Wy equal throughout the range, the differential signal
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remains a constant, This consiant is set to @ value oi zero volts by the
shown biasing arrangement. The integration gain for he demonstratioun
tests was setup for 50 sec™!, Tho integrater cutput couples to the 2/P
convorter, Switch S2 nulls the intagrator when closed; it must be opened
during ckeckout testing.

The two accelerometers, one for each of the circuit modules, are coupled

to an ultrasonic analyzer through a selector switch, 84, as indicated,
allowing for inputting from either one of the two accelerometers. The X

axis of the Moseley X-Y recorder is coupled to the ultrasonic analyzer

as shown, with the sweep generator of the recorder driving the frequency
sweep of the analyzer. [he recorder sweep generator was set for 0.5 in/sec,
during the demonstration tests, driving the analyzer through a range of 10 KHz
to 60 KHz, Switch S5b must be closed during checxout. The circuitry used to
filter the analyzer output, and which coupled the analyzer output to the
recorder Y axis, 1s defined by the figure. Switch 85 must be closed during
checkout.

Switch 83 must be closed during checkout to couple the 15 Volt power supply
to the water level integrator circuit and to the op-amp of the ultrasonic
analyzer driving circuit,

Figure 108 shows the arrangement s:lected for the demonstration to provide
the required steady-state and dynamic steam flow input signals. Arange of
steady-state inputs are necessary for steady-state contr~i accuracy testing,
Checkout of dynamic response requires the inputting of a transient signal,
The specification for the Fczdwater Controller operating a boiler requires
that the water level signal, L, may not vary from iis set point by more than
+1.66 psi as the steam flow signal changes over 70% of full range in 45
seconds. The desired dynamic characteristics of the water flow controller
which vield the above response when coupled to the boiler, nay be trans-
formed into an ailowable closed loop response for the controller as coupled
into the checkout arrangement. For a selerted input ramp, an upper and
lower limit to the change in L may be established.

The system of Figure 108 permits either manual setting of Wg at any value
within the operating range, for steady-state tests, or provides a pre-set
initial value of 5 psig for the ramp function, and the automatic generation

of the ramp on command, Solenoid valves are used to implement the switching
for convenience.

The pressure regulator is set for 35 psig during operation. The steam flow
signal simulator is shown by the figure in the manual state. The manual/
automatic solenold is in the manual position, coupling the regulator to a
valve which is used to manually regulate the pneumatic Wy signal inputted
to the controller. The blocking solenoid valve is closed to prevent backflow
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through the analog amplifier of the automatic ramp system.

The automatic generation of a ramp signal for dynamic testung is a two-step
procedur>. First, the selector solenoid valve and the blocking solenoid
are actuated simu.taneously, being coupled electrically. The "start

ramp" solenoid remaining closed as shown. This provides a supply
pressure and an input to the analog amplifier, with the orifice in the

input line sized t{o cause 2 5 psig outout from the amplifier. This pre-

set 5 psig signal provides @ known stecdy-state input to the controller
prior to the introduction of A transienit. &

|
|
!

LR Y

P

The second step, following stabilizing of the system for the 5 psig input,
is the opening of the "start ramp" solenoid valve, which automatically
initiates a pre-established Ws ramp signal, This is accomplished by
opening a second controul input path to the amplifier which incorporates
an RC lag. The orifices and capacitance tank were sized for the
demonstration to generate a 7 psi ramp {5 to 12 psig) in 45 secnnds.

Jpon completion of dynamic testin;, the steam flow simulator is reset
20 the marwal mode by deenergizing all of the solenoid valves.

3. DEFINITION OF A FEEDWATER CONTROLLER CHECKOUT PROCEDURE

The individual element and integrated circuit studies described in

Sections V and VI have shown that satisfactory performance of an analog

circuit must be 2stablished by use of primary performance characte:ristics,

A method of determining these characteristics was determined, using .
flush-mounted miniature pressure trans ducers to measure pressures,

Secondary acoustic signatures were shown to be valid for localizing the

malfunction,

In order to implement these techniques in a useful manner, a step-by-step
procedure must be established so that a minimum of system knowledge
will be required of the using personnel. The test set-up for the Feedwater
Controiler has been described in the previous sub-section, The procedure
has very few steps. A 35 psig supply is applied to the controller. First,
steady-state performance is checked at three points. Second, the test
ramp ;s introduced to determine dynamic performance. If these are all
within limits, the system is serviceable, Should any step be outside
limits, the secondary acoustic test is run to establish the cause of
malfunction, A typical step-by-step chart is shown in Figure 109.
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1. Steady-State Performance

A.

C.

Set V.Vg,a.t.x - -Measure Lg - L .
4 psig psig
9 psig psig
14 psig psig

Compare three values of Lg - L from above., Maximum
difference shall not exceed 0.42 psi between any two
values. If maximum difference is within allowable limit,
proceed to dynamic test.

If maximum difference exceeds allowable limit, perform
acoustic signature test to isolate malfunction.

2.  Dynamic Performance

A,

Cc

Using dynamic test input, increase 'Ws 70% of vange in 45 sec.
Monitor Lg - L. Lg ~ L shall fall within Ls - 0.5

psi as the upper limit and Lg; - 3 psi as the lower

limit,

If variation of Lg - L 1s within allowable limits, system
is operating as specified and is ready for service.

If variation is more than allowable limits, perform
acoustic signature test to isolate malfunction.

3. Acoustic

A.
B.

Signature Test

Set Wg at 9 psig.

Obtain acoustic signature using test set-up of
Figure 107.

Compare acoustic signature with base line signature,
and with reference signatures from known anomalies,

- Determine most likely cause of malfunction.

Perform adjustment, healing or removal procedure based
on type of malfunction.

When malfunction corrected, repeat steady-state and
dynamic tests to establish healing accomplished.

Figure 109. Checkout Procedure for Feedwater Controller
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4, LABORATORY DEMONSTRATION OF CHECKOUT PROCEDURE FEASIBILITY

In order to verify that the primary performance characteristic testing and
acoustic signature testing could provide a useful method of rapidly
and accurately checking the operation of the Feedwater Controller, a

- laboratory démonstration was performed. ~Various anomalies were

introduced, aand both primary and secondary characteristics determined.
Then, the ancmalies were "healed" and return to base line conditions

' established.

As has been noted before in this report, introducing quantitative contamination

- proved impossible within the scope of this program. Also, removal of con-

tamination proved difficult because large quantities were introduced rapidly,
rather than wait for the slow build-up likely to occur in actual service.

- Por this demonstration, then, contamination was simulated by the use of
a small physical restriction in the receiver of one of the elements. This
proved to be & reliable and repeatable means for inserting and removing
contamination.

The anomalies introduced were as described below. The physical locations
. of these anomalies may be seen in Figures 104 and 105.

Pg1 = 30 The supply pressure to logic module
was set at 30 psig instead of the

specified 35 psig.

Pgr = 30 The supply pressure to the reset
(integrating ) module was set at
30 psig instead of the specified
-35 psig. Similarly, 33 and 25
psig were set.

G2r = 1/2 turn The second stage gain adjust valve
in the reset module was advanced
1/2 turn.

.- Cap. Leak = 0,017 . .- A leak equivalent to a 0.017"
diameter hole was inserted in
the line to the capacitor tank
for the reset module,
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Ws Leak = 0.017 A leak equivalent to a 0.017" diameter hole
was inserted at the Wg output monitor location
of Figure 104.

Le Leak = 0.01 A leak equivalent to a2 0.01" diameter hole was
inserted in the Le signal line which interconnects
the logic and reset modules.

Ls = 8.0 The level set signal was set at a value of 8.0
psi instead of the nominal 9.0 pst.

Contamination In The simulated contamination was inserted into
the output signal receiver of the (Ww - Ws)
relay amplifier.

The results of the introduction of these anom@lies, one at a time, are shown
in Figure 110 {Chart). The magnitude of the anomaly was set in each case
to a value which caused primary performance to be at or near the limit of the
specification. Gross anomalies were not included, as their presence, and
location, is felt to be obvious. In each case, the secondary acoustic
signature exhibited readily observable changes, with the changes for each
different type of anomaly being distinguishingly different, thus defining the

anomaly.
5. ‘ CONCLUSIONS

The testing of the Feedwater Controller has shown that a simple closed loop
test procedure <can be used to determine whether primary performance
characteristics are within limits, and that such testing can be accurate

and quick. Also, it has been shown that the use of secondary acoustic
signatures can be used to determine type and location of malfunction,
provided base-iine data have been established. Experience with systems
using this technique should quickly-build up a store of signatures, making
its use evermorz valuable. ’ ' ,

Both techniques, primary characteristics and acoustic signature, require

the use of transducers mounted in the circuit at time of manufacture. Further
work must be cdone to reduce the space, weight, and economic penalty resulting
from the transducers, in view of the continuing effort to reduce the size and
cost of Fluidic control systems.
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SECTION VIII
CONCLUSIONS AND RECOMMENDATIONS

The overall objectives of this circuit checkout have been met, and the
feasibility of in~place checkout of Fluidic circuits and systems has been
‘established. Some of the results were not foreseen at the outset, but no
major obstacles were ¢ncountered. Much was learned, and much remains
for further investigation before the techniques shown feasible during this
study can become cperational.

Because the work was divided into analog and digital circuits, and because
the conclusions are somewhat different, analog and digital circuits are
.treated separately below. In real life, it is likely that Fluidic systems
‘will consist of both analog and digital circuits.

It is necessary to point out that the conclusions drawn are based on.the.

. ‘specific Fluidic elements, circuits, and systems examined during this
program. The elements and circuits examined are thought to be typical of
those which may be used in flight systems, so that generalization of the
results Is believed to be warranted. The detailed results will, of course,
vary from element (type) to element, and from specific circuit to circuit.

1. ANALOG cmcm'r CONGLUSIONS

The work of this program has shown that the secondary acoustic signature

is a powerful tool for locating and characterizing analog system malfunctions,
‘'once the primary characteristics have shown the system to be malfunctioning.
Primary performance characteristics are believed to be the only practical
means of establishing that an analog circuit is operating within specified
limits.,

It was shown that the primary performance characteristics, i.e., output/input
functions, may be easily determined, provided that this has been planned for
from the beginning and proper sensors have been built into the circuit. It is
expected that clever designs can minimize the number of primary variable
sensors which must be built into the circuit or system. It is believed, also,
‘that such sensors can be pbuilt into the circuits and systems without degrading
reliability or performance. permitting checkout without disturbing the system
in any way. This eliminates the problems of reconnection that sometimes
occur when system elements are disconnected for checkout. Proper design of
the primary sensor and its mounting can preclude system malfunction as a
result of sensor failure.

201



The primary output/input characteristic can determine that the overall system
is not operating comrectly, and in some cases, can pin-point the cause. How-
ever, specific information as to the detailed location and type of malfunction
can greatly reduce the time required for repair. For instance, knowledge that
a low pressure is causing a malfunction suggested readjustment of the supply
while knowledge that a channel has clogged suggests in-place cleaning with

a solvent. Other indications can disclose which of several modules to replace.
This type of information has been shown to be available in the secondary
acoustic signature from analog circuits, if appropriate sensors are built into
the circuitry. As in the case of primary sensors, proper selection of the
secondary sensor and mounting precludes system malfunction as a result of
sensor fallure. B :

In summary, the use of built-in primary and secondary sensors has demonstrated

the feasibility of an analog circuit checkout technique, which can determine

that a system is functioning properly, and pin-point the malfunction if the system

is out of limits.
2. DIGITAL CIRCUIT CONCLUSIONS

This program has shown the feasibility of using primary and secondary charac-
teristics to determine whether a digital circuit is operating within limits,

and if not can pin-point the cause of the malfunction. Because digital circuits
transmit information using only two element states (i.e., 1 and 0), it was
shown that less precise primary sensors are needed. In particular, the use of
plezoelectric crystals could serve as primary sensors. These are easily
mounted, quite inexpensive, and rugged enough for most applications,

Proper design of the sensors and mounting can preclude circuit malfunction in
case of sensor failure, and checkout can be accomplished without disturbing
the system in any way. Primary characteristics can determine that the circuit
is operating within limits, and if it is not, the secondary acoustic signature
can be used to determine the location and type of malfunction,

3. RECOMMENDATIONS

Many things remain to be done to move these techniques from feasibility to
operability. Primary among these is the development of improved sensors.
Both the primary and secondary sensors used in this program are costly.
Development of sensors specifically for the task at hand seems likely to
reduce the cost of the sensors. Circuit-sensor combinations may exist which
will permit determination of both primar; and secondary characteristics with
the same sensor. This avenue of exploration should not be overlooked.

202

ey s bt e



.
wu g v g 2 ¢ AR

In digital circuits, the possibility of using only secondary acoustic signals
deserves more attention. If it is shown that this can be done, simplification
of sensors and associated instrumentation will result,

Little was done on this program with the problem of bringing out the electrical
connections from the many senscrs. Design studies in this area will eventually
be needed, but perhaps deferred until the first application.

There exists the possibility of using Fluidic elements and techniques to bring
both the signals to a more easily accessible point on the system. For instance,
secondary acoustic signatures play a large role in pin-pointing the malfunction.
It may be possible to provide acoustic transmission, much as used {n commercial
aircraft for movie sound, to bring the signals to a common location. If such is
proven feasible, the secondary sensor would not need to be permanently mounted
but could be "plugged in" where needed. Study should be directed to this area,
and development undertaken if the study shows feasibility.

Another area that has not been touched on this program but which deserves study
is the use of special input signals. It is possible that introduction of alternating
signals, or pulse-type signals, can provide characteristic secondary signatures
which can be interpreted to determine proper system operation. It may be feasible
to introduce such signals without direct physical connection to the system,
perhaps through the vents of selected elements. If this can be done, and {if {t
can be combined with use of the acoustic signal transmission, no expensive
built-in sensors would be required. Such a checkout technique would keep

all the costly sensors and instruments "on the ground”.
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(TM-106)

TYPICAL ANALOG AMPLIFIER
PERFORMANCE CHARACTERISTICS

AND
ALLCWABLE PERFORMANCE DEVIATIONS
(TM-116)
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< 1.0 INTRODUCTION

Fundamen:al elemeni characteristics are discussed with respect to causes

and symptoms of performance dearadation singly and in system circuits.
Reasons far failures (and their implications) are established to provide a

basis for detection and measurement of satisfactory or unsatisfactory
perfarmance, anomalies, failures, and possible locations and causes of the :e.

NOTE: The basis for this discussion is given by the compatible
family of digital logic circuit elements existing at BEC
since 1964, reprosented by the following present
clements: OR/NOR Gate (#4707), FLIP-FLOP (#4709),
Passive AND Gates and several Binary Counter element
types (such circuit #4766). Furthermore, the great
variety of sys..m circuits manufactured (utilizing such
elements) and tested in the past years provided the data
for this discussion,

It shouicd be noted that the information given herein is
based on BEC elements and circuits in common sizes
(nozzles of 0.015 to 0. 025 inches wide, element and
channel depths of 0, 04 inches), utilizing air around
atmospheric conditions, and fabricated in Optiform,
epoxy castings, and injection molded forms. Howeaver,
it is most likely that such basic information is
applicable to other Fluidic devices of a similar nature
under similar circumstancas and even under somewhat
varied conditions, prcvided reasonable discretion is
maintained in its ilaterpretation.
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- 2.0 PRIMARY CHARACTERISTICS

‘; Quasi-Steady State Characterisgtics
: As givan by the enclosed three element catalog sheets, these characteristics
;, are presented as {nput {controlj and output p/g  relationships for a

constait supply pressure of 1 psig. Control pressures and flows, required
to switch an element into the alternate state and control pressures and flows
below whica a monostable slement returns to its stable state, are indicated
as regions or bands on the input p[g ~wves., These relatlonships are
plotted in one graph permitting the superposition of different element
characteristics for evaluation of compatibility in interconnections,

These characteristics are given in the form of wide regions or bands
oncompussing hitherto tolerated (acceptable) performance deviations

under equal operating conditions, determined by large numbers of tested
elements (see Reference I), These measured regions also indicate that
(within these tolerances) febrication rejects can be completsly avoided; as
nubstantiated by the characteristics-originating measurements performed on
elements fabricated over a period of several months

f . The given characteristics apply to the element silhouettes, as identified by
their numbers, and also to their immediate successors, ldentified by the
iollowing numbers:

Qriginal BEC No, Latest BEC No,

_' OR/NOR 1715 4707
i: _ FLIP-FLOP 1425R 4709

! Binary Counter 1391 4786

It should be noted that these tasts are performed with regard to every
element's logic function, even though only as far as quasi-steady state
is conceined.
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BOWLES ENGINEERING CORP. )

pure fluid systems

9347 PRASER STREEY SILVER SPRIND, MD. 20910

TILEPHONE 30) — S00.4700

\/

boundery layer verten sireem lateradtion

FLUID AMPLIFICATION smtmmtvtiatiinn

) INPUT ORZNQR No. 171

This Pure Fluid Amplifier
element supplies the OR and
NOR logic functions for use in
laboratory broadboards. In the
absence of all control signals
the NOR (N) laeg provides an
output. The OR (O) leg provides
an output with eithar or all
control signals present. An SUPBL Y
unused sutput or input should
ha vented to atmosphere.

AIR

This element used with
others may be connoactod to
demonstrate basic digital
logic functions. However,
if you contemplate circuit
complexities of the order of
a full addoer or greater, you
should contact the
Bowles Engincering Corporation
and we will consider the
development of an integrated circuit
of your required function. Thus,
many problems arising in
sychronous circulits, where
timing and signal coincidence
iy important, may be
climinated.

PRESSURE , psig

This element {5 made of
plagtic and should not be
heated abave 150°F. The
prossure fittings are barb type
for 1/4 inch tubing.

_LoGiC_SYmBoL

|
POWER P.— O : N

Qu
ACTUAL SIZE
o N

QUTPUTS

Cs

I Ce

C, CaCy i -g’s psig

CONTROL P
INPUTS P =1.5 paig MAX.

STEADY STATE CHARACTERISTICS

R, = | psig

OUTPUT

|

SWITCHING AND
RETURNING RANGE

4 6
VOL. FLOW (cu. in. / sec.)

* Price: $40.00 cach

Delivery: Within 30 days

Caution should be exercised to

provent digt from entering the unit from

the supply or input signal. Purge thc

supply line. This unit does not contain

a filter. Do not averpressure.

* Price F.O.B, Silver Spring, Maryland. Subject to changa without notice. 211
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BOWLES ENGINEERING CORP.

9347 MASER STREEY

pure fluid systems

HLVER SPRING, MD. 20910

l 1D AM I.SA“O'i’\‘;;%

30N

This Puro Fluid Amplifier
element supplies the Flip~Flop
logic function for use in
laboratory breadboards.
presance of a (Cg) control
signal the Op leg provides an
output, With a control signal
at Cj the O] leg provides an
output, The signal remains
present even after discontinu-
ation of the input signal,
inputs on either side obey the
"OR" function. An unused
output or input should be vented
to atmosphere.

This element usad with
others may be connected to
demonstrate basic digital
logic functions. Howeaver, if
you contemplate circuit
complexities of the order of a
full adder or greater, you should
contact the Bowles Engineering
Corporation and we will consider
the development of an integrated
circuit of your required function.
Thus, many problems arising in
sychronous circuits, where
timing and signal coincidence is
important, may be eliminated,

boundery laver vearton stromm infarattior
4 INPUT FLIP-FLOP No. 1425R
LOGIC SYMBOL SILHQUETTE
_—OUTPUTS ACTUAL SIZE
00 o| 00 ol
In the
AIR
POWER B3 FF
SUPPLY I__ ....l
Tho SET TO O, SET TO 0,
CONTROL (NPUTS
STEADY STATE CHARACTERISTICS
.5
[]
. INPUT Ps = 1paig
2
a OUTPUT
- ‘3 ‘
[17]
2
n 2
x SWITCHING RANGE
[ %
A —f__
0

This element is made of plas-
tic and should not be heatod
above 1509F, The prossure
fittings aro barb type for 1/4
inch tubing.

*

Qo ™~

Price:

2 4 8

* VOL. FLOW (cu. In. 7 sec.)
$40.00 each

Delivery: Within 30 days

* Price F.O.B. Silver Spring, Maryland.
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Caution should be exercised to

provent dirt {.om entering the unit from
tha supply or input signal,
supply line.
a filter.

Purge the
This unit does not contain
Do not overpressure.

Subject to change without notice.
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9347 MASIR STRESY

fluidic systems

SILVER SPRING, MD. 20910

BOWLES ENGINEERING CORP. gv,ijéé\\;%
¢

TRLEPHONE 301 - lll-l"l

BINARY CQUNTER No, 139),

This Pure Fluid Amplifier
cloment supplies the Binary
Counter function for use in
laboratory breadboards. This
unit i8 a asingle input Flip-
Flop and has a chang= of out-
put for avery complete input
pulso. An unuseod output or
input should be vented to
atmosphera.

This element used with
others may be connected to
demonstrate basic digital
logic functions . However,

{f you contemplate circuit
comploxitiaos of tho order

of a full addor or groater,
you should contact tho
Bow'us Engineering Corporation
and we will consider tho
dovelopment of an intograted
circuit of your required
function. Thus, many
probloms arising in syn-
chronous circuits, whero
timing and signal coin-
cidonce is important, may be
oliminated,

This eloment {s mado of
plastic and ihould not be
heatad above 150°F, The
presBuro fittings arc barb type
for 1/4 inch tubing.

AlIR

POWER P —+

SUPPLY

PRESSURE, psig

5 I R
SET TO 0, SET TO Op

_SILHQUETTE

ACTUAL SIZE

LOGIC SYMBOL 05 O

0y 9

y 4

a.C. - P,

CONTROL
INPUT

STEADY STATE CHARACTERISTICS

P, = | psig

SWITCHING
RAMNGE

gt $ + }
~ g- 2 q [-]
VOL. FLOW (cu. in./sec.)
* Prico: $40.00 cach
Dolivery: Within 30 days

Caution should be oxercised to
prevent dirt from entering the unit from
the supply or input signal. Purgo the
supply line. This unit doos not contain
a filter. Do not ovarpressure.

* Price F.O.B. Silver Sping, Maryland. Subject to change without notlce.
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Dynamic/Transiant Characteristicg

Such characteristics are few and far between and their interpretation
is rather questionable, mainly for two reasons:

1. All necessary operating conditions are not usually
determinable; neither are all the conditions known
under which characteristics were obtained. Transient
characteristics are grossly affected by such "peripheral"
conditions.

2. A large number of different and relativeiy complex
measurements are needed to entiruly specify a
perfarmance such that anomalies or deviations are
definitely recognizable and interpretable.

However, some gross ralationships can serve in a majority of cases for
establishme:.t of accaptable performance. Single elements and circuits

in many instances lend themselves to a number of basic tests, as indicated
in the following:

a. Waveform, pulsa, and frequency response tests.
b. Switching/raturning time or signal transition time tests.
c. Spurious noise tests.
d, S-und generation tests,
e, Transmission line tests.
£, Stability tests,
g. Feedback connaction tests.
h. Jitter tests,
i. Cross=-talk isolation tests,

Etc,

214




b TR £ Y AN AR A SR R S GRS

:
;!

s QRS Tk R

Characteristics as determined by the first three tests given above can
be considered primary ones and are described below:

a. Waveform, pulse, and frequency response,

Any of the active elements (such as the OR/NOR, the FLIP-FLOP,
and the Binary Counter) should accept single or repetitive waveforms,
where each wave comprises only one monotonic rise and one fall, of
various frequency contents, without excessive reflections and noise
being generated at its input, which could in turn cause feadback
sufficient to affect its own or other connected slements’' correct operation,
This appliaes over the frequency and a.iplitude range considered. Further-
mora, such an element should respond such as to generatu at its output a
more or less square waveform of an also monotonical rice und fall
' character, This is relatively easy to detect by closely positioned input
| and output signal sensors when testing with a glow and clean rige and fall
input signal; for example with rise ana fall times of several tens of
milliseconds or more.

T A
. -

Similarly, square waves (pulses) may be fed into an element of gradually
increasing repetition rates or gradually decreasing widths, and sufficient
amplitudes (cee steady state characteristics). All elements should respond
’ corractly and reliably, provided the input pulse width is more than 2,5
milliseconds (whether a pulse or an inversion of one is used), and the
corresponding gapsbefore and after the pulse (or inversion) are at least

2:5 ms each.

Certain elements may respond to repetition rates higher than the implied
maximum of 200 pps due to resonance efiec*s. However, tnhe criterion of a
digital element's response ic its performance with single pulses and pulse
patterns, rather than with repetitive waveforms of oscillatory character.,
Therefore, repetitive waveform tests should be viewed with considarable
care to avold misleading interpretations. Such high frequancy tests are of
very little value, if any, for the determination of elements’' digital speed
capabilities, unlass test conditions accurately reproduce all actual operating
conditions and signals. Generally, the single shori pulse test (as given
above) of low duty cycle should be performed. A more valid test is one
with such short pulse pairs and possibly triplets, but it requires special
signal generating equipment.

! The element response or speed (analogous to "analog element frequency
: rasponse") is given in shortest accepted pulse width (or inversion). Its
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actual frequency response may have to be considerably higher, but may
be meaningless, as far as digital signal handling is concerned.

A further criterion has to be applied; a logic function has to be performed
as a function of two or more input signals (with the exception of the
inverter and the Binary Counter). As can well be visualized, two or more
input signals arriving in time, such that coincidence or partial coincidence
results, may logically be required to provide output signals as a function
of the coincidence time, This time may well be shorter than the minimum
accepted pulse width. Alternately, a time gap between two pulses arriving
at different inputs may be shorter than the minimum accepted pulse width.
In both cases elements will not respond correctly, in spite of input pulse
widths larger than minimum accepted. Such fundamentals should be kept
in mind. GCther secondary effects, such as noise, jitter, interconnection
line response, etc., generally degrade capabilities even further, as
discussed in later sections.

b. Switching/returning time or signal transition time.

The relatively coarse determination of switching and returning
delay (rise and fall or vice versa) and element signal transition delay
astablishes a primary element characteristic; 1.e., whether or not an
elemant is switching as required. Such tests can be performed simply by
roughly measuring the time between an onset of an output change and the
onset of the corresponding logically required ‘nput change. This corresponds
to the signal transition delay when reasonably square waves are utilized at
the input (i.e., waves, as generated by other correctly operating digital
elements), Often it is sufficient for a coarse check to listen to an element
output and input signal, although a rough-instrumented test will provide more
reliable results. In the former case, ccrrect function is assumed, when
little or no delay (and noise) in the two signals can be audibly detected.

In the latter case, measurements should indicate (across an element) signal
transmission delays of less than a few milliseconds, with possibly detectable
rise and fall times of less than 1-1/2 milliseconds.

c. Spurious noise.

Element (and circuit) inputs, cutputs, and vents will immediately
provide quality information, if checked with regard to noise level and kind in
the various logic states., A coarse check can be made by the trained ear.
However, a properly instrumentsd test will provide better results,
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All elements should be quiet, except for a low amplitude audible hissing.

No distinct tones should be detectable in any state. Instruments, such as

the hot wire anemometer should indicate similarly a steady amplitude
modulated with neither discernable discrete high or low frequency signals,
and with a minimum signalto-neoise ratio of 5:1 in any logical and steady state
when correctly tnterc snnected with a compatible element (does not apply to
vents).

Interconnection Characteristics

Steady state interconnection characteristics are simply determinable,
Pressure drop or resistance at utilized signal flows is the only characteristic
needed to establish the steady-state interconnection quality. This pressure
drop must never be higher than the available pressure margin between an
element output signal channel and the interconnected next element (or
elemnents, if fanned out) at signal flow leve!s. Under nominal operating
conditions this amounts to no more than approximately 0.1 to 0.2 psid at
approximately 2 cubic inches per second without fan-out in an interconnection,
and correspondingly less if a fan-out exists or if higher signal flows are
present due to several elements feeding ona interconnection. Exact margins
are determined from the particular element steady-state characteristics.

Transient and dynamic interconnection characteristics present special and
complex problems and are separately classified as follows:

a, Frequency response of constant shape and size
sections. Frequency response of other sections.

b. Transition sections.
c. Partial channel flow effects.
d. Effects of bends, corners, and edges,
e, Impedance match/mismatch and termination effects.,
f. Fan-in/fan-out section effects.
g. Pure resistance effects.
h. Length effccts (pure delay).
217
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It is beyond the scope of this discussion to delve in o closer details
of the dynamic response of interconnections. Howevor, saveral mejor
effects, which are relatively easily measurable 21d which can pre ride
valid data as to the performance, should be mentioned:

Delay effects in an intercunnection can b2 measured by conveational
methods. It is possible to estimate whether or not an interconnecting line
is suitabls for the required task. If full channel flow is maintained and
little waveform distortion occurs, signal propagation velocity should be ciose
to the speed of sound over short low resistance channel lengths. Any longer
delays measured are to be questioned. They may indicate separation of
flow (signal) and can thus provide information on the state of the channel.
For example, flow separation may occur due to dirt particles lodged in channel.

Wavetorm degradation can similarly be measured between different
locations. This can be caused for a variety of reasons: reflections, flow

separation, obstructions of load nozzles, cross-sectional changes, sharp
bends and edges, etc.

Reflections cen also be generally easily detected by tests with
shortest pulses and measurement of the reflected pulse. Flow or pressure
standing wave ratio can thus be established, which is directly a measure of
the impedance mismatch. For example, one could determine the amplitudes
of the incident and reflected waves at a suitable point along the line. Under
the assumption that all signals (flow and pressure) in one direction are
unidirectional, the flow or pressure standing wave ratio (FSWR or PSWR)
equals to §o=Trar o dme where fomaxr  OF 9 max
are maximum forward signal”amplitudes, and om.a of  Ymin equal
to these maximum amplitudes minus the respective reflected signal amplitudes.
Thus, can be determined, and with it the signal power effectively

transmitted in the farward direction: i.e.

P

1
Ptransmitted generated —'_S,_
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SECONDARY CHARACTERISTICS

Secondary characteristics encompass effects of signal jitter, noise, :
oscillations (sound generatior), cross-talk, back-pressure (load’ 4
sensitivity, etc,.

Signal jitter is one of the major sources of problems in circuitry,
In general, it could be defined as the variation (in time) of an output signal
with respect to a nominal reference time; usually the input signal. Two
sources of jitter can be distinguished:

1. Noise or unclear waveforms on input signal(s), power
supply, vents, etc.

2. Random or quasi-random fluid flew effects, such as
turbulence, dirt particles, hamidity changes,
temperature changes, 2tc.

Jitter can mean fast changing variations or slow ones, such as possibly
caused by power supply pressure or temperature variations.

Although, as it is generally known, noise does not propagate (and is no:
amplified) through digital elements, noise is transformed into jitter (in time)

at each element. This is particularly true in Fluidic circuits where signal

rise and fall times are generally of the order of magnitude of the shortes:

pulse widths utilized, Effectively, noise on an input signal or any of the othar
above mentioned sources affect the switching and returning points, such that
these transitions occur at different times, for example with respect to the
nominal input signal rise.

A reasonable guiding value f r meximum vermissible jitter per element due tu
all causes is extremely dilijcult to specify, due to its dependence on the
signal-to-noise ratio., However, an element could be assumed to operate
satisfactorily if it does not contribute more than Q.25 milliseconds of total

jitter (under the assumntior of a peak-to-peak signal-to-noise ratio of 5 or
better).

Jitter values can be calculated from the following relationships:

_ S
No= S/N
N 0.88
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J 0.8 S/N
N = Peak-to-peak noise amplitude
S = Peak-to-peak signal amplitude
S/N = P :zk-to-peak signal-to-noise ratio
tR,F = Sitnal rise or fall time respectively, as given
Latween 10% and 90% of signal amplitudes
3] = Jitter or total dispersicn in time.

Jitter is additive through elements, such that each eiement contributes a

certain amount of jitter tj due to the signal-to-noise ratio at its input (and the

other causes equivalent to noise components) to the input signal jitter.
One might say that this is after all a statistical effect, which it is, The
jitter dispersion probability distribution will crowd around median values,
and probabilities will decrease with larger deviations. However, digital
systems do not tolerate any misses or errors, and therefore total dispersion
must be cons.dered at all times. Similarly, peak-to-peak noise values
must be used.

Ag alroady given in sarliar sections, peak-to-reak signal-to-noise ratio
of 5:1 or better must be maintained. Any elements generating oscillations
(edgatones for example), particularly during switching or changes of state,
must be evaluated with respect to such nolse.

Cross-talk and hack=presswe or load sensitivity are closely tied together.
Input signals must not affect each othar and output loading and output states
must hot aftect input signal sources. Existing digital elements were
designed to be thus unaffected and should perform in this way correctly.
Furthermore, any load from zero to infinite resistance should be accepted
without adverse effacts,
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4.0

5.0

ACCEPTABLE OPERATING CONDITIONS AND ALLOWABLE DEVIATIONS

Previously given characteristics and operating conditions represent nominal
situations. Accepiable deviations in conditions will cause acceptable
deviations In cnaracteristics. Fundamentally, one has to differentiate
between deviaticns in operating condition- for one elament or a part circuit
only (A) and those affecting the cemplete system equally and uniformly (B),
The following tahulations are thus differentiated and marked.

A) (B)
Supply pressure {air): 1 psig, + 25% +200%, - 40%
Vent pressure (cmbient): 14,7 psia, + 1% + 30% (est.)
Qutput loads: +0to + o= resistance
Temperature: (see material specs.)
Humidity: Less than 100% relative

SATISFACTORY PERFORMANCE AND ACCEPTABLE DEVIATIONS

These data are given in Sections 2 and 3 in this memorandum. Also see
Reference I.

ANOMALIZS

Anomalies in power supply pressure distributi .~ can produce a variety of
ras.lts from excessive nolse generation to complete failure. Two kinds of
such anomalies are considered common enough and, at the same time, not
always immediately apparent to warrant mention here: Power supply noise,
pulsing, and/or surges, resulting in noisy signals and thus axcessive signal

jitter and oven in extreme cases in spurious slgnals being generated in circuits,

can ba troublesome, and it would bo advantageous if pressure-to-noise ratio
could by kapt above 10 (at nozzles). Uneven power supply distribution via
supply menifolds, duc to high flow velocities in manifolds and feeder lines,

E )

-oarbacs .

will causo fallures of circuits if doviations oxceed acceptable values given earlier.
Anomallias in venting .n circuits will occur if vents are obstructed by packaging

and if common vent manifolds of insufficient volume are utilized. Results can
not be characterized dua to the enormous variety possible.
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Anomalies in physical configuration are similarly not characterizable
due to the great variety of effects possible, which can be caused by many
different deviatious.

SPECIAL SYMPTOMS

Primary symptoms such as operational conditions or performance characteristics
and ones directly related to these are generally quite obvious (as given earlier)
and need not be mentioned here again.

Secondary symptoms may be useful to detect, particularly when inteqrated
circuits are involved.

Noise, tones, switching sounds, and state of element (sound intensity) can
be detected audibly and with microphones or anemometers suitably placed
near vents, Similarly, indirect performance sensing can pe performed via
unused terminals of digital elements (inputs and outputs), which should
normally be vented,

Unconventional methods might include electrostatic sensing of states,
vibrational pick-ups, x-ray examlnation of construction {including moving
object for focusing), ultrasonic examination, infra-red examination, radio-
active tracer methods, etc,

Looking at a single digital elemant in an integrated circuit, where access

to input and output c¢hannels is not feasible, vents provide the only direct
means for sensing of element behavior. The following symptoms and probable
prime causes could be thus detected:

Symptoms Prime Causes

Excessive noise in some or Leaking, damage to shape, supply
any state from elsewhere leaking or feeding in
incorrectly - Potential Failure -

Extremely silent with no change No supply and/or no control input
on attempted switching

Whistle in any state Probahle edgetones, damage to
power nozzle

o
3]
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Symptomsg

Whistle in come state

Crackling in some or any state

No change of sound or
attempted switching

Erratic switching on attempted
regular repetitive excitation

Prime Causeas

Too high supply pressure, damage to
shape

S/N too low at input, leak, damage
to shape, vent partially obscured.
- Potential Failure -

Absence of input signals, asymmetry
of shape, leak, obscured control
nozzle, biased power nozzle.

Low frequency response, biased,
leaking - Potential Failure -

There are a number of other symptoms, but very few uniquely distinguishable
causes. Thus it may bhecome impossible to tell anything beyond tho probable
location (which element) of a failure in a circuit,
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DATA ON
3126 ANALOG AMPLIFIER

. OPERATING CONDITIONS

b. Inputs (downstream) 5% to 25% Pg
c. Load L ~ Load area > Control nozzle area

2., SATISFACTORY PERFORMANCE

The following data is based on a single side output (higher output leg),
loaded with same area as that of amplifier control nozzles, Character-
istics are different where load differs from above, as when bleeding
from output to obtain a lower amplifier gain.

a. Pressure Gain - at 22% of Pg 2,3t02.5
output level, Bias = 10% Ps
b. Max pressure recovery at 37% to 40% Fg
saturation
c. Operating Range - 3% linearity 10-13% Ps to 32-34% Pg
d. Null Output - both inputs 22% to 25% Ps

equal to 10% B

e. Signal to Noise Ratio > 100
at frequency below 10 cps

3. ALLOWABIE DEGRADATION FROM ADJUSTED PERFORMANCE

* The following data is based on iequlrements of the Boller Conti‘bller,'
Combustion Control Logic, comprised of 3126 Amplifiers.

a. Pressure Gain t 2% Galn change allowable
b. Pressure Recovery 5% of maximum reduction allowable
..C. . Operating Range . . 10% of range reduction allowable
d. Output Null t 1% of operating range deviation
e, Signal to Noise Ratio No less than 100
227
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LOAD AREA
Py IN® (x 107*)
P T
ol 8.28
Pg = 10 PSIG P
02 8.20
Pc

ELEMENT: 3126-362-C-F
Pp AS INDIGATED

PSIG

Pc - PSI

Figure 1. Element Input/Output Pressure Characteristics
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AS PERFORMANCE GAUGES
FOR FLUIDIC ELEMENTS
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1.0 INTRODUCTION

An effective and inexpeasive technique for determining the level of :
performance of Fluidic elements and circuits is desirable. In .
L. applications, such as boiler control systems, where uniis are
I operating continuously and break down is serious; a test which could
indicate the impending failure of an element would be {nvaluable In

|
I other applications, such as missile control systems, which are one -shot

occuirenzes, the fc llure of one element often means faiiure of one phase

| of the mission or in some instances, of the entire mission. In such cases,
| it is mandatory to he able to quickly test the s ystem operation just prior

to launch. Such tests should indicate if any units are not performing

! properly and should detect the malfunctioning element so that it can be

replaced as quickly as possible.

Since the perforrance of Fluidic elements is dependent upon pressure,

any acceptable failure detection system must give an indication of the

pressures ot certain critical points. This can be accomplished either by

measuring the pressure directly with pressure transducers or by measuring
another variable such as temperature which can be related to pressure.

In many cases, the first approach cannot be utilized due to space
limitations. The expense of several permanently installed pressure
transducers is also prohibitive in some instances. Thus it becomes

necessary to accomplish pressure measurement by indirect means,

Thermistors offer much promise in this direction, but as will be seen
in subsequent discussion, considerable analysis and development must
be accomplished bhefore a fallure detection system based on temperature
me@surements alone becomes practical. Thermistors are inexpensive,
space=-gaving, and relatively maintenance free. For these reasons they

are ideal sensors for permanent installation in Fluidic circuits. They can




be installed and then used when necessary without elaborate preparation.
Proper interpretation of the temperature readings indicates the pressure
variation ard thus the level at which the unit is performing. The degree
of difficulty in properly interpreting the data increases as the number of
variables such as stagnation temperature, amble'nt temperature, supply
pressure, etc, increases. By consideration of the allowable variation in
these variables, much useful infcrmation can be determined from the

thermistor readouts,

Other than the difficulty associated with interpretation, the only other
disadvantage of using thermistors is the time delay necessary to heat
the thermal mass of the thermistor. This will be a problem only in dynamic

applications where the change in pressure and/or temperature is rapid.
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2.0 THEORY

Consider a converging nozzle fed by u ccnstant area duct which is

attached to a reservolr. Flow wil! be considered steady~=state and

one~dimensional. This appear:c schematically as: g
Stagnation
Conditions
_ 0
Vo = v ‘L

1 . v

To T ® ‘ 2

T @ [. Iy

po A Az

Ambient conditions, T, ., ,ba

Thermistors may be located in the reservoir, in the line, at the nozzle
exit, and in the ambient surroundings. Thermistors located in the
reservoir and in the surroundings will give the temperatures directly.
Those situated in the line and at the nozzle exit will not indicate T;
and Ty , but rather temperatures which are proportional to T} and T,.
This is due to the fact that the air is in motion at these locations.
The actual indicated temperature will also be dependent upon the
thermistor mounting. In many applications, the cross~-sectional area
of the line is so much larger than the nozzle throat area that the line

conditions may be considered as stagnation conditions due to the

low velocity.
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Assume a perfect gas, air with ,4é =1.4.

,b=/oRT (1)

Assume isentropic flow.

2/7
T
=+ = (—él) (2)

(3)

NS
Ny
]

[s] |N
~N
~
~

"
—

) (4)

Events of interest are those which will result in a change in the various
temperatures, in particular the temperature at the nozzle exit, T, .
Variations in Tz will be picked up by the thermistor and, it is hoped,

will give an indication of any impending malfunction or perhaps determine

the cause of an existing malfunction,

The following events will result in a change in T2 :

(1) Change in Tq
(2)  Change in /;o
(3) Change in A2
(4) Change in T,
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Consider now each of these posstbilities separately.

Case (1) T, change

2/7
Ty =T, (_/bﬁ& )
o

It is assumed here and in all subsequent calculations that the nozzle
flow is continuous and subsonic. This will result in the exit pressure
being equal to the ambient pressure for a nozzle exhausting into the
ambient surroundings. The variation of T2 with changes in stagnation
temperature for various values of stagnation pressure is shown in Figure

1, It is assumed that the ambient pressure is 14.7 psia.

Case (2) /_’)o change

2/7
T2 =Tq ('—/g%)

This variation is shown in Figure 2.
Case (3) A, change

This is of interest because nozzle contamination will result in a decrease

in Az . The relationship will be derived in terms of the pertinent variables.

Continuity equation:

LV A = P2Vaa (5)
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Steady flow energy equations:

Vi

2
V2 = 2C, (T,-Ty) (7)

From continuity :
L L2 A
Vi = ( 2 )V
i1 A

Substiw*ing into equation (6)

A

2 =2C (T-T)
r1h plo

2 Fih 2
v2 _ZCP(PzAZ) (To-rl) (8)

Equating the expressions for the exit velocity
o1ty 2
(T_~T.) = ( ) (T -T
° 2 p 2A2 o}

1)

which ylelds

T -T A, 2
T s (£l (s)
o 1 P2h2

The density may be eliminated by use of the equation of state

o- £

RT
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T -T T, » A 9
i T (10)
o 1 //2 1 2

The pressure may be eliminated by use of the isentropic flow assumption

-3

7/2

P, = ('ﬁ) P {i1)

giving
ol 2 L (2 (2L’ (12)
o 1 2 2

which is the desired equation relating temperature changes to area changes.
It is necessary to know the stagnation temperature in order to apply this
equation. This can be determined by locating a thermistor in the reservoir.

Some typical relationships are shown in Figures 3, 4, and 5.

Case (4) Ta change

The manner in which changes in the amblent temperature affects the
thermistor readings (other than causing changes in stagnation temperature)
will depend upon the type of mounting and on the material of which the
circuit is fabricated. Corsider that the thermisto: is mounted in the

channel wall and is flush with the surface.
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Schematically, w havo

Channel (

\

Thetmistor !
S
., !
{ !
Circuit Plate z

. }

Ta

T2 is now the isentropic. free-siream temperature. The ithernistor does
not measure this temperature but instead measures a temperature, T3 .
T3 {s also not the stagnation temperature because it 13 not decelerated
isentropically due to boundary layer effects and other irreversibile
effects. Tjy is also influenced by the ambient temperature T, since the
clrcuit plate material is & heat conductor. The accurate aualytical
determination of Ty in terms of the other tamperatures is 3 difficult

task,

The problem would be simplified conslderakly if the wall were cunsidered
adiabatic, i,e,, eithes an insulated wall or Te = T3 « Then the temp-
erature actually measured by the thermistor would be ecual to the

adiabatic wall temperature, Taw .
T3 = TaW

This 18 a woll=dofinod tamperature and (s exprcsased as

Taw = Tz +Rf (Tg ~ T3) (13)

247

ot DHTRENBRN *§ r BRI

3




P T R o, Y e

N et e a3 S v ———

[ RS Y

AP T R e 4 T e e Y. b AR T+ P T e

where

R¢ = recovery factor

This recovery factor has been determined experimentally for many cases
end analytically for several specific conditions. This is discussed in
some length in Heat Transfer by Giedt, p.199. Typical values are from
0.80100.95. Rg¢ may be expressed as

T3 - T,

R¢ = T -1 (14)
o} 2

In general, the circuit plate is not insulated and Tg 74 T3 . Therefore,

the wali is not adiabatic and T3 becomes a function of Ta as well,

Ty= T3 (T,. 15, T,) (15)

The recovevy factor can be experimentaliy determined for non-adiabatic
cases, but it too must then be considered a function of the ambient
temperature., Unfortunately, an analytical expression for Rf is not
available, Typical experimental data is given in Table 1, and compared
to actua! measurements in Figure 6., This is not intended to show a valid
technique for determining Rf in general, but only that for given ambient
conditions & constant value of R¢ 15 valld over the range of temperature

variationr,
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0 psig

10
15
20
25
30

74.3°F
74.3
74.3
74.3
74.3
74.3
74.3

T_ = 75°F

( calculated theoretically

2 for isentropic flow)

Based on this data, a recovery factor of 0,95 to 0.96 is determined,

Figure 6 shows these results.
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3.0 APPLICATIONS

Applications of the preceding theory to two specific problems is con-

sidered:

(1) a boiler control system and (2) a missile control system.

Typical values are chosen for the pressures and temperatures in order

to obtain some indication of the order of magnitude of the changes which

may be expected.

3.1

Boiler Control System

Both analog and digital elewnents are present in the boiler control
system under consideration. Since the pressure required is

significantly different for each, they will be discussed separately.

Analeg Element

In the unit tested the nominal supply pressure is 10 psig. The
element will function properly for variations of ¥ 3% , Leey,
to.3 psi. If the variation of supply pressure exceeds 3%

the element malfunctions. We are interested then in
determining variations in supply pressure of less than 3%
which will give an indicatioa of impending failure. The
ambient temperature can posaibly vary from 35°F to 135°F

and the supply temperature should vary over approximately the

same range,

The maximum acceptable variation in supply pressure gives a maximum
varlation of only T 0.1°F for the thermistor mounted in the

wall of the nozzie (Tg). This is equivalznt to a voltacc

output of + 0.2]1 mv by the thermistor. The goensitivity of

the thermistor offers no problem herce, but tho magnitude of

the temperature change makes a proper tuterpretaiton of change
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3.1.2

in supply pressure daifficull if not impossible. The reason for
this is the much larger variation in T3 which is to be expected
from changes in the ambient and supply temperatures, For
example, a change of 10 degrees in the supply temperatures
would cause a change of several degrees in T3 (the actual
change weuld depend on the pressure ratios). This change would

overwhelm the small change due to supply pressure variation,

It thus appears at this time that this is not the optimum approach.
Further investigation of the use of more than one thermistor in a
bridge network offers the possibility of eliminating some of this
difficulty. If other means of detecting /i o Variations are too
expensive or consume too much space, this approach may yet

be fruitful. In other applications where the acceptable variation

in supply is greater and/or the variation in embient temperature

is not so large, the above difficulties may be lessened considerabiy.

Digital Element

The nominal supply pressure is 1.0 psig with a minimum of 0.5 psig

and a maximum of 1.25 psig. This is a rather large percentage

variation, but a small variation in terms of nsi,

Difficulties similar to those for the analog element are encountered.

The varlation in T3 due to changes in supply pressure are much
smaller than the variation which can be expected from ambient
changes. The discussion for the analoy element is thus also

appropriaie for the digital unit,

s
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3.2

Missile Control System

The missile control system under consideration would operate from
a supcly manifold at 1.5 psgig with a * 59 variation. This would
lead to small changes in T similar to those discussed for the
boiler control system, These changes would be undetectable when
compared fo temperature changes due to supply temperature

variation.
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CONCLUSIONS

Thermistcrs are proposed as a means for detecting the impending failure
of a Fluidic element. In most cases, this failure is brought on by changes
in certain pressures throughout the system. Thermistors measure
temperatures whichn are functions of pressures, among other variables.
If the temperature change due to pressure is comparable to or greater
than the change due to variations in other parameters such as ambient
temperature, then the thermistor is a useful detector. Unfortunately,
for the cases considered in this report, namely, a boiler control system
and a missile control system, this is not the case. Variations in
temperature are due mainly to other temperature changes rather than
supply pressure variations, The use of thermistors does not appear

at this time to be a good method for determining the impending failure

of these systems due to supply pressure changes,

It is believed, however, that further investigation of bridge networks
utiliziug thermistors can compensate for some of these difficulties.
This investigation is recommended if other approaches prove to have their

problems alsa.
In applications where the allowable variation in supply pressure is

greater and for the variation in ambient temperature is less, thermistors

should be consldered as possible sensors for use in failure detection.
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1.0

INTRODUCTION

Bowles Engineering Corporation has engaged in a program to investigate
sensors and instrumentation techniques which may be used to check out
the state of performance of Fluldic Systems. The comparative evaluation
of a group of candidate sensors includes consideration of the compatibility
of the sensors with typical circuit packaging concepts, and consideration
of the effects of environment on the sensors. The results of a study into
these two arcas of concern are summarized by this Technical Memorandum.

The candidate sensing techniques are as follows:

Microphone
Accelerometer
Anemcmeter
'Miniaturized Pressure Transducers
Thermistors
Crystals

©O 0 0 00 0 ©

7 Infra Red Thermometer

'The two types of packaging concepts considered for instrumentation will be
described. Each sensor will be defined and the parameter sensed will be
stated. Means of mounting each sensor to Fluidic circuitry will be presented.
The compatibility of the candidate sensors with the two circuit packaging
concepts will be discussed,

The sensitivity of each of the sensors to changes in the foilowing ambient
condition will be considered:

Temperature

Pressure

Humidity

Vibration

Acoustic Energy

c O O O o0 o

Electromagnetic Energy

Preceding Page Blank
261
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Conclusions will be presented as to the applicability of eacht of the sensors
tc instrumentation of integrated, packaged cirzuitry. Conclasions drawn
from the study will be summarized,
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PACKAGING CON‘IEPTS

The two most commen coacepts of packaging two-rumensional Fluldic circuitry
are the modular concept and the stacked circuit concept, These two concepts
are described in the following.

Modular Packeging Concept

The modular conccept of packaging circuitry, with one or two circuit plates
enclosed witnin a module, is highly desirable for @ wide range of Fluidic
control applications. Each module commonly houses one or more functional
groupings of elements. The modules may be rack-mounted and appropriately
interconnected. Adjustment and checking of each module may be accom-
plished independently, either prior to installation or when installed in a
rack-mounted assembly, Individual faulty modules may be removed and
repaired or replaced,

The module consists essentially of a circuit plate attached to one or both
sides of a manifold, with the manifold supplying operating fluid to the
circult elements, providing element interconnection chanelling, and
housing circultry adjustment means. A protective cover is {itted over
each of the circuit plates. Vented elements exhaust into the area between
the circuit plate and the cover, through a porous filter In the cover to
atmosphere. Figure 1 presents a simplified drawing of a typical circuit
module,

There axists a significant space between the circuit plate and the cover,
This space provides an ideal region for the location of sensors, particularly
those sensors which offer the posgsibility of individually indicating tha
state of a functional grouping of elements.

Stacked Packaging Concept

An alternate approach to packaging /s the stacking of multiple layers of
two-dimensional circuitry, forming a more or lesa (monolithic) structure,
The stringent dimensional and weight limitations nf certain applications,
a8 in & mierile control system, require tha high circuitry density sffordad
by this packaging approach,

Figure 2 shows a simplified sketch depicting the stacked packaging
concept, Circuit plates, supply and vent plates, and channel inter-
connoction plates are stacked in multiple layeras with connections
betwean platos made by moans of intornal tronsfer holes, A large number
of functional circult groupings are enclosed within the structure,
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Instrumentation of this type of a package is more difficult than in the
case of a modularized approach. Available space for the mounting of
instrumentation is limited, Vent areas are small, In most cases, the
elements of a functicnal grouping, or subcircuit, do not vent into a
common vent chamber.

It is expected that the mounting of sensors and the isolation and checkout
of individual subcircuits will pe more difficult in the case of stacked
circuit packaging.
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¥ 3.0 COMPATIBILITY OF SENSORS WITH CIRCUIT PACKAGE AND ENVIRONMENT

o

In the Zeoliowing, the compatibility of each of the considered sensors with
P the two packaging concepts and with environmental conditions will be
P individually investigated.

3.1 Microphone

-~
o 2 e W
aal b

The niicrophone under consideration is a Massa M=213 sound pressure
microphone, Massa Division Cohu Electronics, Inc., Hingham, Mass,
The size of this minlature piezorlectric type microphone is nominally
1/4" diameter x 5/8" length. I: may be used in monitoring the acoustic
disturbances generated by a funationing flueric circuit.

[rp—

3,1.1 Mounting Means and Package Compatibility

It is hoped that this sensor may be used to evaluate the operational

} state of a grouping of Fluidic elements and consequently, may be

: located at a position somewhat removed from the vented side of an
integrated circuit plate. When instrumenting a modularized circuitry
package, the microphone may be mounted to the module cover as
shown by Figure 3. The microphene, as shown, is bonded to a
mounting tlange by means of a resilient potting materiai, such as
an RTV silicone rubber compound, to minimize transmission of high
frequency vibrations from the module cover to the microphune. This
mcunting means ailows for easy coupling and decoupling of the cable

- assembly to the microphone external to the module cover. An -

) alternate attachment point of the microphone, using the same mounting
approach, is in the sides of the module cover. This would provide
improved accessibllity of the coupling point where modules are
rack-mounted in close proximity.

The Massa microphone is not as well suited to a stacked circuit
arrangement 4s to the modularized package arrangement. The
considered objective of a microphone is in detect, by means of
acoustic disturbances, causes of mulfunction within some group
of elements. It is considerud .hat this can most satisfactorily be
accomplished where a group of ¢lements vent into a common vent
reglon, with acoustic disturbancus passing also through the vints
of each eiement into the vent region. By placing a microphone in
th:s region, as with the above described modular concept, the
single microphone may detect acoustic disturbancesa from each of a
group of ¢'ementa. In the case of stacked circultry, constrictions
ilmposr ! o, viement orientation and venting means by space
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3.1.2

3.2

limitations, frequently leads tc an arrangement where groups of
elements do not vent into a common chamber into which a micro-
phone may be mounted, In such cases, the microphone does not
appesar highly compatible with the stacked packaging concept.
Where space considerations do permit the inclusion of a common
and accessible vent region, it is probable that a suitable means
of incorporating the microphone may be estaulished,

Environmental Effects

The permissible operating temperature range of the microphone is
--40°F to 160°F, the upper limit being set by the cements used

in the construction of the unit, However, high transient tempera-
tures of short duraticn will not damage the units. The active
element is ADP (ammonium dihydrcgen phosphate), a piezo-
electric crystal, The upper limit cf this ¢crystal is approximately
200°F.

Temperature variation causes some changes in the piezoelectric
constants of the crystals as well as in the mounting adhesives,
If highly accurate measurements are required, a calibration curve
may pogsibly be needed for each microphone.

Environment.l pressure changes have no effect on the operation of
the microphone.

The Massa microphone is sealed so that humidity is not a problem
in gperation. The crystal itself has no lower humidity limit, but
it does pick up moisture from the ambient at humidities above 93
percent. This is, of course, prevented by the sealing of the
instrument.

Operation in the presence of a magnetic field does not affect the
performance of the microphone.

Vibration of the instrumen* may cause problems appearing as noise
in the output. The extent of the noise depends upon the amplitude
and frequency of the impressed vibration.

Accelerometer

The accelerometer under investigation is @ B & K (Bruel and Kjaer)

Instruments, Inc,, Model 4333, The nominal size of the plezo-electric
type acceierometer is 0.63 inches x 0.63 inches, and its nominal weight

o 0 L e e G e, A A s e A
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is 12,7 grams, It has a frequency range of 2 to 14,000 KC (x1d!)
and an acceleration range of 0.01 to 2,000 "g" with appropriate
instrumentation, This accelerometer may be used to determine the
vibrations of an operating Fluidic circuit, These vibrations may be
excited by acoustis signals.

3.2,2

Mounting Means and Package Compatibility

The accelerometer is mounted directly on the surface of the circuit
plate for the modular type of packaging. Mounting may be
accomplished by a threaded stud supplied by the manufacturer,
Correct measurement of high frequency vibrations is dependent

on the stifiness of the mounting. A typical arrangemant i shown

in Figure 4, with the accelerometer located within the circult cover.
In some ca:zes, the clearance between the circuit plate and the
module cover may not ba sufficient to accommodate the acculerometer,
In such instances, the acceleromater may extend through a clearance
hole in the cover plate, A flexible vibration-damping sealant ghould
then be used to seal the gap around the accealerometer, to prevent tha
entrance of external vontaminants {nto the element vent region undor
the cover plate,

The accelerometer may be mounted in & similar manner to stacked
circuitry, a8 shown by Figure 5. To provida agcess to a ciroult

plate within a stack, it may be necessary to allow the acceloromater
to extend through a number of adjacent circuit platen, orluenting
circuitry in the adjacent plates to permit this, Smaller accenleronetars
than the B & K unit are available, the aize of whioh are much mora
suitable to stacked circuitry than tlie B & K accelerometer, Cna
typlcal exampla is the Endeveo Corporation Model 2222 microminlature
accelerometer, The size of this unit is 0,25" hex. x 0,20" thick, It
may be attached by means of an appropriate rigid adhesive, Thiu
acoslerometer, while it was not evaluated during the prouram, appears
to offer a good potential for use with compactly stagkad circultry.

Environmental Effacta

The operating temparaturo range of the B & K acvowloromater s
substantial, =320°F to 500°F, and 1a aulficient fur any cunten plated
applications, Blight senasitivity changen occour with tumparature
variationa and muat be taken (nto account, Individual caltbration
curves re supplied for each unit, anabling the corroat nenkitivity

to ba found from these charts,
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3.3 . Constant Temperature Anemometer

——

The acoustic sensitivity of the element is 0.2 uV per ubar. This
may be significant if the vibration being monitored is of small
magniude. The nominal voltage sensitivity including a calibrated
connecting cable if 16 mV per "g". In some Fluidic application,
it may be that the acoustic noise is significant when compared to -
the signal level. In such instances, some degree of acoustic
isolation may be necessary.

Other possible areas of concern are electrostatic and magnetic
fields. The magnetic sensitivity is 1 uV per gauss. In the
applications under consideration, this is not expected to be a
problem,

The unit is totally sealed so that humidity is of no concern. The
ambient static pressure level has no effect, however, a varying
pressure (such as a sound wave) couid show up on the output as

noise.

The hot wire probe is a Disa miniature probe element 55A52, The wire
material is platinum-plated tungsten approximately 0.45 mm. long and
0.005 mm. in diameter. The total length of the probe unit is 10.8 mm,
and its overall diameter is 0.9 mm, Flow can be monitored in a selected
region of a Fluidic element with a probe of this size.

3.3.1 Mounting Means and Package Compatibility

These minlature hot wire anemometer probes have the advantage of
being smaller than most other sensors. This enables one to mount
the element with less difficulty in the most suitable location. A
major disadvantage of the probe is its fragility, thus requiring a
mounting by which the probe can be easily replaced if damaged.
An arrzngement such as shown in Figure 6 offers this possibility.
A suitable cement can be used for mounting the probe in the plug.

This type of mounting is especially suited for the modular package
since the plug can be placed directly into the desired flow region.
The leads may be taken out at any convenient location. -Figure 7
depicts a typical arrangement.

The proper mounting of the probe in the stacked package is more
difficult. The channel in which the ineasurements are needed must
be accessible either directly or indirectly as shown in Figure 8,
which depicts three possible mountings. In some cases, direct
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3.3.2

et e Yy

bonding of the probe'ihtd a hole in a circuit plafe may be necessary
as where mounting the probe nominally parallel to the circuit plate.

- If circuits are designed with the incorporation of probes in mind, it

should be possible to place the channels in such a way so as to be
accessible. -

" Environmental Effects

A constant termperature anemometer system maintains the resistance
of the hot wirec at a constant value by holding the wire temperature
at a constant level. Thus, environmental temperature changes could
cause changes in the wire temperature and consequently changes in
the anemometer output signal,

Ambient temperature changes do not in general affect calibration of
the anemometer unless the temperature differential is sufficient for
heat to be conducted through the probe element to the wire itself.
Changes in the stream temperature exert considerable effect on the
hot wire output; less current is required to maintain the wire at a
constant temperature for a glven stream velocity as the stream

. temperature increases,

Ambient pressure changes do not influence the system, However,

" variations in the stream pressure do effect the anemometer output

signal. For example, an increase in the static pressure of the
stream increases the cooling capacity of the fluid. Therefore, for

a given stream velocity the fluid exerts a larger cooling effect on

the hot wire, requiring a larger current to maintain constant wire
temperature.

" Changes in the ambient humidity have no effect on the calibration.

Increases in the humidity of the stream gas result in an increased
cooling effect. The result is then similar to the pressure increase

- described above, i.e., an increase in current.

If the effects of temperature, pressure, and humidity changes an
anemometer calibration are greater than allowable, it is expected

" that these effects can be minimized through use of multiple

anemometers and appropriate nulling electronic circuitry, Calibration
shifts are of concern in the case of analog circuitry, where the accurate

"~ detection of signal levels is necessary. In the case of digital

circuitry, however, calibration shifts are not so critical. In this
instance, the detection of digital changes in flow and time relation-
ships between flow pulses are of mcre concern than accurate
representation of flow levels.
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3.4

3.4.1

The hot wire ts a very sensitive element and consequently any
vibrational disturbances with sufficient amplitude to give the wire

an additional imposed velocity relative to the stream are picked up
and read out as though these are fluctuations in the stream velocity.
It is anticipated, however, that if this should be enzourntered, the
fluctuation amplitudes would be small compared to the signal changes

of interest,

Acoustic noises and magnetic disturbances should not be a problem
with the anemometer.

As with any hot wire, contamination or build-up of foreign material
on the wire will, in time, change the calibration with the probe
incorpcrated into a plug, as per Figure 6, removal for cleaning is
facilitated.

Miniaturized Pressure Transducer

The transducer under consideration is a Scientific Advances, Inc., Model
SA-SD M-6H. It is a bi-directional differential pressure transducer which
uses a movable diaphragm and a strain gauge bridge as the active elements.
The size of the sensor is 0.25 inches diameter and 0.25 inches thick. The
sensor is well suited to flush-mounting into element channels for use in
monitoring operating pressure signals.

Mounting Means and Package Compatibility

The pressure transducer may be readily flush-mounted into circuit
channels as shown by Figure 9. A 1/2 inch diameter hole is bored

"= . from the rear-of the circuit plate with a flat-bottomed end mill, to a
depth where it just breaks thrrcugh the bottom of the channel. The
pressur:s transducer i{s inserted into the hole until it bottoms. A
fillet of bonding material is then placed around the transducer at
the rear surface of the circuit plate. This fixes the transducer in
place and provides the required seal. A bonding material which may
be dissclved by a solvent, as may Duco cement, permits the transducer
to be removed if necessary.

The size of the sensor and the means of installation are compatible with
both the modular and the stacked circuit packaging concepts. In the
latter case, it may be necessary to arrange the circuitry in a plate
adjacent to the plate being instrumented so that the rear of the transducer
may be extended into the adjacent plate. Where using atmospheric
pressure as a reference (measuring signals in psig), the rear of the trans-
ducer must be exposed to atmospheric pressure,
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» Leads -

Rear Surface ) Pressure Transducer
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| — Circuit Channel

Cover Plate
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FIGURE 9. MIMIATURIZED PRESSURE TRANSDUCER INSTALLATION
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3.4.2 Environmental Effects

3.5

Temperature variations affect the sensitivity and zero point of the
transducer. Precise information regarding each individual element
is supplied with the transducers by the manufacturer. Models are
available with and without temperature compensation. Typical
effects for the uncompensated model are a zero shift of 0.2 per

cent of full scale per °F and a sensitivity variation of 0.2 per

cent of full scale per °F. The .compensated model is significantly
better with variations of 0.05 to 0.01 per cent of full scale per °F.
Operating temperatuce ranges vary depending upon the specified
requirements. Typical ranges are from -40°F to 150°F and from
~-100°F to 300°F. The model selected will depend upon the pressure
level changes of interest and the environmental temperature changes
encountered in specific applications.

- "Ambient pressure variations will not influence the reading unless of
course ambient is being used as the reference pressure. Operating
pressure ranges vary with requirements. Elements tested had ranges
of £2 psi and £15 psi. '

Humidity is not a problem for most applications, although the perfor-
mance may be somewhat impaired if operated in a high humidity for
an extended period of time.

Vibrations, acoustic disturbances, and magnetic fields have little or
no effect on the performance of this sensor.

Thermistors -

A variety of bead~type thermistor probes from Fenwal Electronics are
considered, These beads are small {n size being typically 0.04 inches
in diameter with smaller or larger sizes readily available, These
thermi{stors may be used to monitor either the stream temperature or the
resulting temperature of the circuit plate, This temperature gives an
indication of the state in which the Fluidic circuit is operating. The
mass of the thermistor must be heated up to this temperature to give a
proper reading which necessarily requires a certain amount of time.

This time delay presents a disadvantage for dynamic analysis of Fluidic
circuits,
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3.5.1

3.5.2

3,6

3,641

Mounting Means and Package Compatibility

!
;
!
i
?

The small overall size of the thermistor enables it to be more easily

mounted than some of the other sensors. It may be cemented c.1 the

inside or outside of the circuit plate, or if size permits, in the stream
itself, When located in the stream itselt, however, the size of the i
thermistor bead may be significant in comparision tc the cross- :
sectional area nf the channel. Thus, the bead may change the !
operating chareacteristics of the Fluidic element, '

Bead thermistors are easily mounted in the modular package. Figure

10 shows typical thermistor mountings for the modular concept. Where
mounted within the circuit plate, a hole slightly larger than the
thermistor 1s drilled from the rear of the circuit plate to a depth where
it nearly breaks through into the channel. Then the thermistor is potted
within the hole, locating it against the bottom of the hole, Ttis
important thet the potting around the thermistor be continuous (no

air bubbles ) to prevent any ttermal isolation from the channel bottom,

Environmental Effects

The thermigtor output depends on the resistance of the element, This
resistance is solely a function of the temperaturs of the thermistor,
Therefere, pressure, humidity, vibrations, acoustic disturbances, and
magnetic fields will have no effect on the calibration or performance
of the thermistor, Of course, it will pick up any environmental
temperature changes which may be transmitted to the bead itself,

Big-peigetric Crystals

Tha plezoelectric crystals are PZT Bimorph ceramic mater.2l manufactured
by the Piazoelectric Divigsion of Clevite Corvoration. These elements
consist of two layers of vlezoeleciric materis]l with a layer of metal
sandwlichaed between ther, Thi" constructior allows smaller f~'ces to be
adoquately handled, They aré used in Fluidic circults as pressure trans-
ducers, The main advantage of these crystals Is their extremaly low cost
compared to commerclial pressure treansducers., The thickness of the plate
is 0.024 inchos with the shape variable according to the application,

Mounting Means and Package Compatibility
A tochnique for flushemounting the crystal to the botto.. of 8 circuit

channel is shown by Figu-g 11. An clongated slot, the width beiuy
that of the crystal is milled into the circuit plate from the rear surface.
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i The depth of this flat-bottomed milled slot i such as to just break
* through the channal bottom, The crystal, with leads attached, is

t placed on the bottom of this channel and bonded into place with a
bead of cemant, such as Duco, around the four outer edges of the
orystal,

‘the meenrs of installing the crystal is applicable to both the modular
and stacked oircuit packaging concepts. In the latter case, it may
be recasgery to deaign into tho stacked structure meaens to couple the
space behind the cryatal to ambient presauro,

3.6.2 Environmental Efiects

‘ Tne ourainic material of the Bimorph orystal has a high Curie point,
. well above 500°F, sothe operating range is more than sufficient
for the contemplated anplicationa. Tha characteristics of tho plezo~
eloatric orystals are tomperature depandent, however, Preclse
valibration curves are not available for the Bimorph~type of
’ construction since the variation in properties due to temperaeture
vhanges depends extenslvely on the shape of the element and ity
mount.ng characteristics., Given a specific size, shape, and type
of mounting for o particular crystal; calibration curves can be
dotermined, Thie calibration may vary somewhat from elemant to
k elemsnt due to variations in the mounting,

——

Premaure variation have no effect on the propertias of the crystal
itsslf. In most Fluldic applications, it is expaected that the crystal
will be used to Indicate gauge preasures, in which case, ambilent
fluctuatioua will not effect the calibration, For determination of

! absolute prassures, a change in émblert Pressure causes a shift

of tha zero point.

A humidity lavel of 90 to 95 percent does not harm the unprotectnd
crystals, If axtended service is expected at a higher humidity,
than the orystals should be sealed, This does not affect their
utiiity but doas add to their cost,

3.7  Infrared Thermometer

A Barnes Engineering Company portable infrared thermometer, Model
PRT—4, was investigated as a means of evaluating the applicability

of I.R, sensing techniques to Fluidic system chockout., The potential
afforded by I.R, techniques is ir. viie determination of the thermal map

| of a functioning circuit, with deviations from the reference map indicating
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the presence of an anomalous condition, While the I,R, thermomater
model usod during the progrem provided an approach to investigating
the tachnique, it ls not {tsclf considered opplicable to in=place flight
line checkout procedures which are under consideration in the present
program, due to its size and the need to scan to obtain a thermal map,
It was conslderad that if highly satizfactory results wera realiznd
from the avaluation of 1,R, techniques, more applicable I,R, sensing
means could he found or perhaps developed,

Mounting Mcans and Package Compatibility

The size of the 1,R, thermometer head {a 5-1/2 inches diameter

% 5 inchen long. The target distance is one (1) foot to Infin.ty,
These characteristics are considered to prohibit sultable mounting
to Fluidie clrcuilry and are not compatible with alther the module
or atacked circult packaging concepts,

Environmental) Effects

Variations in ambiont temperature which effect changes in temperature
of the surface of a Fluldic cirouit plate being monitored are detectad
by the 1,R, thermometer. The significance of thia iy appreciably
minimized where concurnod prinmarily with temparature profiles, as
with a thermal map, rather than abaolute temperatures values,
Groatest acouracy in the use of I,R, mapping techniques may, of
course, be realized where referance inapa are made for the actual
ambient teamperature condition.

Other changes in environment, such 4y pressure, humidity,

vibrations, acoustic disturbances and magnatic field have no
effect on the oparation of the thermometer,
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CONCLUSIONS

‘The mounting of msensors (axcluding the I,R, thermomater) on mont modular
packages ofiera no difficulty since spacae is generally avallable. [t i3 more
difficult to properly mount sensors in or on stacked or laminated cirouitr duo
to tho density of the elements and the lack of avallable space. Tor these
applications, it will be nevesaary in moat cases to denign the tirouit with
the sensing requiremants in mind,

In most cases, the parformance of a sensor {a influenced to some degres by
the environment to whioh it {s subjected, It is necesaary to carefully exnmine
the effecta of environmental conditions bafore selacting a partioular sensor
for use in a Fluidio system checkout applivation,

The microphone under connideration ia compatible with the modular package,
but it appears to be unsuitable for the ntacked oiroulta. Lnvironmuntal
offects can bo satinfactorily acoounted for in the contemplated applications,
with particular consideration directad to environmental acoustic noine.

The plezoelectric accelorometer ia eaually mounted on the modular package,
Itsuse with a stacked olroult in dapandent on the acaersibility of the dexsired
mounting location, It is considered that adequate corrections can be made
for environmental effects with particular attention directed to environmantal
acoustic noise and high frequenaoy vibration of the Fluldic olrouit structure,

Miniatury constant temperature anemometers arae readily mounted on modular
olrouita, and in many cases, can be placed in stacked olreults, althouyh more
diftioulty is expected. In either case, the mounting muat be suitable for casy
replacement of the probe eloament. Variation in stream conditions yuch an
tempserature, presaure, and hum.dity, where suffliocient to be aignificant, may
require the use of calibration curves or multiple sanemomeoter Lnatallations and
appropriate electronlo circuitry to null out thousc o ifocta,

The pressure transducer under consideration can be suitably mounted on either

the modular or the stacked package. Tomparature variation is the only environ-

mental sffect which s troublosome, and this can be largely overcoma by the
ute of a temperature compensated tranaducer which Ls available,

Thermistors can be mounted un eithar type of package with loss difficulty than
moat sensors due to their amall ovorall size, Temperature change ia the only
environmental changu which i8 of concern in the use of theso olements, and
may raquire the use of multiple thermistor inatallation and nulling electronic
olrcuitry,
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Plozoelaectric orystals are satisfactory for use elther with modular or with
stccked packages, Environmental effects can be adaquately accounted for
in mont instances, It is conaldered probable that for digital circultry, to
which the crystal ls hest sulted, any calibration changvs caured by
vavironmaental variations will be acceptable,

The infrared thermometer offars no mounting problems aince it senses from
a diatance. With the excaption of ite somewhat limitad tamparature range,
environmantal changes are of no consequencae. Praliminary teste indicate
that this device is not suitable for the contemplated applications due to ita
site and inmenaitivity,

The infrared thermometer investigated during this program is not compatible
with aither packaging concept, It was selected as a practical means of

evaluating the [.R, sensing concapt, appreviating the need to find or develop

a more suitable I.R, sensor if the technique proved highly satiafactory,
Environmental temperature change is tha only environmental condition of
vonoern, this effect belng minimized by the fact that temperature profiles
rather than abaolute temperatures are of most concern,
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13, Abstract

Bowles Engineering Corporation has demonstrated the feastbility
of checkout tochriques for Fluldic ciroultry. Sensors, instrumentation techniques,
and checkout procedurea hava bésn Jufined which has bsen shown, by laboratory
tests, to be successful in establishing levels of functional porformance, and in
isolating causes of airouttry malfunctiona. The program was gponsaored by the
Alr Force Aero Propulsion Leboretory.

It has bean astablished that the muat acourato means of
establighing level of functional performance, to determins if the performance
of a syatoem {n matisfactory or ia outalde of allowable limita, isa through the
uste of primary sensorg, such as caertain pressure transducers and plezcelectric
orystala, Primary sensors detect functional signals directly,

Acoustic sensing techniques, a secondary nensing piocedure,
has been applied, with a high lavel of succesa, to the irolation of anymalles
causing malfunation, An accelerometer has been mounted to a circuit plate to
sense the secondary sgoustic energy genorated by a group of operating elemants
on tha cirault plate, This sensed acouatic signal has baen convarted Into an
amplitude vs, frequency acoustic signature, through the usze of sonic and
ultrasonlc spectrum analyzers, It has boon domonatrated that dilfarent
anomalies cqure distinguishingly different changaos in the accuatic signature,
thus permitting detecilon and definition of the anomalies cousing malfunctions,
The results realized in tho tsolating of malfunction causas through the use of
ascondary acountic tochniques is considered to be highly significant.

The preaent report presents the resulte of the checkout techniques
program, during which tae applicability of a group of candidate sensors were
evaluatad for use in the chackout of both analog and digital circultry,

(This dooumont is subjoct to specind vxport guntrols wid each tranumittal
to forcign governmonts or forofgn nationals may be made on'y with prior approva). of
Nupport ‘T'oehnology Divislon (APF), Alr I'oroe Aoro Propulsion Laborw.ory, Wright-
Pattorson Adr Foroe Base, Ohio 48433),

:
!
i
i
:

PRI




Foim et

NCLASEIFIED

eutlty Llanr decation

LiNR & LiNK B
nEY WOROR

LiNg €

ROLE wY ROWLE

ROLE

Fluidic Control Systems
Checkout Techniques
Acoustic Sensaing
Non=Destructive Teasting
Secondary Effect Sensing

i e At

e ¢

e

UNCLASSIFIED

Securlty Classifics.daon

r




