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FOREWORD

This report describes work accomplished in Phase I of the two-phase
program, "Propulsion System Flow Stability Program (Dynamic)" conducted
under USAF Contract F33615-67-C-1848. The work was accomplished in the
period from 20 June 1967 to 30 September 1968 by the Los Angeles Division
of North American Rockwell Corporation, the prime Contractor, and the
Subcontractors, the Allison Division of General Motors Corporation (sup-
ported by Northern Research and Engineering Corporation), the Autoneties
Division of North American Rockwell Corporation (supported by the Aero-
nautical Division of Honeywell, Incorporated), and the Pratt & Whitney
Aircraft Division of United Aireraft Corporation.

The program was sponsored by the Air Force Propulsion Laboratory,
Wright-Patterson Air Force Base, Ohio. Mr, H, J. Gratz, APTA, Turbine
Engine Division, was the Project Engineer,

This volume is Part XVI of twenty parts and was prepared by the
Autonetics Division of North American Rockwell Corporation,

Publication of this report does not conatitute Air Force approval of
the report's findings or conclusions. It is published only for the exchangs
and stimulation of ideas.
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Ernest C, Simpson
Chief, Turbine Engine Division
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ABSTRACT

This part describes the results of a survey conducted to determine the
present and the estimated 1970 capabilities of sensors applicable to the control
of aircraft propulsion systems. The survey included electromechanical and
fluid amplifier (fluidic) sensors for measurement of gas dynamic and static
properties as well as for measurement of airframe dynamic parameters.
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SECTION I

INTRODUCTION

The sensor survey reported herein is one part of a coordinated program to
improve the understanding of propulsion system instability problems in high perform-
ance turbine powered air vehicles and thereby provide a basis for increasing the per-
formance capabilities of future USAF aircraft, The program is expected to accomplish
the following:

1. categorization of those transients causing propulsion system instabilities,
2. numerical definition of [low distortion, and

3. development of a control concept for accommodating propulsion system
transients.

To accomplish these objectives a 24-month two~phase program was initiated.
The following brief discussion summarizes the goals of the two phases.,

In Phase I, those transients requiring accommodation will be catalogued; flow
instability generating mechanisms and component response mechanisms will be inves-
tigated, the steady staie performance penalties imposed by component stability mar-
gins will be evaluated, and a propulsion system dynamic simulation program will be
developed,

In Phase II, the most promising accommodation control system concepts for a
current aircraft with turbojet engines and a future aircraft with turbojet derived engines
will be selected. Preliminary analyses of these concepts will be accomplished by
means of a propulsion system simulation program. These analyses, in conjunction
with state-of-the-art surveys of sensors, actuators and computers will indicate:

1. Which concepts are most practical.
2, What the component dynamic response requirements are,
3. Where further sensor, actuator, and/or computer development is required,

As one of the tasks in Phase I, a survey was made and reported herein of cur-
rently available sensors (capable of sensing various aircraft transients and propulsion
system parameters) which have potential for use in various accommodation contrel sys-
tem concepts. The survey provides data for evaluation in Phase II of available sensors
and determination of suitability in implementing the accommodation schemes, The
survey also includes extrapolated data to help determine the projected 1970 sensor
capabilities and limitations. Preliminary evaluations of various sensors are contained
in this report.

As part of the coordinated program an investigation will be conducted in Phase II
of the specific characteristics of those parameters which might be sensed for use in
the various accommodation control concepts. In addition, hybrid simulation runs of the
most promising accommodation control concepts will also be conducted in Phase II.

1



The hybrid simulation will, in addition to evaluating the sensed parameters and con-
trol concepts, define the dynamic requirements of such components as sensors and
actuators. Final evaluation of the sensors surveyed will await completion of these
tasks.



SECTION II

SUMMARY

The results of a survey conducted to determine the characteristics of available
sensors applicable to the control of aireraft propulsion systems are set herein, Also
given are estimates of the expected 1970 performance of some of the sensors. In addi-
tion to the normal control functions, these sensors are to be used to indicate an
expected or existing flow transient.

The survey was limited to sensors that may be used for measuring pressure,
pressure ratio, pressure difference, temperature, angle of attack, airframe angular
acceleration and rate. Both electromechanical and fluid amplifier (fluidic) sensors
were investigated.

Specific technical conclusions regarding the adequacy of the available sensors
performance and the projected performance relative to the program goals are not
meaningful at this time., This is so because selection of the control modes and the
flow transient accommodation schemes and the resulting required sensors specifica-
tions will not be completed until Phase Il of the research program. Two general con-
clusions, however, may be made at this time, The first is that increased dynamic
response generally results in reduction in accuracy and life, The second is that,
excluding the temperature gsensors, very few sensors are currently in production for
service at temperatures exceeding 400°F,

The remainder of the report is summarized briefly below:
Section III— Functional Application of Sensors to Integrated Propulsion Systems

This section discusses from a functional point of view what sensors are required
and how they are applied in an integrated propulsion system. The section emphasizes
the program goal of treating the engine, inlet and airframe as a total system where
complete system control accommodates flow transients induced both internally {engine
or inlet parameter change) and externally (airframe parameter change).
Section IV —LElectromechanical Sensors

This section discusses general properties of a variety of sensors surveyed. For
purposes of this report electromechanical applies to all sensors surveyed excluding
fluidic sensors (fluidic sensors are reported on in Section V). Hydromechanical sen-
gsors were not surveyed.

Section V—1T1luidic Sensors

This section fully discusses general properties, possible propulsion applications
and some limitations of Honeywell fluidic sensors.

Section VI—Conclusions and Recommendations

Preliminary conclusions are that response characteristics of available tempera-
ture sensors represent a limiting factor in their use in control. IHigh temperature
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sensors are in development, Other considerations (sensor complexity, producibility
means for calibration and checkout, interface with computer) which have not been
evaluated will have to be given consideration (in addition to the environmental and
performance factors which are tabulated in the survey tables in the Appendices) when
sensor specifications are completed in Phase II. It is also concluded that data from a
gurvey aids in the initial screening of sensors but independent testing to eliminate data
inconsistencies is recommended. Additional error analyses of selected sensors are
also recommended based upon sensing requirements to be completed in Phase 1I.

Appendix A—Tables of Sensor Capabilities

The characteristics of the large number of electromechanical sensors surveyed
are summarized in tables in this Appendix. Further work is required in Phase 1 to
sort through the data in light of sensors requirements to be developed in Phase II.
Appendix B—Preliminary Performance Specifications

Three preliminary specifications are included in this appendix. They are:

H-ECS-0 Functional Specifications — This specification defines the environmental
conditions surrounding the propulsion control sensors.

H-ECS-1 Pressure Measurement Devices —Specifies preliminary pressure sens-
ing performance requirements

H-ECS-2 Temperature Measurement Devices —Specifies preliminary temperature
sensing performance requirements

These specifications were hot used in conducting the survey.
Appendix C—Catalog of Honeywell Fluidic Sensor Characteristic Specifications

This appendix contains specifications of present capabilities and extrapolated
capabilities of Honeywell fluidic sensors.



SECTION III

FUNCTIONAL APPLICATION OF SENSORS TO
INTEGRATED PROPULSION SYSTEMS

Several parameters must be sensed in order to accomplish the controls tasks of
an advanced propulsion system. These parameters may be classified under one of the

following headings,
1. Mach Number -
2. Terminal Shock
Position -

3. Temperature -

4, Pressure -

Air Flow -

s |

6. Rotor Speed -

The aircraft Mach number, the propulsion inlet initial
ramp angle Mach number and the throat Mach number

The propulsion inlet normal shock position during the
started inlet operation

The gas stream temperature at various points of the
propulsion system

The gas stream pressure at various points of the pro-
pulsion gystem—Also, pressure rate, difference and
pressure ratios

The corrected or actual air flow through various cross-
sectional areas of the propulsion system

The angular velocity of the rotors.

Other parameters may be required to be sensed for the purpose of accompligshing

the control auxiliary functions.

These functions include all the interlocking loops neces-

sary for satisfactory propulsion system performance throughout the vehicle flight
operating envelope. The propulsion and air vehicle parameters that may be required
to be sensed to accomplish the control auxiliary functions may include:

1. The vehicle angular rate and acceleration

2. Compressor or fan inlet flow distortion

3. Compressor surge

4, Vehicle angle of attack

5. Combhustor flameout

6. Inlet duet buzz and unstart

The actual parameters that may be sensed in order to accomplish the control
functions are discussed in the following sections. Also discussed are the applicable
sensing methods of such parameters.



MACH NUMBER

The Mach number at various stations within, and outside, the propulsion system
boundary may be required, Such Mach numbers may include the free stream Mach
number, the inlet duct initial ramp Mach number and throat Mach number. The ranges
and required accuracy of these parameters are estimated in the following table.

ESTIMATED ESTIMATED

PARAMETER RANGE ACCURACY
Aircraft (Free Stream) Mach Number 0.5 -3.0 1%
Initial Ramp Mach Number 0.5 -2.5 +1%
Inlet Throat (Duct) Mach Number 0.5-1.5 +1%

The Mach number at any cross-sectional area may be calculated from the
isentropic relationship relating the static pressure to the total pressure. This rela-
tionship is given by

v
P -
- g4 Y=l o 25-1
— = =M
5= (1 M)
where Pt = Total pressure at the cross section
p = Static pressure at the cross section
M = Mach number at the cross-section
Y = Specific heat ratio

Thus, the Mach number may be determined by sensing the total to static pressure
ratio. Absolute pressures are used in computing the pressure ratio,

Even with precise pressure ratio measurement and precise function generation,
the computed Mach number will be in error since the specific heat ratio is temperature
dependent,

TERMINAL SHOCK POSITION

Direct and indirect sensing of the terminal shock position is possible. In the
direct method, the shock is assumed to exist within the region of high static pressure
gradient downstream of the inlet duct throat area. For the purpose of defining this
region, several static pressure sensors are positioned along the duct, The output of
such sensors may be manifolded in order to determine the shock position. Another
approach is to electronically process the individual pressure sensor outputs in order
to determine the shock position. In general, the pressure rise across the shock is
approximately twice as much as the pressure rise across any other two sensors. The
problem associated with the direct method is that houndary layer build up in the duct,
unless properly controlled, may be excessive which may result in inaccurate pressure
rise indication.



The indirect methods of sensing the position of the terminal shock position
include the sensing of the inlet duct corrected air flow and percent pressurc recovery.
Such methods are not as effective as direct control because a definite and fixed rela-
tionship does not always exist betwcen the sensed variable (such as pressure ratio)
and the desired variable (shock position),

TEMPERATURE

Temperature sensing of the gas stream at various locations within the propulsion
system is essential for successful control of the system. Among the propulsion tem-
peratures that may require sensing are the following. Estimated range and required
accuracy of the listed parameters are also given.

ESTIMATED ESTIMATED

PARAMETER RANGE ACCURACY
Fan Inlet Temperature 400 - 1100°R +5°R
Fan Discharge Temperature 400 - 1500°R +5°R
Compressor Inlet Temperature 400 - 1700°R +10°R
Turbine Inlet Temperature 500 - 2860°R +15°R
Fucl Temperature 400 - 700°R +20R

Accurate temperature measurement of any gas stream is difficult for several
reasons. Among these are the localized gradients which may exist within the cross-
sectional area and, the extreme ambient range which the sensor must withstand.

Temperature senging may be accomplished by one of two basic methods. These
methods are bascd on:

1. Thermal Equilibrium Methods and
2. Secondary Methods

THERMAL EQUILIBRIUM TEMPERATURE SENSING METHODS

These are probably the most used methods in determining the temperature of a
substance. These methods require that the substance whose temperature is to be
determined and the sensing element reach thermal equilibrium. Such sensors, there-
fore, depend upon the ability to observe some parameter of the sensing element which
varies with the temperature. Thermocouples, resistance thermometers and thermis-
tors are examples of this method.

Inaccuracies in these sensing methods are caused primarily by the existence of
temperature gradient between the sensing element and the substance. This gradient
may be the result of heat transfer between the sensor and its surroundings through
radiation and conduction. The compressibility of gas introduces other errors. The
gas, upon coming in contact with the sensing elements, undergoes a polytropic com-
pression. This compression increases the gas temperature to a level near, but not
equal, to the gas total temperature,



Additional errors are introduced by the time lag necessary to allow the equilib-
rium state between the gas and the sensor element to be reached following a change in
the state of the gas. This lag can be reduced by minimizing the sensor mass and also
maximizing the gas mass rate of flow over the element. Other constraints, such as
strength and reliability, restrict the degree to which the sensor size reduction is to be
carried out,

Regardless of the temperature method used under this concept, several sensors
must be used when the average temperature of a cross-sectional area is to be deter-
mined, This requirement is the direct result of the existence of temperature gradients
in a propulsion system jet stream.

Sufficient accuracy can he achieved by some of the methods discussed herein for
gas temperatures up to 2000°F, Above this temperature level the errors become large
such that other temperature measurement methods must he used.

SECONDARY PARAMETER TEMPERATURE SENSING METHODS

The physical and thermoaynamic flow properties of gas depend on the temperature
of the gas. Some of these properties can be measured in an attempt to measure the gas
temperature, The errors associated with these methods depend on the particular gas
property being monitored. Thus, no common errors exist between the several methods
available under this group of sensors.

Possible temperature sensing methods under this class of sensors are the
following,

1. Pyrometry
2. Acoustic

a. Velocity
b, Resonance

3. Fuel to air ratio
4, Fuel to combustor inlet pressure ratio

Preliminary studies indicate that gas temperature measurement may be accom-
plished successfully, except for the measurement of the turbine inlet temperature,
through the use of thermocouples and resistance thermometers, Dynamic compensa-
tion is required in order to provide the necessary response characteristics. Thermo-
couples normally act as a second order lag, Furthermore the dominant lag is very
dependent on the flight conditions. In particular, it is dependent on the gas mass rate
of flow around the sensor. This makes exact compensation of the lag in the tempera-
ture measurement device difficult. Even so, experience has shown that proper com-
pensation can provide up to a thirty-fold reduction of the effective time constant of the
sensor. This compensation may have to be made to be dependent on the flight condi-
tion in order to yield consistent dynamic performance,

In an advanced propulsion system, the response of all the temperature sensors
must be very rapid. This requirement includes that of the engine inlet temperature
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sensor. Rapid temperature transients at the engine inlet may result in compressor
surge unless appropriate action is rapidly carried out by the control, Such tempera-
ture transients may be the result of atmospheric temperature gradients, terminal
shock wave movement, and hot gas ingestion,

PRESSURE

Total and static pressure measurements present the same general problems.
Typical propulsion pressure parameters that may be required to be sensed are given
below:

ESTIMATED ESTIMATED

PARAMETER RANGE ACCURACY
Fan Inlet Pressure 2 - 25 psi +0,5%
Fan Discharge Pressure 2 - 45 psi 10.5%
Compressor Discharge Pressure 20 - 400 psi +0.5%

In addition to the above, the static and total pressure of the free stream are
required to be sensed. The total pressure sensor requirements are based primarily
on Mach number and altitude while the static pressure sensor requirements are
defined by altitude.

Other pressure sensors may be required, These sensors may be used to mea-
sure difference between two pressures, pressure rate and pressure ratio,

Accurate sensing of pressure and pressure ratio at all times provides the needed
information to define the air flow characteristics through the propulsion system, To
accomplish this task, several sensors are often positioned in the same plane. These
sensors may be manifolded to a single plenum to yield the average pressure or may be
interrogated individually in order to provide the means for determining the flow pat-
tern through the cross sectional area of interest.

The importance of recognizing engine inlet flow distortion in a quantitative way
rests on the fact that flow distortion beyond certain limits results in a significant
change in eompressor or fan characteristics, Specifically, the surge margin is
reduced. For this reason, the flow profile across the compressor face as well as the
time variant of the average flow across the compressor face must be known, Once
flow distortion is detected, the control generates and implements the necessary com-
mand that will cauge an increase in the compressor surge margin. To prevent com-
pressor surge, therefore, requires rapid identification of the existence of excessive
flow distortion. For this reason, rapid responding engine inlet pressure sensors must
be used,

The response of the fan discharge pressure sensors and the compressor discharge
pressure sensors must also be rapid. Tests have shown that the cccurrence of com-
pressor surge could be followed by a compressor discharge pressure drop to the inlet
level within 60 milliseconds, This pressure rate is more likely a function of the par-
ticular engine and the flight condition since it represents the empty phase of the engine
volume. Normal compressor operation, during rapid rotor deceleration for example,
does not result in such rapid changes in the pressure.



In order to provide an additional intelligence to the control system regarding the
existence of compressor surge, a pressure rate sensor may be used. This sensor
may enable the control to issue a corrective action prior to a complete loss of power.
Such a sensor must obviously be capable of sensing the rapid pressure rates, Present
sensors are based on an approximate differentiation of the pressure sensor signal of
interest through a washout filter, It should be clear that the pressure sensor itself
must possess the response that will enable the computation of pressure rates in excess
of those experienced during compressor surge,

The need for a pressure ratio sensor hasbeen indicated earlier in connection with
the Mach number computation, Pressure ratio sensing may also be required for the
purpose of limiting the compressor pressure ratio during rapid acceleration, Another
use of the pressure ratio sensor is in the determination of corrected air flow through
a cross sectional flow area.

Pressure ratio sensing may be accomplished by one of two basic methods. The
first involves the measurement of the individual pressures independently and computing
the pressure ratio through electronic means, This method enables the design of fast
acting pressure ratio sensors but with relatively poor steady state accuracy, espe-
cially at the lower end of the operating pressure levels.

The second pressure ratio sensing method is based on the force balance null
principle. In this method, the force output of a pair of pressure sensing bellows act-
ing at different ends of a pivoted lever is brought into balance by varying the pivot
point. The pressure ratio is, therefore, uniquely defined by the position of the pivot
point. Such devices are reported to be capahle of sensing pressure ratio to an accu-
racy hetter than one percent of point for a pressure dynamic range of approximately
thirty., The dynamic response of this method is poor, being directly dependent on the
rate limit of the servo loop of the lever variable pivot point.

Pressure ratio sensor design accuracy based on the first method may be
improved by reducing the dynamic range of the individual pressure sensors. To cover
the entire pressure range may require the use of several pressure sensors, each act-
ing through a narrow range, to sense a single pressure.

Evacuated bellows are used for absolute pressure measurement., The force act-
ing on the bellows is proportional to the pressure only. Thus, the displacement of the
bellows, acting like a spring, is proportional to the absolute pressure,

Differential pressure is sensed by the position of a diaphragm or a bellows
across which the pressure difference is applied. In the case of a diaphragm a spring
is required to provide the reaction to the applied force.

AIR FLOW

In an advanced propulsion system, the actual air flow and the corrected air flow
across critical components may he required to be sensed to accomplish the component
matching necessary for optimum propulsion performance. Corrected air flow through
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a fixed cross-sectional area is a function of the Mach number across the flow area.
This relationship is expressed as

WV T ve
W{3 = P KM 7 1
- v -1
Rr|1+X5E M2
where WC = corrected air flow, K = consgtant
T = total temperature, g = gravitational constant
P = total pressure, R = gas constant

Thus, the corrected air flow may be computed if a Mach number sensor is available.

A Mach number sensing method, based on the point total to static pressure ratio, was

discussed earlier. Other Mach number sensing methods may be used for this purpose.
In terms of the Mach number sensing parameters discussed earlier, the corrected air
flow may be written as:

vy +1

1 2y g (1 - -—E—> ¥
= P
Y I S 7 4

) Ry -1)

The propulsion corrected air flow that may be required to be computed is given

below. Also given are the estimated range, in terms of the sensed parameter Mach
number, and the estimated accuracy.

ESTIMATED ESTIMATED

PARAMETER RANGE ACCURACY
Fan Inlet Corrected Air Flow 0.1-0.5M 1%
Compressor Inlet Corrected Air Flow 0.1-0.5M 1%
Fan Discharge Corrected Air Flow 0.1-0.5M 1%
Compressor Discharge Corrected Air Flow 0.1-0.5M 1%

As it has been pointed out, the specific heat ratio ¥ is a temperature dependent

parameter,

Thus, temperature compensation may be required in order to meet the

accuracy requirement since the propulsion system temperature at any station will

vary over a wide range.

The actual air flow through particular stations may be required in order to
accomplish certain control functions such as control loop gain variation and fuel to air

ratio limit.
signal by P/./T.
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OTHER PARAMETERS

To accomplish the implementation of the secondary propulsion control functions
may require sensing of additional paramecters. In most cases, the additioual parameters
are scnsed by an application of the methods discussed earlier,

For an advanced propulsion system, where the compressors surge margin and
the inlet duct shock position stability margin are minimal, it may be necessary to
provide interlocking schemes between the vehicle and the propulsion, These interlock-
ing schemes constitute part of an integrated propulsion flow transient accommodation
schemes. It is clear that any rapid vehicle maneuver, such as pitch and roll, ulti-
mately results in a flow transient the result of which may be in the form of propulsion
inlet pressure distortion or an unbalance in the steady state continuity equation. In an
anticipation of this flow transient, airframe mounted sensors may be used to predict
the degree of flow transient.

Such sensors may include the vehicle angular rate and acceleration, as well as
the angle of attack. Upon sensing the onset of an expected rapid maneuver, the propul-
sion system control will react to increase momentarily the propulsion system stability
margin., It appears at this time that precise measurement of lhe vehicle attitude and
attitude rate with respect to the free stream is not essential as far as the aircratft-
propulsion system interlocking schemes is concerned, What is important is the abso-
lute level of the parameler above which a rapid vehicle maneuver is assumed to have
been in progress.

Angle of attack sensing concepts are based on a single phenomenon: that the
pressure distribution on a body varies as the angle of attack varies. This phenomenon
is utilized in two basic sensors concepts; these are the fixed surface and the moving
surface sensors. In the first concept, the relative pressures between pressure ports
on the fixed surface will give the information for caleulation of the angle of attack.

The second angle of attack sensor concept is built around the weather vane principle.
The moving surface essentially maintains zero angle of attack relative to the free
stream conditions, The angular position of the vane relative to the body axis is a
direct measurement of the angle of attack.

The vehicle angle of attack sensor should be capable of sensing speeds up to
Mach 3. The shock pattern at the higher Mach number may cause inaccuracies in
measurement that renders the sensor useless. It may he necessary to provide two
angle of attack sensors covering the subsonic and supersonic flight regimes,

The secondary propulsion control function includes the detection of inlet duct
buzz and unstart, A Mach number sensor is required for unstart detection. This Mach
number scnsor is placed at the lip of the propulsion inlet duct., During normal opera-
tion, that is, when the inlet is operating in the started mode, the Mach number sensor
should read above unity. When the inlet unstarts, this Mach number reading drops
below unity, For the purpose of inlet unstart detection, therefore, it is only necessary
to determine whether or not the Mach number is above unity,
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Inlet duct buzz detection is accomplished through the use of a static pressure
measurement of the duct wall. The frequency of oscillation of the static pressure is
the determining factor of whether or not a buzz operating mode exists in the inlet duct.
Buzz frequency depends on the geometry of the inlet; the larger the inlet duct the
smaller is the frequency. Preliminary indications are that the buzz frequency of
advanced aircrafts falls between 3Hz and 40Hz. Thus, the response of the pressure
sensor must be flat beyond the buzz frequency.
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SECTION IV
ELECTROMECHANICAL SENSORS

This seetion contains a discussion of the general propertics of the nonfluidic
scnsors surveved. Detailed tabulations of performance characteristics obtained in the
survey are contained in Appendix A. The types of electromechanical sensors
specifically surveyed are listed helow:

Absolute Pressure Sensor

Differential Pressure Sensor

Pressure Ratio Sensor (P/P)

Pressure Ratio Sensor (AP/P)

Temperature Sensor

Angle of Attack Sensor

Acceleration Sensor

Angular Rate Sensor

PRESSURE SENSORS

Regardless of the type of application for which a pressure sensor is designed,
i,e,, applied to measurement of "statie," "dynamic, ' absolute, or differential
pressures, the basic elements common to all are a senging element, which converts
the applied pressure to a deflection or state of stress, and a pickoff element which
converts the deflection or state of stress to a change in a measurable electrical
property or characteristic, From this point on, there are as many designs as there
are specific applications and normally, each design represents a compromise of
performance characteristics to meet the specific requirements of the application,
Attempts to classify pressure sensors by type of sensing element or type of pickoff
can only be done in a gross sense because, apparently, performance of present sensors
is more related to design and manufacturing techniques than any other factors.
However, generalization about which basic sensor elements constitute the best hope for
future specific designs for this program can only result from knowledge of the mechanics
and limitations of the basic sensor elements,

Sensing elements for the eleciromechanical pressure sensors recorded in the
survey include the following types: diaphragm, bourdon tube, strain tube and capsule.
A special case is the piezoelectric crystal type which, being sensitive to applied
pressure, can act as both sensing element and pickoff. The deflection characteristics
of the sensing element are related to both physical design and Young's modulus of the
material used. Assuming a sensing element represented by a zero damped spring-
mass system (neglecting dynamiec characteristics introduced by the sensor cavity and
fluid properties), maximum response, as characterized by sensing element natural
frequency, results from a low mass high spring rate device, In other words a small,
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stiff design. This is hest characterized by the diaphragm design which, in miniaturized
versions, have natural frequencies exceeding 100 KHZ. Miniaturization, in addition to
improving sensor element response, can substantially improve response of the complete
sensor installation, if the sensor is small enough to mount directly in the pressure
probe. The major apparent limitation of miniaturized diaphragm type sensing elements
is that accuracy is not as good as that obtained with larger versions of similar design.

Sensing elements are presently available in a variety of materials including both
polycrystalline (metals) and monocrystalline (quartz, silicon). Polycrystalline
materials, theoretically, are more subject to hysteresis, drift and creep under stress,
and exhibit a non linear variation in Young's modulus with temperature, although some
alloys have been developed which have a constant modulus over a finite temperature
span. Monocrystalline mateiials tend to be brittle and more susceptible to damage
from shock, vibration, and impingement of high velocity particles, Unless unique to
the type of pickoff used, sensing element material is usually metallic,

Pressure sensor pickoff types recorded in the sensor survey include:
metal strain gage

semiconductor strain gage

variable transformer

variable reluctance

variable capacitance

potentiometric

piezoelectric crystal

Wire or foil metal strain gages (strain sensitive resistance characteristic) are
the most common elements for converting sensing element deflection to an electrical
signal. They are normally arranged electrically in a Wheatstone bridge and mounted
50 that deflection of the sensing element induces a strain in the gage, changing the
resistance of the gage and unbalancing the bridge, Metal strain gages have low
impedance and small gage factor, combining to provide a low level output. Because
of the low impedance, excitation voltage must be low to avoid high current levels which
would result in excessive heat generation thus reducing the accuracy and/or life of the
element. As a result of the low output, signal amplification is needed for maost
applications, and electrical noise pickup is a problem. Metal strain gage type pressure
sensors are available in configurations in which the gages are bonded, unbonded,
welded, or vacuum deposited to the sensing element. Bonded designs are temperature
limited by the bonding agent used. Unbonded, welded and vacuum deposited gages can
have an entirely non-organic design and, in theory, are more applicable to high tem-
perature applications., Strain gages are small, and are characterized by their accuracy
in measuring small deflections with the result that they lend themselves to miniaturized
pressure sensor design, The interface between the gages and the pressure sensing
element provides the primary problem in producing a high accuracy over a wide
operating temperature range for presently available sensors,
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Semiconductor (Piezoresistive) strain gages are similar in application to metal
strain gages. Primary advantage is a much higher gage factor than metal strain gages
resulting in high sensor output at low strain levels. Also, they can be diffused directly
into pressure sensing elements (wafers, or diaphragms) made of monocrystalline
silicon, eliminating sensing element/pickoff interface problems. However, they are
more temperature sensitive than metal strain gages and diffused designs must be
operated well below diffusion temperatures, Temperature limits for non diffused units
are apparently established by the characteristics of the bonding materizls, which
include cements, and eutectic compositions. A factor which may limit applications of
diffused units is their fragile nature, which makes them prone to damage by direct
impingement of high velocity particles.

The variable capacitance pickoff is another type which is suitable for high natural
frequency sensor designs. Ior this type, deflection of the pressure sensing element
acts to vary the air gap of a capacitor. Usually, the sensing element incorporates one
plate or electrode of the capacitor., Various electrical configurations are used to
convert the resulting change in capacitance to a usahble electrical signal. The most
common techniques include arranging the variable capacitor in a Wheatstone bridge
with three fixed capacitors, or, as part of an LC circuit. Capacitance pickup in long
cables is a prohlem with the Wheatstone bridge circuit, and the sensor electronics is
usually packaged in or adjacent to the sensor, imposing a direct temperature limita-
tion, Pickoff types other than strain gage or variable capacitor normally require an
armature or wiper arm coupled to sensing element, as well as larger sensing element
deflections. The effect is a lower natural frequency design., These types include the
variable transformer, variable reluctance and potentiometric pickoff designs, although
the variable reluctance type may use the diaphragm as the armature, In the variahle
transformer design, deflection of the pressure sensing element moves the transformer
core to vary the magnetic coupling between primary and secondary transformer wind-
ings, resulting in a secondary voltage which varies with core position. Advantages
of this technique are a high level output signal, and a developed high temperature capa-
bility. Sensors using this pickoff type are available for service to 900 F,

In the variahle reluctance pickoff confipuration, pressure sensing element
deflection moves an armature which varies the air gap between inductors arranged in
two legs of a Wheatstone bridge. This effectively varies the reluctance of the
inductors, changing their impedance which unbalances the bridge, resulting in an
output which is a function of armature position. Units using this type of pickeff in
conjunction with a bourdon tube sensing element are presently available for operation
to 500 F, and based on data quoted by the supplier, can apparently be designed and
compensated to provide exceptional accuracy.

Potentiometric pickoffs are, electrically, the simplest type available, consisting
of a uniformly distributed resistance and a wiper. Output is a function of wiper
position, and can vary from zero, or null, to a value approaching excitation voltage
level, This type of unit is usually used in conjunction with large deflections such as
those provided by bellows or capsule type sensing elements. However, survey data
indicates that designs are available which provide step response characteristics
comparable to those using variable transformer and variable reluctance pickoffs.

Figures 1, 2, 3, and 4 provide a graphic description of selected performance
characteristics of pressure sensors, illustrating survey data for natural frequency,
upper operating temperature limit, ambient accuracy, and effect of temperature on
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accuracy. These graphs are limited to show the best value for each sensor configura-
tion; specific sensors shown on one figure are not necessarily carried over to the
other figures if another sensor of the same configuration is better in that performance
category. Present capabilities are shown to the left of each figure, projected capa-
bilities are shown to the right,

As shown In Figure 4, the major contribution to pressure sensor inaccuracy is
the effect of temperature on sensor calibration., Depending on the eventual pressure
sensor requirements, several technigues may be used to improve sensor inaccuracies
resulting from ambient or self generated temperature variation. These include the use
of heaters to maintain the sensor at a constant temperature, or, incorporating a
temperature sensor in the pressure sensor to allow adjustment of predictable tempera-
ture induced variations on calibration. Although heaters are commonly used in
accelerometers and gyros to stabilize damping characteristics, warm up times may be
prohibitive for certain applications, The use of temperature sensors to compensate
for temperature effects requires additional electronic circuitry to correct the sensor
signal, For systems with large numbers of sensors, the technique will impose com-
plexity and cost penalties, and if the correction is done remotely, a weight penalty due
to the increase in cable sizes.

PRESSURE RATIO SENSORS

Two mechanizations are presently available for measuring pressure ratio. These
are the closed loop mechanization, which includes a servo for force or null rebalance,
and the open loop mechanization, in which pressure ratio is electronically computed
from the signals from two matched pressure sensors.

In the closed loop mechanization, two pressure sensing elements are kinemati-
cally arranged so that their resultant deflection or force is a [unction of the ratio of
their individual deflections or forces. The resultant is sensed by a pickoff which
generates an error signal to a servo which balances or renulls the device, A
linearizing linkage and follower in the servo provides an output motion which, when
coupled to a pickoff provides an electrical signal which is a linear function of pres-
sure ratio, Basic advantage of this mechanization is accuracy over the entire range
of pressures sensed. Response is characterized and limited primarily by the servo
mechanism. Frequency response for small variation in ratio is in the range of 10 to
15 Hz, but step response is rate limited to values of one second or larger for full
range steps. This mechanization is relatively large in relation to open loop pressure
sensors and is limited to an upper ambient temperature of 250 T for present models.

In the open loop mechanization, where the ratio is electronically computed,
response is characterized by the dynamics of the pressure sensors used. In the
strictest sense, this mechanization does not scnse pressure ratio, but only the pressure
components comprising the ratio, and can be obtained complete with computational
electronics to provide an output proportional to ratio, or with the individual pressure
component signals for remote computation of ratio,

The major problem with this technique is a gross inaccuracy in the computed
ratic when the pressure sensed by either sensor is near the low end of the measurahle
pressure range. Even though the individual pressure sensors may be very accurate,
the resulting computed ratio accuracy will be poor.
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Depending on future requirements, available ratio sensors may be arranged in
the system to improve system accuracy and response. One technique is to use the
closed loop type primarily as an in-flight calibration to periodically update information
from the open loop sensor. This technique retains the response characteristics of the
open loop type and the accuracy of the closed loop type. Another technique would be to
use several open loop sensors for each sensing station, With this arrangement the
sensors would normally cover different regions of measured pressure to reduce the
pressure range for the individual sensors. An additional benefit of this method is the
resulting redundancy of the sensors.

TEMPERATURE SENSORS

Data for five types of available temperature sensors were recorded in the survey,
These were the wire resistance, semiconductor resistance, thermocouple , infrared,
and hot wire anemometer types.

In the wire resistance type, usually utilizing platinum or nickel base sensing
elements, the wire resistance varies as a function ol probe temperature, and is
normally mechanized as one leg of a Wheatstone resistance bridge, IL.ead wire
resistance can be compensated by additional bridge circuitry and may require up to
twelve additional resistors in the bridge circuit plus two additional lead wires to the
sensor, making this a costly method for systems with many temperature sensors,
Wire resistance temperature sensors are usually limited to less than 2000 F although
ranges approaching 2500 F were recorded in the survey.

Primary advantage of the resistance probe is a better accuracy relative to
thermocouples, Response characteristics are slow for most higher temperature
applications because the resistance wire element must be protected to prevent oxidation
andloss of sensitivity, and to prevent structural damage. The protection consists of
imbedding the sensing element in temperature resistant materials which introduce
thermal lags characterized by the physical design, thermal conductivity and heat
capacity of the probe materials, Response must therefore be traded against probe
life for higher temperature applications, Survey data for a compressor discharge
temperature sensor indicate a life to failure of less than 1000 hours corresponding to
a 1500 R temperature extreme, and a 1. 5 second time constant at 12 1b/sec/ft2 flow
condition, The probe life problem is compounded by an apparent lack of definition of
environmental conditions, within engines, which affect the probe structural design,
This results in prohbes heing environmentally qualified in the laboratory but failing in
service,

The hot wire anemometer, used as a temperature sensor, is a special case of
the resistance probe which, up to now, has been mainly applied as a lab or research
tool due apparently to the complex control circuitry required, and delicate probe
designs, The anemometer is a highly responsive instrument, used primarily as a
flowmeter in flow and turbulence studies,

Semiconductor resistance temperature sensors are similar in application to the
wire resistance units. At present they are available for sensing temperatures to
500 F, Advertised advantages include a dynamic response four to five times faster
than comparable wire types, and a high level output, up to 20 mv/OF, when used in a
Wheatstone bridge., The faster response is attributed to a higher thermal conductivity,
small size and a design having a high surface to thickness ratio, all of which are desipgn
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factors related Lo rapid element heat transfer characteristics, From a practical
standpoint, semiconductor elements are fragile, and may need structural protection
for airborne application which would tend to increase thermal lag, reducing dynamic
response,

Thermocouple probes are generally used for temperature sensing applications
above 2000 F, and have been designed for applications approaching 4500 F. Another
advantage of the thermocouple is the relatively simple electrical circuit required.
Disadvantages are the characteristically low signal level and poor dynamic response,
which as discussed for wire resistance probes, is a design trade off of thermal lag
against service life,

The infrared temperature sensor is a non-contact device used to remotely detect
surface or combustion temperatures. Survey data (for one type) indicates a tempera-
ture range of 60 F to 3200 ¥, In operation, the detector is aimed at the surface or
infrared source and may be a considerable distance from the source. The detector for
the type surveyed must be environmentally protected having an ambient temperature
limit of 120 F. Quoted response time for the device is 0, 1 second,

ANGLE OF ATTACK SENSORS

Angle of Attack sensors measure local angle of the {low velocity vector relative
to the sensor axis in a predetermined plane. They can be used to determine relative
flow direction as well as aircraft angle of attack. From the survey, two different
mechanizations are available, the vane type and the pitot probe type.

The vane type is essentially a wind vane, Flow velocity forees align the vanes
along the direction of the flow velocity vector. Deflection of the vanes from a null or
zero angle position is detected by a pickoff to provide an electrical output signal. The
pickoff is normally a potentiometer or synchro. They can he equipped with integral
heaters to avoid icing problems and are apparently available for velocities up to Mach 3,
although survey data indicates present temperature limitations of less than 300 F,
Resgponse of this type of device is relatively slow.

The probe type angle of attack sensor consists of a fixed pitot probe and pressure
sensors. Omne version of the probe is illustrated below, although other configurations,
including ""wedge' and "'cobra'" are also available.

ROSEMOUNT ENGR. ANGLE OF ATTACK
PROBE

PB = TOTAL PRESSURE PICKUP

A P PP, = STATIC PRESSURE PICKUP

p ANGLE OF ATTACK MEASURED IN
Q4 PLANE AA
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For the configuration shown, angle of attack is proportional to the relationship

P -P
H , and the system includes a pressure ratio sensor to provide an electrical
3 4

output , Sensitivity per degree is relatively constant over a wide range of subsonic
and supersonic Mach numbers, Response of this type of mechanization is related to
the tubing size and length from prohe to sensor, and the response characteristic of
the sensor.

ACCELERATION SENSORS

Acceleration sensors are available in both open loop and closed loop types. The
open loop accelerometer consists of a spring restrained seismic mass which reacts
with an inertia force to acceleration inputs along a predetermined axis, This results
in a deflection which is detected by a pickoff to provide an electrical output, The
pickoffs presently used include most of those discussed for pressure sensors, The
seismic mass may be suspended for either rotational (pendulus type) or translational
motion, Either oil or air damping is provided to eliminate spring/mass oscillation.

The accelerometer system may be represented hy a second order, single degree
of freedom transfer function. Response characteristics are determined by mechanical
design and size, type of damping, and damping ratio. Air damped sensors with natural
frequencies to 600 Hz are presently available. Operating temperature range for
available designs is less than 300 F, Because the viscosity of damping fluids is
temperature dependent, the damping ratio will vary with temperature and therefore
response characteristics will tend to become more oscillatory at elevated ambient
temperatures and sluggish at low temperatures, Heaters can be used to maintain more
consistent response characteristics,

Sources for open loop acceleration sensor inaccuracies are essentially the same
as those for pressure sensors plus errors introduced by cross axis acceleration inputs.
The closed loop acceleration sensor mechanication using a force balance servo, is
used mainly to obtain better accuracies than those obtainable for open loop types,

ANGULAR RATE SENSORS

The conventional mechanization for angular rate sensors is the rate gyroscope
constrained to one degree of freedom, which makes use of the precession character-
istic of the gyro to produce an output. With this mechanization, displacement about the
output axis is proportional to angular rate input at the input axis., Damping is provided
in the form of viscous shears, dashpots, or eddy current devices to reduce oscillations
in the output axis. Pickoff types used include variable transformer and potentiometers.
Present capabilities include designs with natural frequencies to 200 Hz. Operating
temperature range is limited to less than 300 F for available units, To prevent wide
excursions in damping ratio in cil damped designs, heaters can be provided as part of
the sensor package,
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SECTION V

FLUIDIC SENSORS

SENSORS SURVEYED

During Phase I, Honeywell surveyed all its inhouse sensors and sensor concepts
and their interface transducers which may be applicable to a flow distortion accom-
modation system., Existing data was examined and extrapolated in order to establish
performance levels attainable with further development. The fluidic sensors studied
are listed below;

1. Temperature Sensor

2. Pressure Ratio Sensor

3. Pressure Rate Sensor

4. Normal Shock Sensor

5. Pressure Difference Sensor
6. Accelerometer

7. Angular Rate Sensor

8. Angle of Attack Sensor

9, Flow Distortion Sensor

In succeeding paragraphs, the Honeywell fluidic sensors are described and their
capabilities and limitations are explained. A hrief explanation of the general character-
istics and limitations which apply to all fluidic sensors is presented prior to the more
detailed description of the individual sensors.

Performance data have been compiled for each of the sensors and are presented
as specification sheets in Appendix C. In addition, the current performance was
examined and extrapolated in order to establish performance level attainable through
further development. The majority of the sensors were developed for a specific appli-
cation, therefore, the data on some of the characteristics are not known for all of the
sensors. The data listed are typical for the specific sensors, but simple tradeoffs are
available to tailor the sensors to specific requirements when they are known. Fluidic
sensors are now being developed on several different programs. Consequently, much
of the performance data on the fluidic sensors are based on laboratory experimental
test results and predicted performance from the development programs. The size,
weight and mounting configuration many times are not presently fixed and can be
designed to fit the specific application,

Fluidic angle of attack and flow distortion sensors are in the conceptual stage

so that it is not possible to prepare any specifications for these sensors. No perform-
ance characteristics are known because the computational circuits have not been
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evaluated for this application. Since the circuits for these sensors consist of fluidip.
amplifiers, the environmental limitations should only be those imposed by the amplifier.

A summary of the limitations that appear critical in the application of fluidic
sensors to a flow distortion accommodation contrel system is listed in Table I. This
list points out the areas where further development is required to attain the perform-
ance listed under extrapolated capahilities in the specifications.

GENERAL CHARACTERISTICS OF FLUIDIC SENSORS

There are several characteristics or requirements that apply to the fluidic
sensors ih general such as certain environmental limits, contamination tolerances,
and power supply requirements. Tests have been conducted in these areas on some
of the fluidic sensors, with the extension of the results to other sensors because of
their similarity in construction and function, These tests have been conducted during
development programs, both internally funded and under Air Force contracts,

The details of the results of some of the testing are available in AFAPL-TR~68-31 and
are summarized here.

Fluidic sensors and/or computational elements contain no moving parts, except
the fluid itself. Therefore, they have inherent high reliabijlity and are highly tolerant
of the mechanical environmental ambient conditions such as vibration and shock. The
only limitation is the structural integrity of the sensor. Except for the flight control
sensors, the sensors are practically solid with just small internal flow passages; thus
the mounting surface or probes to which the sensors are mounted are the limiting factor.

Vibration testing of the temperature sensor has been conducted per MIL-STD-
810B curve L which specifies 20 g's to 2000 cps. No deterioration of performance
occurred during the test. The sensor tested included a fluid/electrical transducer
which would be more susceptible to vibration than the sensor itself, Similar tests
have been conducted on the pressure difference sensor (proportional amplifier) with
no effect on the performance of the sensor. Many of these fluidic sensors have been
mounted directly on turbojet engines and engine test stands during hundreds of hours
of engine operation with no detrimental effect on their performance attributable to
vibration.

The other mechanical type environmental tests such as shock and acceleration
have not been conducted on the fluidic sensors. Because of the configuration of the
sensors and the results of the vibration testing, it is felt that the sensors can readily
meet the requirements of MIL-STD-810B for shock and acceleration.

Since temperature and altitude would affect the flow phenomena, these tests have
been conducted on the individual sensors and the effects on the performance of the
sensors are presented in the specifications in Appendix C.

Because fluidic devices contain small passages, contamination is a potential
problem, As part of an Air Force program, reported in AFAPL-TR-68-31, contamina-
tion testing was conducted on five amplifier cascades, each consisting of three pro-
portional amplifiers. The amplifiers were fabricated from an aluminum-filled epoxy
material and all had power nozzles 0.010 by 0,020 inch. This is normally the smallest
size passage used in our fluidic devices. The nozzle sizes and passages in the fluidic
sensors are large compared to this. The object of the testing was to determine the
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Table I,

Summary of Fluidic Sensor Limitations

Development Status

In
Sensor Present Limitation Feasible Progress
Temperature Sensor Higher temperatures Yes Yes
Transient response Yes Yes
Pressure sensitivity Yes Yes
Pressure Ratio Sensor Temperature sensitivity Yes (using Yes
compensation)
Low pressure ratio sensitivity | Yes No
Operate over other ranges Yes No
Improved accuracy Yes Yes
Pressure Rate Sensor Altitude sensitivity Yes Yes
Normal Shock Sensor Miniaturization to improve | Yes No
mounting
Electrical output Yes Yes
Altitude sensitivity Yes No
Pressure Difference Sensor | Altitude sensitivity Yes Yes
Angle of Attack Fluidic mechanization Yes No
TFlight Control Sensors
Fluidic Angular Rate Noise Yes No
Drift Yes No
Temperature sensitivity Yes No
Fluidic Accelerometer Accuracy Yes No
Environmental sensitivity Yes No
Sensitivity Yes No
Flow Distortion Sensor Fluidic mechanization Yes No
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effects of contamination on the performance, reliability, and service life of fluidic
devices.

A special test fixture capable of controlling the contaminant level of the supply
air was used. The contaminant used was AC Spark Plug test dust, fine grade, with
the following particle size distribution:

Size, Microns Distribution, Percent
0 -5 39 £2
5 ~ 10 18 +3
10 - 20 16 +3
20 - 40 18 43
40 - 80 9 +3

Trigure 5 summarizes the test results. The test sequences were terminated at a
point where the amplifiers were judged nonusable because of plugging of ports. Three
test sequences were run. Contamination levels were 25, b and 1 mg of dust per cu ft
of air,

Contamination data taken from two sources, measurements of the compressor
discharge air of several engines mounted on test stands, and Air TForce Document
A¥SCMB80-9 (Handbook of Instructions for Aerospace Systems Design - Volume V
Environmental Engineering), indicate that contamination levels on the order of
5 x 106 grams per cubic foot of air are normal for atmospheric dust. This level is
three orders of magnitude lower than the MIL-E-5009B level of ¢, 005 gram per cubic
foot of air which was the concentration level for the second test sequence.

An analysis of the test data, Figure 5, indicates approximately a factor of
4.35 increase in operating time for each contamination level reduction to 20 percent
of the preceding value. These factors have been used to project the amplifier opera-
ting times for reduced contamination levels. These data are presented in Table II,

In addition to the contamination tests, further insight into the potential problem
of contamination has resulted from the actual installation of temperature sensors on
turbojet engines, They have been used to measure turbine inlet temperature on sueh
engines as the J-57, J-58, T-56, and T-58. Both total pressure and static pressure
probes are used to extract gas from the turbine inlet. Thus, the products of combus-
tion are flowing through the sensor. The time accumulated on any single sensor is in
excess of 300 hours operating time. Only once has there been any indication of a con-
tamination problem. An exhaust orifice became partially plugged after 200 hours of
operation on one sensor. Upon a careful examination, the plugging was attributed to
flaking of internal material of the sensor and not from anything in the hot gas. The
sensor was an early developmental model and since that time the material from which
that sensor was fabricated is no longer used.

Fluidic control systems have been operated in ambient temperatures down to
-20°T with no icing problems, The systems consisted of the angular rate sensor,
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Table II. Contamination Test Results and Projections

Contamination Level Operating Time
(mg/cu ft) (Hours)
Test Test Factor of Test TFactor of Calculated
Sequence Value Sequence No.l Value Sequence No.1 Value
1 25 - 16 - -
2 5 0.2 67 4.35 69
3 1 (0.2)2 306 i4.35)2 303
- 0.2 (0,2)3 - (4.35)3 1,320
- 0.04 (0.2y% - 4.35)% 5, 850
- 0.008 0.2)° - 4.35)° 25, 000

fluidic amplifier (pressure difference sensor), pressure rate sensor, and temperature
sensor. The air was supplied to the fluidic circuits by a stationary compressor located
in the same ambient temperature, Supply air is not required for the temperature
sensor or pressure ratio sensor since they operate directly on the pressure of the gas
being measured. The pressure rate sengor, normal shock sensor, and pressure dif-
ference sensor consist of fluidic amplifiers and require a regulated supply pressure

as do the angular rate sensor and accelerometer. The degree of regulation required is
dependent upon the accuracy requirement of the sensor output. The specifications list
the degree of pressure regulation required to attain the accuracies gquoted. The sen-
sors will operate over a wide range of supply pressures with the output levels or
ranges a function of the supply pressure. A common power supply for multiple sensors
is normal practice. For instance, a complete fluidic engine control system as
reported in AFAPL-TR-68-31 had one pressure supply system consisting of a single
regulator and filter to supply over sixty fluidic elements. The manifold, of course,
must be properly designed to assure that the required supply pressure is available to
all of the sensors. If a reduced pressure level is desired to an individual sensor, an
orifice is placed in its supply line to drop the manifold pressure. The filtration used
has been based on the contamination tests reported previously and on experience

gained during development programs. A ten micron nominal filter is normally
specified.

Temperature Sensor

The fluidic temperature sensor described herein is currently being developed. It
is a fluidic oscillator which has a {requency of oscillation determined by the absolute
temperature of the inlet gas. In operation, a submerged jet impinges on a downstream
splitter, forming an edgetone frequency which is stabilized by one or more resonant
cavities. The frequency of oscillation is a function of the acoustic velocity of the
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sample gas and the size of the tuning ecavity., With the geometry fixed, the frequency
of oscillation is a function only of the acoustic velocity, provided that the pressure
drop across the sensor is sufficient to maintain sonic velocity through the outlet ports.

Various size sensors have been made with nominal room temperature operating
frequencies from 2 KHz to 17 KHz. The operating frequency range is generally 2:1.

A typical development model fluidic temperature sensor is about 1. 25 inches in
diameter by two inches in length,

The frequency oscillation is a function only of the acoustic veloeity,

C =~kgRT
where
k = adiabatic constant

g = gravitational constant

R

gas constant

T = absolute temperature °R

Since k and R are relatively constant and known for the temperatures of interest,
the frequency of oacillation is

f =cJT

where C is a constant for operation on a particular gas.

Since the temperature sensor is basically an acoustic velocity (v kRT) sensor,
there is an apparent calibration change due to operation on engine combustion products
which have different k and R from laboratory air used in calibration. The gravita-
tional constant is neglected,

Assume
f = KVKRT
or
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differentiating:

_ 2cf kRAf - cf> kdR + Rdk)

aT 5
and
dT _ 2¢f kRdf - cf° (kdR + Rdk)
T K2RZct?/KR
simplifying:

A plot of k versus temperature is given on Figure 6 which shows the variation of
k with and without combustion products over a representative temperature range.
From Figure 6 at 2200R, k air 1.322 and k comb 1.304,

R is the gas constant, and is independent of temperature and varies by about
0,009 percent over the range of fuel air ratios of interest, Therefore, a representa-
tive calibration change for the addition of combustion products is

o}

T __0.018 _ _
T =" 1322 - 1.36 percent

While operating on an engine, the k will change over the operating range., For a
typical turbojet engine the fuel-air ratio changes from 0.0105 to 0. 0160 over the
operating range. The resultant change of k is from 1.311 to 1,315 at 2 constant tem-
perature, Assuming an intermediate value is chosen, then the apparent error is

- = - = £0,15 percent

Fluidic discrimination of the high frequency output for possible use in a fluidic
circuit can presently be achieved over a relatively narrow range (about 200°F range).
This is achieved by using a coupling element which extracts the acoustic signal, a
resonant tube, and a fluidic amplifier whose differential pressure output is propor-
tional to the frequency detected. Wide range discrimination of high frequency signals
(»1200 Hz) has not yet been achieved fluidically.
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A calibration curve for a typical fluidic temperature sensor is shown in Figure 7.
As can be seen, the relationship between frequency and inlet gas temperature is a
straight line on the log-log plot since the output frequency is a function of the square
root of absolute temperature (f = K «/T). Divergence of the two lines (see Figure T)
reflects an apparent pressure sensitivity caused by heat loss from the sample gas
stream to the uninsulated engine boss and inlet fitting. Analyses have shown the heat
loss to be relatively constant at a constant inlet temperature, but total heat input is a
function of the flow rate (inlet pressures,) thus the effect of the heat loss on the output
is greater at lower inlet pressure. The resuliing 2. 2 percent error at 2000°F can be
reduced by better thermal design of the gas sampling fittings. Figure 8 shows the
effect of uninsulated fittings at various temperatures.

Figure 9 is a response curve of the development sensor o a step change in input
temperature. The sensor output is compared to the inlet gas temperature as measur-
ed with a 5 mil instrumentation type thermocouple. These test results indicate that
the transfer function of the sensor proper {less sample gas probe) is as follows:

o 0.6, 0.4
T, 140,018 = 1+108

The first time constant component represents the time required to flush the old
gas from the sensor. The second component is due to the thermal inertia of the
sensor and sample gas probe.

Current sensors have been made essentially insensitive to supply pressures
from 5 psig to 20 psig* by employing choked converging-diverging nozzles in the
outlets of the tuning cavities, Consequently, the only operating limitation on the
temperature sensor is that at least a 3 psi pressure drop be maintained across the
sensor to keep it oscillating. Accuracy is degraded at the very low pressures
{3-5 psig) but good repeatability is experienced. The only other environmental limita-
tions on the sensor are due to the material used in fabrication of the sensor body and
the mounting to the propulsion system. Advanced sensors of ceramic materials are
presently under development.

Because of the need for a temperature sensor signal which could be discriminated
fluidically and a sensor that would exhibit a better dynamic response than the device
just described, a dual temperature sensor was developed. The dual sensor consists of
two sensors of slightly different operating frequencies and scale factor. The output
signals of the two sensors are beat together and the resultant beat frequency provides
the temperature information. A more complete description of the dual sensor is
contained in AFAPL-TR-68-13 Part I. This lower beat frequency can be fluidically
discriminated to yield a differential pressure indicative of temperature,

By proper adjustment of the dynamic response of the individual sensors it is
also possible to adjust the dynamic response of the unit. The transfer function achieved
is a first order lag and is presented in Appendix C. The principal disadvantage of the
dual sensor is the possihility of a large steady-state error if contamination or geometry
changes cause a small shift in operating frequency of one of the individual sensors.
Sensors have been used to measure turbine inlet temperature on different engines for
several hundred hours with no sign of contamination sensitivity.

*90 psig is not a limit but is the highest test pressure to date.
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Figure 8. Heat Transfer Effects on Indicated Pressure
Sensitivity due to Uninsulated Gas Sampling Fittings
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For most applications to date the temperature sensor has been mounted directly
on the end of a probe that extracts the gas sample from the hot gas being measured.
The sensor should be mounted as close to the source as possible to minimize any
apparent pressure sensitivity and thermal lag due to heat transfer effects that occur
when transmitting the gas sample through a length of tubing. In some specific applica-
tions it is possible that the sensor could be inside a probe inserted in the gas stream
or in a stator blade.

The frequency output of the temperature sensor is a pressure oscillation. This
signal must be converted to some other form to be useful in a control system. Trans-
ducers have been developed to convert this signal to an electrical signal and/or a
pneumatic pressure signal. Capacitative, inductive, and piezoelectric type pickoffs
have been used to obtain the electrical signal. The resulting electrical frequency
pulses are converted fo a d-c voltage proportional to temperature in an electronic
signal conditioner. Compensation to improve dvnamic response can also be built in
this package. This compensation is generally a simple lead-lag circuit of the form
(l/+ Ars)/(1 + 78), and makes the sensor transfer function appear to be a first order lag,
1/61 +T8).

50 PSIG. INLET
5 wiL{CHROMEL-CONSTANTAN
FINAL @ 3 MINUTES / THERMOCOUPLE
425
———rmm e 25°F
[
/T:MPERATURE
SENSOR

INITIAL

10 SEC 100°F

Figure 9, Recorder Trace of Temperature Senscr Response
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Pressure Ratio Sensor

The fluidic pressure ratio sensors are similar in design and operating principles
to the fluidic temperature sensor described previously. A block diagram of the pres-
sure ratio sensor is shown in Figure 10. The frequency of oscillation is a function of
the ratio of the supply pressure to the reference or exhaust pressure. However, the
device is sensitive to the temperature of the supply gas and compensation must he
provided. This can be accomplished with either a temperature measuring device to
correct the senscd frequency or with a fluidic amplifier discriminator which is
designed to vary the gain at different temperature levels.

PEXHAUST
P FREQ= f
2UPPLY ol censoR (;Ex“AUST) TEMPERATURE | OUTPUT >
COMPENSATION [PNEUMATIC OR
ELECTRIC

T SUPPLY ~—T

Figure 10, TFluidic Pressure Ratio Block Diagram

Two pressure ratio sensing devices which cover different ranges have been con-
sidered and are currently being developed - one an intermediate range device (1.3 to
2.5 PR) and the other a low range device (1.03 to 1,40 PR}, The working model of
the intermediate range device is shown in Figure 32, Appendix C. This model has a
pneumatic to electric transducer mounted on it for evaluation purposes. A transducer
will be necessary for control system purposes to convert the high frequency acoustic
signal to either voltage or to a pressure.

Temperature sensitivity in the intermediate range device is relatively large and
compensation is necessary to correct for it. The sensitivity amounts to about 300 Hz
per 100°F. A typical calibration curve for the sensor is shown on Figure 11.

Supply air temperature is measured with a resistance thermometer and the
necessary corrections can be computed electronically. The pressure ratio sensor
is surrounded with air at supply temperature in the case as shown on Figure 32,
Appendix C, and maintained at exhaust pressure. The temperature sensitivity correc-
tion is a fairly complex electronic mechanization which could be accomplished in a
number of ways and is considered part of the readout hardware. Therefore, no dis-
cussion of the correction circuit is included here. The possibility of using a fluidic
frequency discriminator with built-in temperature compensation is also a possibility
but has not been attempted at this time. The dynamics of the pressure ratio sensor -
temperature compensator are unknown. The pressure ratio sensor is assumed to he
a first order lag since it is similar to the temperature sensor,

The low range sensor is being developed as a duct Mach sensor for use in either
a supersonic inlet control or a turbofan bypass ratio control. The range of this device
is satisfactory for the present application, but for advanced propulsion systems very
low pressure ratios and extreme accuracies appear necessary.
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Compressor face Mach numbers down to 0.1 (1.007 PR) and accuracy require-
ments of better than 0.1 percent will likelv be required. It is not known whether or
not a sensor of this accuracy can even be built to operate at a pressure ratio of
1.007 except for laboratory or special type test instrumentation. These accuracy
and range requirements presented are estimates based on incomplete information
concerning supersonic propulsion systems.

Figure 12 shows a conceptual drawing with the sensor mounted in a pitot static
probe. This assembly also incorporates a fluidic amplifier to transduce the acoustic
signal to a differential pressure which is a function of pressure ratio,

The dynamics of this sensor-transducer combination are unknown, Preliminary
tests indicate that the temperature error is very small due to built-in compensation
from the fluidic amplifier frequency discriminator-transducer.

The use of a pitot-static probe as a flow through device has heen investigated at
Arnold Engineering Development Center and is reported in AEDC-TR-66-28, This
report indicates that in the Mach number ranges intended for this device the error in
measured pressure caused by flowing air through the probe is negligible.

Preliminary data on a breadboard model of the low range fluidic pressure ratio
sensor is shown in Figure 13. This indicates a useful range of 1.06 to 1. 20 pressure
ratio units (Mach No. 0,29 to ¢.52). This range, however, is adjustable within the
range of 1.03 to 1. 39 pressure ratio units (Mach No. 0.21 to 0.70). Further develop-
ment will permit adjustment beyond this range. The accuracies determined from the
preliminary data are +1 percent with +0,5 percent the goal of the current program.

Pressure Rate Sensor

The simplest form of a fluidic pressure rate sensor consists of a proportional
amplifier with the same steady-state pressure supplied to each control port. The
signal to one of the ports is ""lagged' with a pneumatic RC network as shown in
Figure 33, Appendix C. This creates a differential output pressure proportional to
the rate of change of the pressure signal.

Since it is a dynamic element, no steady-state data is applicable. Actually the
device is a high-pass unit, in that it will pass high frequency signals and will not react
to slow or steady-state signals. The time constant for the device is variable depending
on the size of the RC lag, Figure 34, Appendix C, shows the effect of volume and
orifice area on the time constant, However, as with any fluidic amplifier ambient
conditions will affect the gain of the device. The magnitude of this error depends on
the amplifier design and installation configuration., Typical data for the device is
shown in Appendix C.

Normal Shock Sensor
DESCRIPTION -- The position of the normal shock wave in a supersonic inlet is

strongly influenced by external disturbances caused by aircraft maneuvers or internal
disturbances generated by engine transients.
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Figure 13. Preliminary Pressure Ratio Sensor Test Results

Honeywell has developed a fluidic terminal shock sensor that direetly measures
the shock wave location by reacting to the static pressure gradient across it. The
terminal shock sensor consists of a multiplicity of bistable ({flip-flop) fluidic elements.
The control signals to the sensor are obtained from the static pressures along the duct
wall where shock control is required. Output of the sensor depends on the position of
the shock wave. To better understand its concept, assume initially that a shock wave
is at position A (Figure 14). Because the static pressure is decreasing along the duct
wall, all amplifiers are in the vent position., Each is experiencing the same differential
control pressure direction,

As the shock moves forward to position B a high pressure from tap 1 is trans-
mitted to the end amplifier control port, and the amplifier flow switches to the opposite
output port. The flow from this port is fed into a manifold and, because of the mass
flow increase, the pressure in the manifold is increased.

The shock moving to position C causes the last two amplifiers to switch and two
flows are fed to the manifold, further increasing the pressure. This logic is continued
as the shock moves forward and the reverse is true as the shock moves downstream,
Effectively all amplifiers behind the shock wave are tripped to the manifold port while
those in front are tripped to the vent port. A graph of the manifold pressure output
versus amplifiers tripped is shown in Figure 15.
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Note that a feedback system between the various elements has been incorporated.
The reason for this is to assure that, when two or more amplifiers are tripped and both
control ports of the amplifiers downstream of the shock have about equal pressures,
small perturbations existing in the duct will not trip amplifiers behind the shock and
cause the sensor logic to err. The feedback network transmits a signal from the mani-
fold leg of the last tripped amplifier to the preceding amplifier and, from that ampli-
fier, successively aft to the last amplifier assuring that all elements behind the shock
wave remain tripped. The effect of one amplifier failing due to the contamination would
cause an ervor in the output signal of about 1/n where n is the number of amplifiers in
the sensor. The rest of the amplifiers would continue to operate and the shock sensor
would continue to function with a small error,

WIND TUNNEL EVALUATION -- Prototype sensors have been packaged and tested in
a small induction wind tunnel test facility to determine their characteristics. Wind
tunnel tests consisted of (1) investigating the sensors ability to sense a shock wave in
a divergent duct and {2) measuring the response characteristics of the device. The
results of these tests are depicted in the phase shift-frequency plots shown on Ivig-
ure 16 and in the tabulations in Appendix C, The sensor was mounted close to the duct
so that line lengths were on the order of 8 inches or less.

Tests were also conducted to establish sensor operation at reduced pressure
levels by throttling the nozzle incoming air flow. During these tests the incoming
nozzle total pressure was reduced to Mach 2.5, 80, 000 foot conditions and satisfactory
operation was obtained. Mach 2.5 sea level operation has not yet been simulated.
Other tests have indicated that this shock sensing system can be powered without
stringent pressure regulating requirements,

The normal shock sensor was recently evaluated in a Mach 3 inlet model at the
NASA/Ames wind tunnel facility. The model was an external-internal compression
inlet which had a swallowed terminal shock wave within the inlet. The objective of the
NASA tests was to determine the performance of the model while varying the inlet
geometry,

Sensor installation and performance observation was a courtesy provided by
NASA for Honeywell personnel present during the tests in conjunction with another pro-
gram sponsored by the Air Force Aero Propulsion Laboratory.

The objective of the shock sensor tests was to demonstrate the operation of the
sensor in an actual inlet at free stream Mach numbers of 3.0, 3.25, and 3.5. The
installation of the sensor in the inlet is shown on Figure 13, Sensor data were obtained
at various angles of attack for free stream Mach numbers of 3,0, 3.25, and 3.5, At
M 3.5 and 3.25 the angle of attack was varied from zero to eight degrees with inter-
mediate steps at two degrees and five degrees. At Mach equal to 3.0 data at zero and
two degrees were obtained. Results of these tests showed that the sensor functioned
properly and provided five discrete output signals as the shock position was changed
at zero degrees and two degrees angle of attack at each of the Mach numbers. When
the angle of attack was elevated to five degrees only two amplifiers in the five ampli-
fier cascade were actuated. At eight degrees there was no indication at all. The
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reason for this was that the taps were mounted on top of the model and the angle of
rotation was into the tap location., Had a shock sensor been mounted at both the zero
degree position and the 180-degree position, more indications would have heen obtained
at five degrees and also eight degrees.

Recently two additional separate wind tunnel tests on Mach 2+ inlet models were
completed with a fluidic shock sensor installed on the model. The five element shock
sensor was not part of any control system configuration, but was installed in the inlet
duct throat for evaluation as a shock position sensor. In both tests (the inlet was dif-
ferent in each case) the shock was not well defined hut the sensor did react to the
static pressure gradients which existed. In some cases the shock covered more than
one pressure tap so that amplifiers would trip two at a time, In other cases, the shock
movement was very large for small airflow changes and several or all amplifiers
would trip with one airflow change, Static pressure measurements from taps near
the sensor taps indicate that the sensor will react to pressure differences of between
2 and 3 in. Hg. On several occasions inlet unstart and buzz were encountered. Buzz
frequencies from 5 to 46 Hz were detected by the fluidic shock sensor, this agreed
with that sensed by dynamic instrumentation associated with the model. The tests
were run at free stream Mach numbers ranging from 1.6 to 2.4 over a wide range of
angles of attack, yaw, and piteh. Both ducts were two dimensional and tap location
was proper for almost all altitudes so that shock movement was detected with the
Sensor.

This sensor is a simple, rapid response device which can operate in hostile
environments. If constructed of eement or ceramics, the sensor would not require
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any special cooling at extreme temperatures {1500°F-3000°F), Its response character-
istics are faster than any other conventional method of measuring a swallowed shock

wave such as measuring compressor face Mach number.

Pressure Difference Sensor

A fluidie amplifier can be employed as a pressure difference sensor, Such a
sensor utilizes no moving parts, and is easily fabricated. It is capable of operation at
extreme temperatures, in nuclear radiation, or in areas of severe vibration, without
adverse effect on its performance as shown in the specifications, Appendix C.

A typical beam deflection proportional amplifier is shown schematically in
Figure 18, The amplifier consists of (a} a power or supply nozzle which produces a
jet; (b) control ports which furnish flow to deflect the power jet; and (¢) receiver or
output ports which collect the jet.

The input signal to the amplifier is the difference in flows or pressures present
at the two control ports, The output signal is the difference in flows or pressures at
the receiver ports and is proporticnal to the input differential. Figure 18 shows a
typical input-output characteristic of a proportional amplifier. The ratio of output
differential to input differential (3APo/5APc) is called the gain of the amplifier and is
represented by the slope of the input-output characteristic. Typically gains on the
order of 2 are generally employed. This fluidic device is the backbone of any fluidic
control system. It is usually made as a summing amplifier. A summing amplifier is
an element having more than one set of control ports. The output of this device is an
amplified replica of the algebraic sums of the individual inputs. Two and sometimes
three sets of input ports can be accommeodated in the basic amplifier configuration,
The addition of more than two sets of ports presents problems due to space limitations
in the interaction region and the need for isolation between the sets of control ports.
Where additional summing inputs are needed, combinations of two or more summing
amplifiers can be used.

Performance parameters such as gain, sighal to noise ratio and linearity are
affected by variations in supply and ambient pressures and supply air temperatures.
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These effects can also be biased by amplifier configurations but for this sensing
application, only one configuration is being considered — an amplifier with a

0.020 inch x 0.020 inch power supply throat. The gain variation with supply air tem-
perature and altitude is shown in Appendix C. Gain variations with increasing supply
pressure are also shown in Appendix C., This amplifier is well suited for use as a
sensor due to its relatively constant gain characteristics over a wide range of supply
pressures,

Linear range and output noise are shown as a function of supply pressure in
Appendix C, Figure 39, Noise generally decreases with temperature and altitude and
the linear range is not seriously affected. For the application considered here a
supply pressure of 5.0 +0.25 psig with 10 micron nominal filtration are recommended,
Effects of contamination have been discussed earlier in this document as well as pres-
sure regulation. Complete specifications are contained in Appendix C,

Fluidic amplifiers are made of plastics, metals, or ceramics and are generally
machined, molded, etched, or electroformed. The materials and fabrication techniques
used for a specific amplifier depend upon the application and environment expected.

For application up to 1200°F, electroforming of nickel over a wax mandrel has resulted
in the least expensive, most reliable and repeatable method of producing amplifiers.
An electroformed fluid amplifier which has heen operated at 1200°F is shown in Fig-
ure 19, Honeywell has produced many of these fluidic amplifiers over the past several
years for use in Honeywell fluidic control systems, but not for sale as components.

Angular Rate Sensor

The vortex rate sensor is a pure fluid device that senses angular velocity about
its input axis and provides a pressure signal which is proportional to that velocity.
There are no moving parts within the device and it employs a pattern of fluid flow to
sense angular rotation, This pattern of flowing fluid is contained within a cylindrical
chamber, and is made up of two superimposed flow fields: A "sink" flow field, as
shown in Figure 20(a), where the streamlines are radial and the flow path is straight
to the center output; and superimposed upon that a rate-imposed tangential flow with
a resulting vortex pattern as shown in Figure 20(b). In the resulting superimposed
flow pattern, the streamlines assume a logarithmic spiral as they flow towards the
center outlet. This same flow pattern continues into the outlet tube. A pickoff which
is sensitive only to the tangential velocity component of the flow is placed in the outlet
tube. In the absence of any case rotation, the flow through the outlet tube is straight
and the differential pressure signal is zero. lowever, with turning rates applied to
the case, the stream flows over the pickoff at an angle which is proportional to the
turning rate. The differential pressure generated at the pickoff is a direct function
of the flow angle, thus the turning rate.

In most rate sensor applications the important performance characteristics are
sensitivity, accuracy, and response time, How good these characteristics are depends
upon several parameters, the most important being the dimensions of the vortex cham-
ber and the flow rate through it. A tradeoff is generally necessary between size and
power (flow rate) to obtain the best compromise between accuracy and response. The
device responds as a second order system. The tradeoffs between the parameters of
flow rate and size are determined by the application.
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Effects of altitude, temperature and supply pressure are shown in Appendix C.
The change in time response with temperature is also shown in Appendix C. This
response is not seriously affected by altitude or supply pressure.

The specification in Appendix C lists typical performance data for a vortex rate
sensor that could be used in conjunction with a flow distortion accommodation system.
These data are from laboratory developmental testing and include predicted data from
experience on similar devices where the specific test data are not available.

A rate sensor with a fluidic amplifier mounted on it is shown in Figure 21. This
device has a cylindrical disc configuration with its sensitive axis parallel to the flat
surface. A description of the device and its use as a rate sensor for stability control
is given in AFTAPL-TR-68-31.

Accelerometer

The fluidic accelerometer shown schematically in Figure 22 has a pneumatically
supported inertial mass which operates against pressurized nozzles. The damping is
accomplished by the squeeze film method provided by the flanges on the inertial mass.

The force developed by an acceleration on the unit's inertial mass, along the
sensitive axis, is opposed by the pressure differential created by the closing of one of
the pickoff nozzles and the opening of the other nozzle. The pressure differential is
an accurate representation of the applied acceleration.

Figure 21. Typical Vortex Rate Sensor With Fluid Amplifier
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The rapid movement of the inertial mass is reduced hy the flanges on the mass.
The gas must be squeezed out between the flange and the housing before the mass can
move very far. This is analogous to a sheet of plywood falling to the floor by pivoting
around an edge already on the floor,

Again, as with the rate sensor, the device responds as a second order system.
The performance data shown in Appendix C are from laboratory developmental testing
and predicted performance from experience with similar devices where the specific
test data are not available,

EXTRAPOLATED SENSOR CAPABILITIES

The fluidic sensors previously described were further studied to determine the
performance levels which can be reasonably attained with further development. These
extrapolated data are included in a separate column in the specification sheets in
Appendix C for easy comparison with the current performance levels. The extra-
polated data does not include entries for all of the characteristics listed, but only
those which are pertinent to sensor performance. The data listed is typical or general
in nature, but if specific requirements for a sensor are known, tradeoffs can be made
to achieve the dcsired characteristics.

In addition to these sensors, concepts for several other sensors that may be
applicable have been explored. These include a temperature sensor, flow distortion
sensor and fluidic angle of attack sensor. Since these sensors are still in the concep-
tual stage it is not practical to write a specification, but the concepts are worthy of
further consideration,

Temperature Sensor

The fluidic oscillator temperature sensor needs further development to extend
the range to higher temperatures, to reduce the required pressure drop across the
sensor, and to improve the dynamic response. Investigations into these problem areas
are being conducted during current programs. The extent to which these performance
parameters must be extended depends upon the specific application and requirements.

The high temperature to which the temperature sensor is limited is due only to
the material used to fabricate the sensor. The basic phenomena which provides the
intelligence is not limited by temperature. Materials such as KT silicon carbide are
being evaluated up to 3200°F., Fabrication techniques to produce the configurations
required for temperature sensors from the high temperature materials require further
development,

The apparent pressure sensitivity at the high temperature, low pressure drop
conditions can probably be improved by small geometric changes in the sensor and/or
surrounding the sensor with the hot gas being measured. Such techniques have been
tried and have resulted in improved performance at the expense of higher flow
requirements,

The dynamic response of the temperature sensor has been improved by using

dual sensor techniques. While this has improved the dynamics of the sensor, the
steady state accuracy of the sensor tends to be degraded. These tradeoffs require
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further study. Improvement in the dynamics of a single sensor can be achieved by
also surrounding the sensor with the gas being measured which reduces the second
time constant.

A new temperature sensing concept which is based on the temperature dependence
of viscosity is presently being explored. Since the device is still in the research stage
no specifications are available, but the concept is worthy of consideration due to its
inherent ruggedness and simplicity. The operation of the device relies on the principle
that the pressure drop across a laminar-flow element depends only on the temperature
of the gas flowing through it providing that the flow rate through the device is a function
of temperature only.

Figure 23 shows a schematic diagram of a capillary type temperature sensor
utilizing a proportional fluidic amplifier to detect the differential pressure created by
the laminar flow element. The function of the exhaust nozzle is to maintain choked
flow (flow rate function of temperature only) at the exit downstream of the laminar ele-
ment over a wide range of inlet pressures, Under these conditions

AP o« pT

where p, the viscosity of air, is approximately proportional to T0.7,

Then,

AP och'z

and is independent of pressure.

There are, however, second order pressure effects on sensor performance which
are presently being analyzed. These effects must be minimized or compensated for
before the device can be considered useful, Also it should be realized that this sensor
will be somewhat slower in response than the oscillator described previously. However,
the output signal is a differential pressure rather than a frequency which makes it more
directly applicable to a control system without using complex transducing or freguency
discrimination techniques.

Pressure Ratio Sensor

The electromechanical pressure ratio computer-transmitter (LGB0} is a relatively
slow-response device, Conceptual studies and preliminary investigations have produced
a hybrid fluidic-electromechanical device which appears to have faster response. A
pneumatic position pick-off, fluidic amplifiers and pneumatic motor can replace their
electrical counterparts to provide a higher natural frequency and faster slew rate,

The fluidic pressure ratio sensor requires improved accuracy and lower pres-
sure ratio sengitivity than is currently being achieved., Both of these improvements
appear feasible through further development cn the present configuration., Recent
accomplishments during the present development program cn the low range pressure
ratio senscr have shown that the same hasic oscillator can be used up into the range of
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Figure 23. Schematic of Capillary Temperature Sensor Concept

engine pressure ratios (1.3 toe 2,8). Further investigations are necessary to determine
just how large a pressure ratio can be measured with this oscillator.

Pressure Rate Sensor

The limitations on the pressure rate sensor are those imposed by the basic limi-
tations of the proporticnal fluidic amplifier. To date, the improvements in the perform-
ance characteristics of the amplifier have been those dictated by the requirements of
the system in which they have been used. The primary area requiring further develop-
ment for the amplifier is that of sensitivity to altitude. Individual amplifiers of slightly
different configurations have shown the tendency to both increase and decrease gain
with increasing altitude. The basic design normally used has a tendency to decrease
gain slightly at altitudes greater than 30, 000 feet. Subtle changes in the geometry of
the amplifier should make it possible to eliminate this sensitivity.

Initial investigations into replacing the relatively large volume with a smaller
volume containing a diaphragm has shown promise of obtaining the same time constant
with a smaller volume. More thorough studies are required to determine the range of
time constants attainable with this configuration.

Normal Shock Sensor
The normal shock sensor even in its current breadboard status has proved to he

a useful tool during wind tunnel testing of supersonic inlet models. By miniaturizing
the bistable amplifiers, a more compact package can be achieved which reduce
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amplifier transport time and flow rate requirements, Close mounting to the static
pressure sensor taps would also improve the response time of the shock sensor.

The wind tunnel testing has also shown the desirability of having an electrical
output which can be achieved by providing a switch on the output of each fluidic ampli-
fier rather than feeding the outputs tc a manifold to provide a pressure output. Con-
cepts for miniature diaphragm switches capable of operation at 1200°F ambient have
been generated.

Pressure Difference Sensor

A proportional fluidic amplifier is essentially a pressure difference sensor. The
fluidie amplifier has been developed for use in fluidic control systems and as such has
characteristics as required for its specific use, Consequently, altitude insensitivity
to 30, 000 feet is all that has been necessary. Minor configuration variations are pos-
sible to increase the altitude capabilities of the amplifier, At the same time these
small geometric changes can increase linear output range of the amplifier.

In application as a computational device in a fluidic control system, the output
noise level has been detrimental. Programs are continually being conducted which
include investigations into this problem. These have been suecessful and noise is now
only a problem when working with extremely small pressure signals (<0.5 in. Hy0).

Flight Control Sensors

The current electromechanical angular rate sensors and accelerometers are
basically the same devices that have been made for the past ten years. Physical,
mostly materials, limitations are such that state of the art, spring-restrained gyros
are at or near the limit of their possible performance,

Currently under development at Honeywell is a miniature single-degree-of-
freedom rate integrating gyro. It is provided with a torque generator rather than with
a restraint spring., A gyro of this type may be used as a rate gyro by providing an
external amplifier which amplifies the output signal from the pick-off and applies it
to the torque generator, Data in the specifications are based on engineering models
of this gyro.

Also under development is a new type linear accelerometer which features a
single crystal of transistor-grade silicon machined into a beam which supports the
seismic mass, Resistive elements required to form a four-arm strain gage are doped
into the crystal lattice of the beam so that it serves both as a spring restraint support,
and as a strain gage pickoff, free from effects of bond instability. The extrapolated
capabilities shown are for that expected from production medels based on current
engineering models of this accelerometer.

Angular Rate Sensor

The extrapolated capabilities of the fluidic angular rate sensor are dependent on
the operational requirements put on the device. Theoretically, there are few limita-
tions on any performance parameter but important tradeoffs exist to obtain the required
performance, Continued work in the pickoff area should decrease the drift and noise
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level, Also, environmental compensation currently being studied could decrease the
environmental effects by a factor of ten over what is currently specified.

As with the angular rate sensor the extrapolated capabilities of the fluidic accel-
erometer are limited primarily by performance tradeoffs required for any specific
application. For instance, the threshhold is directly proportional to the maximum
acceleration capabilities, Also the natural frequency can be increased, but only at the
expense of threshhold or scale factor and there is a practical tradeoff between the
required machining tolerances for minimum turbine torquing and size of device.
Further development on the accelerometer should improve the steady state accuracy,
reduce the environmental effects and improve the sensitivity.

Angle of Attack Sensor

The present Honeywell electromechanical angle-of-attack sensor was designed
for use in a flight control system for a specific aircraft. The angle of attack is com-
puted by ratioing static and total pressures from a probe in a manner identical to the
LG80 pressure ratio computer-transmitter. Therefore, the same fluidic-
electromechanical hybrid computation device can be applied to the angle-of-attack
computer-transmitter to improve the natural frequency and slew rate,

A concept has been generated for fluidically measuring the angle of attack, This
concept, utilizing a probe and fluidic amplifier for computing the angle of attack,
appears feasible from experience with similar computational circuits, but since it is
only in the conceptual stage it is impossible to write a specification for a fluidic angle-
of-attack sensor. The environmental limitations are only those imposed by the ampli-
fiers and probe. The other performance characteristics are impossible to estimate.

A description of the concept follows:

Using a five port angle of attack probe such as Rosemont Engineering Company's
Model 838, the angle of attack is given by

P, - Py =Ka (Py - P)

where P 4

P1 and P2 are in the plane of the angle of attack

P4 ig static pressure ports and is manifolded together

P3 is an approximate total pressure or P
pressure

g~ P 4 is an approximate dynamic

K is sensitivity per degree which changes with Mach number

K = 0.088/degree subsonic
= 0,075/degree supersonic
a = Angle of Attack
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This expression can be in the form of a ratio

which is simply the ratio of two differential pressures. However, this ratio is both
less than and greater than 1.0 over a fairly wide range. The fluid pressure ratio
sensor computes ratios greater than 1.0 only, and at present, only over limited ranges.
However, fluidic multipliers have recently been invented which may prove valuable for
this application,

The fluidic multiplier is shown schematically on Figure 24 and utilizes three
proportional amplifiers. The output of the first stage provides the supply pressure to
the other two stages. The input signal goes to the first stage while the output is taken
from signal opposing legs of the following two stages. By applying a pressure at Pmults
the supply pressure profile of the two stages is deflected equally, This allows a
smaller percentage of recovered supply pressure and effects a greater reduction in
Poyt. The remaining two output legs from the driven amplifiers are used to provide
negative feedback to the first stage, This feedback does reduce the overall gain but
improves stability and linearity. Actually, the device is a gain changer which simply
reduces amplifier gain as a multiple of some other control or computation function,
Circuits similar to this have been used previously and are reported in AFAPL-TR-
68-31 Part I,

The quantities (P; - Pg) and (P53 - P4) can be sensed with fluidic amplifiers. A
schematic of the computation circuit is shown on Figure 25. (P3 - P4) is multiplied
by K using the fluidic multiplier. A function generator (inverter) is used to produce
1/K(Pg - P4). This signal is then multiplied by (P - Ps) to produce a signal pro-
portional to ¢ as shown on the curve Figure 26,

Flow Distortion Sensor

A parameter that will define flow distortion is not presently known, The overall
results of Phase I of this program will attempt to define a parameter that is a signature
of incipient flow distortion. In order to generate concepts for a possible flow distortion
sensor a certain amount of assumptions and speculation must and have been made.

Flow distortion can occur in the form of radial, circumferential, or axial pres-
sure gradients, occurring separately or simultaneously. The exact form of this dis-
tortion is not well defined and has different effects on different propulsion systems.
Since the distortion is not well defined, it is difficult to propose a specific sensing
system., Therefore, only general concepts are possible making it impossible to
write specifications.

One means of detecting distortion would be to sense pressure differences at a
number of radial circumferential, or axial stations. The differential pressures between
points or stations are measured and compared to an average. Differential pressures
can be averaged in a suitably designed plenum., Consider first the fluidic amplifier.
Both positive and negative pressure gradients are to be sensed but only the absolute
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Figure 24, Fluidic Multiplier Schematic

value of the pressure gradient is of interest. A typical fluidic amplifier has both
positive and negative differential pressure cutputs as explained earlier in this document,
Therefore, a modification to the basic amplifiers necessary to achieve an absolute
value output for both positive and negative inputs. TFor this purpose a center dump
amplifier is used. A sketch of the amplifier configuration and its output characteris-
tic curve is shown cn Figure 27, Here when the differential pressure across the control
ports is zero or very small, flow is dumped through the center port. However, when

a positive (P; > Pg) differential pressure is applied across the control ports flow is

out the right output port. When Pg > Pj flow is out the left output port. Then when

no differential pressure exists across the control ports, maximum dump port pressure
is realized. With increasing differential pressure, dump port pressure decreases,

Pressure averaging can be accomplished pneumatically by simply feeding the
individual pressures into a manifeld or plenum. This was checked out by flowing air
through tubes at different pressures into a plenum as in Figure 28.

Pressures P; through Pz are measured with a pitot tube and the average pres-
sure computed to check out the averaging capability of the plenum. The average input
pressures are plotted against the measured plenum pressure on Figure 29. The
plenum indicates about 76 percent of the calculated average gauge pressure and is
reasonably linear.

Another possible method of sensing flow distortion by sensing pressure gradients
is shown on Figure 30, Here, four center dump amplifiers are used to sense pressure
gradients between five points (there could be either more or less). These points can
be circumferentially located, axial stations, or points on a pressure rake prcobe. The
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pressures P; through Py are averaged in the averaging plenum. The differential
pressures P; - Pg, Py -~ Pg, etc., are sensed and if no distortion (differential pres-
sure) exists the amplifier will dump through the center port into a sensing plenum. If
all amplifiers are dumping into the plenum, pressures are equal (some orificing and
biasing will probably be necessary). When distortion occurs, the flow shifts from the
center port to the output ports which are exhausted to ambient and the sensing plenum
pressure will drop. A fluidic amplifier is used to sense the differential pressure in
the plenums and the output is proportional to the distortion,

The scheme devised above is particularly well suited to distortion sensing at the
compressor face. The point pressures being sensed could be radial locations on the
inlet guide valves or static taps on the inside and outside diameters of the inlet. Also
the pressure points could be axial stations in the inlet duct but since a gradient
normally exists in the duct, some schedule would likely have to be employed.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

Specific technical conclusions regarding the adequacy of available sensor per-
formance and projected sensor capabilities relative to the program goals are not
meaningful at this time because selection of the control modes, including the flow
transient accommodation schemes, and the resulting required sensors specifications
will not be conducted until Phase II of the research program, However a few general
conclusions apparent from the survey data can be made,

1, Very few sensors are currently in production for service at temperatures
exceeding 400°F, although a number of manufacturers are actively working
toward development of high temperature units,

2, With the excepticn of temperature sensors, sensors can he designed and are
available for applications requiring fast dynamic response characteristics.
However, accuracy is usually sacrificed for high response designs,

3. The response characteristics of available temperature sensors limits their
use for control functions, Fluidic techniques and developments may even-
tually fill this gap.

The sensor survey looked primarily at dynamic performance characteristics and
performance limitations, In the background are the other considerations that relate to
the selection and use of sensors in a control system. These include evaluation of the
eftect of a given sensor on system design (relative system complexity), producibility
of a given sensor design, and means for performing in service calibration and check-
out, or, perhaps an evaluation of the need to perform in service calibration and check-
out functions for a given sensor, Although presently, these factors are of secondary
importance to the guestions of available and projected performance capabilities, as it
bem mes more obvious which sensors are necessary or suitable for eventual control
implementation, they may become a dominant factor in system cost and will be con-
sldered in the sensor selection and specification process in Phase II,

Concerning the information recorded in the survey, it is necessary to qualify the
data obtained to enable a fair interpretation of sensor capabilities, In most cases the
data represents published capabilities and normal production tolerances, although in
some instances, the data supplied for the survey was apparently based on selective
production tolerances, estimates due to lack of actual test data, or arbitrary values
that can safely be met., Published data usually represents the most economically
competitive production tolerancing and is not necessarily representative of attainable
capabilities, Therefore, the data presented in the survey is not a strictly true and
consistent picture of sensor capabilities,

Although the survey is a hecessary step in the formulation of possible system
mechanizations, it is useful primarily as an initial screening of applicable sensors,
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Prior to eventual implementation of the control system the following activities are
recommended:

1,

Sensors that have critical performance characteristics relative to the
control mechanization should be tested by an independent testing agency to
eliminate data inconsistencies and establish relative sensor performance

and operating limits, Dependence on data provided by the manufacturer may,
in certain cases, be misleading resulting in either overly conservative or
overly optimistic evaluations of the sensor,

Based on the sensing requirements to be established during Phase II,
conduct sensor analyses, trade offs and mechanization studies resulting in
the establishment of preferred technical approachs for sensors requiring
further development, The objective would be to relate and direct the even-
tual specific needs of this program to the technical capabilities available
within the sensor industry by the analytical appraisal of sensor potential
rather than a dependence on ""make and break'' development techniques and
updating of historical technical solutions,
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APPENDIX A

TABLES OF SENSORS CAPABILITIES

Information on various types of sensors was gathered from suppliers by

questionnaires, catalogs and bulletins, and conversations with the suppliers or their
representatives.

The information as obtained from the suppliers is summarized in Tables III

through XVI. The description for the items in each column of these tables is as
follows:

Temperature range - The safe operating range unless indicated.

Measurement range - The exact title varies for each transducer. In most cases,
the range indicated is only a representative one, other ranges may be available.

Step response - The time for the transducer output to rise to 63 percent of its
final value in response to a step input.

Frequency response - The frequency up to which the bode plot is flat (may be
within a fixed percent). If the frequency is followed by an f} it is the undamped
natural frequency. The flat frequency response may then be assumed to be
approximately 40 or 50 percent (max) of the undamped natural frequency.
Superscript k means that the listed number should be multiplied by 1000.

Ambient accuracy - This includes hysteresis, repeatability and other non-
linearities unless indicated. For the gyro angular rate sensors this would
include mass unbalance, etc.

Temperature effect —

Zero - The shift of zero output with zero applied input

Sensitivity - The change in gain or effectively the change in slope of the
output curve,

Vibration effect - Error due to random vibrations. For the accelerometers
this would be the error due to acceleration normal to the sensitive axis.

Life - In most cases, it is the number of full scale (F. 8.) cycles without
failure. If expressed in hours, it would represent mean time hetween failure
(MTBF).

Resolution - The smallest input that produces a recognizable change in the output,

Remarks - May include programs in which the transducer is or was used, and
typical applications.
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APPENDIX B

PRELIMINARY SENSOR SPECIFICATIONS

This appendix contains three preliminary sensor performance specifications:
H-ECS-0 FUNCTIONAL SPECIFIC ATIONS,

H-ECS-1 PRESSURE MEASUREMENT DEVICES, and

H-ECS-2 TEMPERATURE MEASUREMENT DEVICES

They were not used in conducting the sensor survey and represent only a pre-
liminary statement of requirements,
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1.0

1.1

1.2

2.1

H-ECS-0 FUNCTIONAL SPECIFICATIONS

GENERAL

Scope - These specifications define the environmental conditions
surrounding the propulsion control sensors., Also defined are general
performance requirements, and definitions of operation media, These
requirements are preliminary and subject to change.

The requirements of this specification are applicable to Lhe following
specific sensors unless otherwise noted.

1, H-ECS-1 Pressure Measurement Devices

2, H-ECS-2 Temperature Measurement Devices

APPLICABLE DOCUMENTS

The documents listed below form a part of the specifications listed in
Paragraph 1.2 unless noted otherwise. The requirements of ’ara-

graph 1. 2 take precedence in all cases,

Military Specifications

MIL-E-5007B Engines, Aircraft, Turbojet, General
Specificalions for

MIL-E-5009B Engines, Aircraft, Turbojel, Qualification Tests
for

MIL-J-5161F Jet Fuel, Referee

MIL-T-5624G Turbine Fuel, Aviation, Grades JP-4 and

Amendment 1 JP-5

MIL-E-6051C Electrical - Eleclronic System Compatibility

and Interference Control requirements for
Aeronautical Weapon System, Associated Sub-
systems and Aircraft,

MIL-E-5400C Electronic Equipment, Aircraft, General
Specification for

MIL-S-38130 Safety Engineering of Systems and Associated

Subsystems and Equipment; Several Requirements

for
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2,2

Military Standards

MIL-STD-210A Climatic Extremes for Military Equipment

MIL-STD-T704 Electronic Power, Aircraft, Characteristics
and Utilization of

MIL-STD-826 Electromagnetic Interference Test Requirements
and Test Methods

MIL-STD-470 Maintainability Program Requirements

3.0 PERFORMANCE REQUIREMENTS

3.1 Environment

3.1.1 Temperature - The continuous and peak temperature conditions are
shown in Table XVI. The sensors shall operate within their prescribed
tolerances while subjected to the applicable temperature range,

3.1.2 Engine Gases - Portions of the control sensors immersed in or in
contact with the combustor or turbine discharge pressure shall be capable
of sustaining engine products of combustion, the contamination levels
of MIL-E-5009B, Paragraph4.3.2.3.3.1,1., and the temperature and
pressure ranges shown in Table XVII and XVIII. Operating performance
shall be as defined in the applicable sensor specification while exposed
to these conditions.

Table XVI. Continuous and Peak Temperature Conditions
Peak Loads
Parameter Continuous Duty (2% or less of operating time)
Ambient Air, System Operating -65 to H00°F ~-65 to B25°F
Fuel (Pump Exit)
Forward of A/B 395°R or 12 395°R or 12
Centistokes Centistokes
Fuel Viscosity Fuel Viscosity
if warmer if warmer
To 780°R To 800°R

a7



Table XVII. Internal Temperature Ranges

Parameter

Continuous Duty

Inlet Air

Fan Inlet Air

Compressor Inlet Air
Compressor Discharge Air

Turbine Discharge Air

385 to 520°R
395 to 900°R
395 to 1070°R
395 to 1570°R

395 to 2400°R

Table XVIII.

Parameter

Internal Pressure

Continuous Duty

Inlet Air

Fan Inlet Air

Compressor Inlet Air
Compressor Discharge Air

Turbine Discharge Air

2 to 15 psia
2 to 30 psia
2 to 75 psia
5 to 461 psia

5 to 300 psia

3.1.3

3.1.4

3.1.5

3.1.6

Vibration - The control sensors shall be capable of operation within
specified limits when subjected to the environmental conditions specified
in Paragraph 4.3 of MIL-E-5009B, or the following condition: Continuous
vibration in a frequency range from zero to 2, 000 cps at any amplitude
up to a limit defined by 12 g acceleration or 0.1 inch peak to peak
displacement.

Flight Maneuver Loading - Accelerations due to aircraft maneuvers are
shown in Figure 31. The sensors shall perform within specified limits
when subjected to the conditions shown.

Acoustical Noise - The sensors shall be capable of performance within
specified limits when subjected to acoustical noise in the following
range: 150 db (above 0. 0002 dynes cm™) white noise between 100 and
5000 cps.

Other Environmental Conditions - The control sensors shall be capable

of operating within specified limits when subjected to the environmental
conditions specified in Paragraph 4.3 of MIL-E-5009B, and the climatic
conditions of MIL-STD-210A.
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3.2

3.3

3.4

4.0

[uin |

v |

.1

Radio Interference - Control sensors shall meet the radio frequency
noise and susceptibility requirements of MIL-STD-826 and
MIL-E-6051C,

Cables and Connectors - The cables and connectors, if used, shall satisfy
MIL-C-5007B while experiencing the environmental characteristics of this
specification.

Lubrication - The control sensors shall require no external lubricant
or internal lubricant,

EXTERNAL ADJUSTMENTS

Certain external adjustments to limits and schedules are to be provided
for in the system mechanization, These adjustments should be capable
of being performed without the use of ground test equipment.

RELIABIIITY

MTBF Requirements - Specific values of MTBF are listed in each sensor
specification.

Failure Definition - A failure is defined as any deviation from the
applicable sensor performance specification. Catastrophic failure
results in complete shutdown, hardover conditions, or other modes
non-responsive to command inputs.

100



1.0

1.1

1.2

2.0

2,2

H-ECS-1 PRESSURE MEASUREMENT DEVICES

GENERAL

Scope - The pressure measurement devices are used to sense pressure
at various stations of the propulsion system and transmit a signal to the
control computer., The requirements listed in this specification are
preliminary and subject to change.

Applicable Specifications - The requirement of H-ECS-0, Functional
Specification, Engine Control Subsystem shall apply to this specification
unless otherwise noted.

PERFORMANCE REQUIREMENTS

Subsystem Interfaces - The following preliminary engine station locations
will incorporate a pressure measurement device. Other stations may be
added.

1. Fan Inlet P2

2, Main Compressor Inlet Pq

3. Main Compressor Discharge Py
: AP
4, Fan Duct Pressure Ratio 5| F

5. Inlet Mach Number % 1
Pressure Range Requirements - The pressure measurement devices
shall be capable of monitoring the following pressure ranges within
specified performance requirements,

AP

5| F 0.00to 0.4 M
P2 2 to 30 PSIA
P3 2 to 75 PSIA
ALP

P |1 0.3to2.6 M
P4 15 to 500 PSIA
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2,3 Operating Characteristics
2.3.1 Accuracy

2.3.1.1 General - Accuracy shall be defined as the dynamic thermal error band
root-sum-squared with errors due to vibration and acceleration response,
humidity and drift. The dynamic thermal error band shall be the maximum
deviation of device output from one best straight line fit through all
calibration data,

2,3.1,2 Tolerances -~ The following is applicable to all pressure devices.
Measurement Required Accuracy

P2 + 2.0 percent of measurement

P3 + 2.0 percent of measurement

P4 = 2.0 percent of measurement

AP

TI|F £ 0,5 percent of measurement

%i 1 + 0,035 percent of full scale
2,3.1.3 Ambient Operating Temperature Range - Pressure measurement device

performance shall conform with 2., 3, 1. 2 over the temperature range
specified in Table XVI of H-ECS~(,

2,3.2 Response - The time for the transducer output (P3, P3, P4 only) to
reach 63, 2 percent of full scale for a step pressure input shall be
0, 0005 seconds maximum.

2.3.3 Temperature - The maximum temperature of the media being measured
is as follows:

P2 900 R
P3 1070 R
P4 1570 R

The pressure measurement devices shall operate within specified limits
while mounting pressures subject to the above maximum temperatures,
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3.0

3.1

3.2

DESIGN REQUIREMENTS

Operating Media - The measurement device shall be capable of monitoring
a gas medlum as described in H-ECS-0, Paragraph 3.2, 1.4.

Reliability - The transducer shall have an MTBF of 30, 000 hours. A

failure is defined as any deviation from the requirements of this
specification.
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1.0

1.1

1,2

2.0

2.2

H-ECS-2 TEMPERATURE MEASUREMENT DEVICES

GENERAL

Scope - The temperature measurement devices are used to monitor
temperature in selected locations of the propulsion system and transmit
a signal to the control computer. The requirements listed in this
specification are preliminary and subject to change.

Applicable Specifications - The requirements of Specification H-ECS8-0
shall apply to this specification unless otherwise noted.

PERFORMANCE REQUIREMENTS

Subsystem Interfaces ~ The following engine station locations will
incorporate a temperature measurement device,

1. Fan Inlet T2
2, Turbine Inlet T5
3. Turbine Exit T6
4, Duct T3

Each of the above temperatures shall be monitored utilizing a sensing
element in each of at least four quadrants which shall be capable of being
averaged to yield a single output representative of the temperature at the
engine station,

Temperature Range Requirements - The temperature measurement
devices shall be capable of monitoring the following temperature ranges
within specified performance requirements.

T2 385°R to 900°R
T5 1000°R to 2860°R
T6 750°R to 2400°R
T3 385°R to 1100°R
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Operating Characteristics

Accuracy - The device shall provide an indicated temperature accurate
to £ 0.3 percent of full scale under any and all combinations of fluid
conditions,

Response Time - The time for the device output to reach 63 percent of
the final value for a step change in temperature shall not exceed
0. 01 seconds for max, air flow conditions.

Pressure - The transducer element of the device shall be capable of
performing within specified limits in pressure environments of up to
600 psi maximum,

DESIGN REQUIREMENTS

Mounting - The transducer element shall be capable of being mounted
flush with the inside diameter of the gas passage.

Operating Media - The media being sensed shall be turbojet engine
combustion gases contaminated as specified in H-ECS-0, Para-
graph 3.2.1.4,

Reliability - The transducer shall have design goal MTBF of 47, 600 hours

after 500, 000 hours engine operating time. A failure is defined as any
deviation from the requirements of this specification,
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APPENDIX C

CATALOG OF HONEYWELL FLUIDIC SENSOR CHARACTERISTIC SPECIFIC ATIONS

DISCUSSION

The performance data included in these specification sheets include production
and field operational data where possible. The data on fluidic sensors are mostly from
laboratory developmental testing, predicted performance from experience on similar
type devices, or from engineering estimates and are so marked. These sensors are
in the engineering development stage,

GLOSSARY OF TERMS USED

PT = total pressure

P = gtatic pressure

PR = preasure ratio

PRU = pressure ratio units
T = total temperature

T = time constant

] = LaPlace operator
w. = natural frequency

4 = damping ratio

D = differential

AP = differential pressure
P, = pressure on one side of angle of attack probe
SF = scale factor

All dimensions are listed in inches unless otherwise noted.
If no temperature or altitude ranges are given,assume low end is standard day
conditions,

All performance data listed are from production specifications or experimental
test results unless otherwise marked as shown.

* Estimated from tests on similar devices

** Engineering estimates - no test data available
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SENSOR CHARACTERISTICS SPECIFICATION Sheet 1 of 2

Sensor _Lvmperalure, Fluidic ! Device No, L0 100GA
Description of Device:
A MNuidic oecillator whos.t- aroustic frequency 18 a function of the square root of the ahsoluie temperature ol 1he pas Nowing
through 11 The devce is puwer'ed hy the sample gas flowing through it and needs no other source of enerey ~ince 11 98 5
Mow-through devive a certain minimum pressure difference (presently 3 psip between inlet and exhaugt 18 nicessary | oy

inlel temperature sensing this would require an exhauster or vacuum pump. However at moast other locations o the pro-
pulsion system sufficient presaures exist to drive the sensor. The frequency of oseillalion at a partienlar temperature is
dependent on the g1ze of the sensor, (small gensor-high {requency, large sensor-low frequency). [he niaximum operatiog
termperature of the device is limited only hy the maximum allowahle temperature for the material used in the sepsar body
and sample gas prohe.

Charactenstic Present Capability Extrapa lated Capability
e — . ———— —————— — . —
A D 0.6 D.4 1
. ynamic Response =005 + T5768 T+ T
{less Probe)

B Experimental Response to a See Figure 9

Step Input
C. Steady State Accuracy »

1. Hysteresis not detectahble

2. Drift and Repeatahility +0 43% of reading +0 25% of reading

3. Environment Effects

a. Altitde error less than 34 of inlet
temperature when a differential pres-
sure across sengor is hetween § and

70 paiD
bh. Vibratlon none within limita of F. 2
c. Temperature No test data available - heat transfer

effects not completely undersatood,
Not a factor for sensors immersed
in the sample gas stream.

D. Output
1. Type acoustic frequency
2. Scale Factor freq = K where K {s approx.
175 for TGLOOAL values of K from
100 to 1100 are possible for different
sensors. 0, 6°R per Hz at 6000 Hz mid
» scale
3, Sensitinity Threshold Infifiitesimal
4 Range to 1700°F {Short term tests to 2400°F) to 3000°F
E. Power Supply {(None - Sample gaa supply only}
. Type pneurnatic
3. Voltage!/Preasure 3 to 90 peig
3 Power/Flow Rate D.51 lb/min at 50 peig inlet 2-450 pag

press. room temp.

F. Environmental Limits

1. Altitude none except 3 pe1 AP acroes
gengor musat be maintained
2. Vibration exceede MIL-STD B10B curve L
3. Shock exceeds MIL-STD 8108 procedure [
{A and C}
4. Temperature 1500°F Ambient 3000° Amhient
G. Predicted Failure Rates 57,000 hr MTBF"®
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SENSOR CHARACTERISTICS SPECIFICATION Sheet 2 of 2

Sen=y  _Temperature, Fluldic

Device No rrnnos

Chmacterisuic Present Capatniity Extrapolated Canatntity

H. Configuration

1. Mounting directly at or in gas temperature
source to be meagured

2 x2 da

5 oz.

2. Approxiumate Size
3. Approximate Weight

“*Engineering estimates - no 1est dala avaitable
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SENSOR CHARACTERISTICS SPECIFICATION Sheet 1 of 2

Sensor Inlecmediate Preseure Bauo. Fluidic Deavice No.

Description of Device:

A Muidic oscillator whose acoustic output 16 a function of the ralio of the inlet to exhaust presgure i1s heing develnped for
engine pressure ratio gepsing. Requires compensalion for temperature, compensation was included (n present device,
along with an stoustic-to-electric transducer Present configuration 18 for senging 1wo remote presaures and 1s not well

suited to direct internal propulsion system mounting (see Figure 32), However nothing in the basic
design prevents direct engine or ait stream mounting,

Characteristic Present Capability Extrapalated Capability
Dynamic Reaponee unknow - no tegt data available
B. Experimental Reaponse to a 0.005 sec from 1.3 to 2.5 P.R.
Step Input

C. Steady State Accuracy

1. Hysteresis +0.02 PRU +0.005 PRU
2. Dmift +0.02 PRU +0.005 PRU
3. Environment Effects ’

a Altitude none {or supply pressures between

3.75 and 37.5 ps1D across sensor
beyond thie range accuracy becomes

poorer
b. Vibration none within llmite of F. 2
c. Temperature must be compensated for supply air
temp Effect on sensor dynamics i
unknown
D Output
1. Type acoustic frequency
2. Scale Factor 125 Hz/0.10 PRU
3 Sensitivity Threshold $0.02 PRU +0 005 PRU
4 Range 1.5 to 2. 3 thigh accuracy)
1.3 to 2.5 {operational)
E Power Supply none - sample gas only
1. Type pheumatic
2, Voltage/Pressure 3.75to 37.5 peiD across sensor
3. Power/Flow Rate 0.1 1b/min Max, %

F. Environmental Lamits

1. Altitude depends on supply pressure available
see F.2
2. Vibration exceede MIL-STD 810B curve L}
3. Shock exceeds MIL-STD 810B Procedure ]
(A and C}*
4. Temperature -65 to 250°F -65°F to 1200'F
G Predicted Failure Rates 1.4 x10% hra«- '
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SENSOR CHARACTERISTICS SPECIFICATION

Sheet 2 of 2

Sev=or Jotermediate Preggure Batic, Eluidic

Dewvice No.

—————

Charncleristic Present Capabilily

Extrapolated Capahility

H. Configuration includes temp. compensator in
pacakge - does not include probe

1. Mounting See Figure 32
2. Approxlmate Size I x3Ix3
3. Approximate Weight 12 oz. (less transducer)

*Estimated {from tests on aimilar devices
‘waFEngineering est:mates - no teat data available
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SENSOR CHARACTERISTICS SPECIFICATION

Sheet 1 of 2

Sensor Low Presaure Ratio, Fluidic

Description of Device:

A f!md:c oacillator whode acoustic output 18 a function of the ratio of the inlet to exhaust pressure [Device 1s currently
being 'developecl for inlet and duct Mach number sensing (M = 0.2 to 0.7} appllcations, Frequency response should he

aufficient for flow distortion sensing and will probably look like a simple first order lag. However, temperature effects
may add another first order term. Device is sufficiently rugged to allow direct engine or air frame mounting.

Device No.

A

B.

Characteristic

Dynamic Response

Experimental Regponse to a

Step Input

Sready Statey Accuracy

1. Hystereais

2. Drift

3. Environment Effects
a. Altitude

b, Vibration
c. Temperature

Cutput

1. Type

2. Scale Factor

3. Senaitivity Threshold
4. Range

Power Supply
1. Type

2. Voltage/Presgure
3 Power/Flow Rate

Environmental Limita
1. Altitude

2. Vibration
3. Shock

4. Temperature

Predicted Failure Rates

Present Capability

0.02 gec from 1.03 to 1.40 PR*

not available
+1.0% of reading®

none for dupply pressures hetween
5 and 30 peiD accuracy should de~
creame outside this range

none within limita of F.2

temperature compensation ig accom-
plishsd with & fluldic amplifier and
effects have not been evaluated.
Compengation should be near perfect

pneumnatic AP

1 wn HgD/0.01 PRU °

+0.02 PRU

1.03t01.40 PR

sample gas plus 5 pslg supply press
for fluidic amplifier discriminator
pneurmnatic

5 to 30 pseiD acrosa sensor

0.015 lb/min sample gas plue 0 2
sefm for fluidic amplifier discrimi-
nator

depends on supply pregsure avail-
able - see E.2

exceeds MIL-STD 8108 curve L

exceeds MIL-STD 8108 procedure [
(A and C)*

-65 to 750°F*
.4 x10% nees

Extrapolated Capability

£0.5% of reading
+0.5% of reading

0.5% of reading

+0.005 PRU
1.005 to 1.40 PR

1 peiD to B0 paiD

-65°F to 1200°F
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SENSOR CHARACTERISTICS SPECIFICATION Sheet 2 of 2

Sensne  _Low Preasure Ratio, Fluidic » Dewvice No.
Characterisiic Present Capabihily Exlrapolated Capahihity
H Configuration probe sensor and discriminator in

one package - see Fipure 12
1. Mounting P g g

2. Approximate Size
3. Approximate Weight 2 tb including probe and mount

SEstimated from tests on similar devices .
"%Engineering €stimates - no test data available
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SENSOR CHARACTERISTICS SPECIFICATION

Sensor FPressure Rate, Fluidic Device Na.

Descriptien of Device:

A pneumatic high-pass unit guitable for 8ensing or logic and computation functions. Size 13 a function of the Lime
constant requirement which dictates the size of the capacltance tank or diaphragm. Can be fahricated from many
materisls but generally electroformed nickel is best for advanced high temperature applications. Figure 33 shows
ane configuration with input and output curves. g W

Characteristic Present Capability Extrapolated Capability
— J
. Te

A, Dynamic Responge T+7s
B Experimental Response toa T variable

Step Input gee Figure 34
., Steady State Accuracy not applicable

1. Hysterenia unknown see pressure difference

2. Drift unknown Bengor

3. Environment Effects

a, Altitude compensation or isolation required to 50,000 ft.

above 30, 000 ft,

b, Vihration hone to ltmita in F.2
c. Temperature no test data available
. Cutput .
1. Type pneumatic AF
2. Scale Factor variable depending on T
3. Sensitivity Threshold 0.1 in Hg/sec
4. Range t variable up to five seconds to 10 aec

E Power Supply

1. Type pneumatic

2. Voltage/Pressure 5 +0.25 peig 10 micron nominal
flltration

3. Power/Flow Raile 0.2 scfm

F. Envlronmental Limita

1. Altitude gee C.3.a

2. Vihration exceeds MIL-STD B10B curve L*

3. Shock exceeda MIL-STD BI10B procedure 1
(A and C)*

4., Temperature 1200°F™*

G. Predicted Failure Rates 164 x 10% hr MTBP»*

Configuration

1. Mounting either in/close to probe or in contro)
system

2. Approximate Size 1/2 x1/2 x1/2 approx.

3. Approximate Welight 1/2 oz.

Estimated from tests on 8imilar devices
Engineering Eatimates - no tesl data available
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SENSOR CHARACTERISTICS SPECIFICATION

Sensor Normal Shock, Fluidic

Description of Device:

Device No.

Device sensges the position of the normal shock wave in a supersonic inlet by reacting to the static pressure
gradient across it, Sensor consiats of a.series of bistable fluidic amplifiers which trip and untrip depend:ng

on the shock wave position {see Figure 35. Since the position of the normal shock is senaitive to both internally
and externally generated disturbances, Thie sensor can be used in any form of distortion accommaodation svslem
Sensor can be mounted directly to the inlet and i8 capable of withstanding environmentie well beyond Mach 3.
Temperature limlt shown is for electroformed nickel eensor and with suilable material could go higher

Characteristic

Present Capability

Extrapolated Capability

P _—

A. Dynamic Response

B. Experimental Responae
to a Step Input

C. Steady State Accuracy
1. Hyateresis

2. Drift
3. Environmental Effects
a. Altitude

b. Vibration
c. ‘Temperature

D. Output
1. Type
2. Scale Factor

3, Seneitivity Threshold
4. Range

E. Power Supply

1. Type
2. Voltage/Preassure
3. Power/{Flow Rate

F. Epvironmenta! Limite

1.  Altitude
2. Vibration
3. Shock

4., Temperature
Predicted Fallure Retes
H. Configuration

1. Mounting

2. Approximate Sixe
3. Approximate Weight

. -
1+0.01 a

~0.0028
{including 6" line length)

0.001 to 0. 002 sec
per amplifier tripped

depends on ahock wave definition
{boundary layer thickness, etc.)

none with stable shock wave

none when constant digcharge
reggure is maintained above 30,000
t (Figure 35)

none wlthin l{imits of F.2

none to 1200°F*

pneumatic AP

approx. 0.7 In Hg
per amplifier tripped

depends on tap apaclng
not applicable

pneumatic 10 micron nominal filtratign
10 1.0 peig
0.2 scfm/amplifier

gee C.3.a
exceeds MIL STD 810B* curve L

exceeds MIL STD 810B*
procedure 1 {(adc)

1200°F*

2.88 x 10%hr=»

ag close to throat as possaible
to reduce line lengths

T elements 1.0x1.5x3.5
7T oz.

-0 001a
1 +0.005a

< 0,00l sec per
amplifier tripped

none to 50, 000 ft

pneumatic or electrical

0.1 aefm/amplifier

Eatimated from teste on similar devices

* Engineering Estimates - no test data available
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SENSOR CHARACTERISTICS SPECIFICATION Sheet 1 of 2

Sensar

Descn

Pressure Difference, Fluidic Device Ne.

ption of Device:

The basic proportlonal fluidic amplifier is sensitive to the ditferenuial pressure applied across it.
The output is a differential pressure proportional to the input differential pressure. Supply
pressures are nominally less than L0 peig mainly to keep noise al 8 minimum. The amplifiers are
commonly fabricsted irom electroformed nickel which will operate at 1200°F,

—

Characteristic Present Capability Extrapolated Capability
I
1
A. Dynamic Response TTo o

Experimental Responee
to a Step Input

Steady State Accuracy

1, Hyotereais

2. Drift

3, Environment Effects
a. Altitude

bh. Vibration
¢. 'Temperature

4. Repeatability

5, Linearity
8. Bignal to Noise Ratio

Qutput

1, Type

2, Scale Factor

3, Sensitivity Threahold

not available

st recommended supply pressure
(See E, 2)

none| within instrumentation limits
none| (3, G,xducere and x-y plotter}

gain reduction of about 54/10,000 ft To 50,000 ft
at over 30,000 ft {See Figure 363,
Linear range la approximately
constant and no{se decreases a8
shown on Figure 300

none within limi{te of F. 2
See Figures 37 and 39, Noise

varies randomly by + 25¢ with
increasing temperature

1004 within instrumentation limits

+1% over total linear range
approximately 200, See Figure39)

pneéumatic AP IS
preasure gain=2 is typical
infinite resolution

4. Range +40¢ of supply pressure +60%of aypply pressure
E. Power Supply
1. Type pneumatic
2. Voltage/Preasure 5+0. 25p8ig 5 micron nominal
filtration, See Figure 38
3, Power/Flow Rate 0,1 sctm at 5 paig supply
F. Environmenial Limits
1. Altitude see . 3,a 50,000
2., Vibratien exceeds MILSTD B10B* curve L
3, Shock exceeds MILSTD 8108«
procedure I (A&C)
4. Temperature 1200*F
*  Eatimated from tests on similar devices,
% Engineering estimatss - no test data available
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SENSOR CHARACTERISTICS SPECIFICATION

Sheet 2 of 2

Sensor _Preasure Difference, Fluidic

Device No.

Characteristic

Present Capability

Extrapolated Capability

G, Predicted Fallure Raten

H. Configuration
1. Mounting
2. Approzimate Size

3. Approximate Weight

2,000,000 hr MTEF **

lxlxli‘
1/2 oz,

*+*Engineering estimates = no test daia available

121




0.020x 0.020 PROPER AMP

1.0
7 0.9
< i 5 PSI SUPPLY
Z 0.8 PRE SSURE
g 11
S

0.6 1

0 10,000 20,000 30,000 40,000
ALTITUDE - FEET
Figure 36, Galn versus Altitude

111 0.020 x 0.020 PROP. AMP.
[V
(=]
R 1
- 1.0 —
: 5 PS| SUPPLY
z PRESSURE
S o097
=z
[-»
(4]

0.871

-1I00 0 100 200 300 400 500

AIR TEMPERATURE °F

Figure 37. Gain versus Air Temperature

40 T SUPPLY PRESSURE VS PRESSURE GAIN
= - ]
< 3.0 +
W]
% 2.0 o g—
P
W 1.0 T
[= 4
l i — »
0 2 q 6 B 10

SUPPLY PRESSURE (PSIG)
Figure 38. Supply Pressure versus Pressure Gain

122



740 INPUT LINEAR RANGE

0 2 4 6 8 10
SUPPLY PRESSURE (PSIG)

INPUT LINEAR RANGE +IN. WATER

OUTPUT PRESSURE NOISE

P 3 1
T 1 T v L

0 2 4 6 8 10
SUPPLY PRESSURE (PSIG)

OUTPUT NOISE {p-p) IN. WATER
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SENSOR CHARACTERISTICS SPECIFICATION

Sheet 1 of 2

Sensor

Angular Rate, Fluidic

Description of Device:

Device No.

The vortex rate-sensor is a pure fluid device that senses angular velocity about ita input axis and provides
a fluid signat which is proportional to that velocity. There are no moving parts within the device and it

employs a pattern of fluid flow to sense angular rotation.
for fluidic flight control aystems.

It is n developmental device that 18 being developed
The performance characteristics are based on laboratory developmental

testing. Further development 18 continuing depending upon the specific application requirementsa. OQutput
characteriatica are for a range of three devices and are presented in order (e.g., Wp ® 5, 15, 25 Hz correspoends
to ranges of 2, +10, 330 deg/eec in that order), Where only one value is given it is the same for all devices,

Characteristic

A. Dynamic Response

B. Experimental Response
to a Step Input

C. Steady State Accuracy

1. Hysteresis
2. Drift
3. Environmental Effects
a. Altitude
b. Vibration
c. Temperature
4. Linearity
5. Noise
D. Output
1. Type
2. Scale Factor
3. Sensitivity Threshold
4. Range

E. Power Supply

1.
2.

3.

Type
Voltage/Pressure

Power {Flow Rate

F. Environmental Limits

1.

2.

3.
4.

Altitude

Vibration

Shock
Temperature

G. Predicted Failure Rates

Present Capability

Extrapolated Capability

2nd order
Wy, at 80° phase lag = 5-25 Hz

{=1.0

not available

none within instrumentation
accuracies. (8train gage transducers

and X-Y plotter)
24 %

SF decreases with altitude.
See Figure‘q4(

none within limite of F.2
see curve Figure 41 and 42

unknown but is approximately linear
over normal operating range

0.5 deg/sec

pneumatic AP

3.95, 2.25and 1,75 x 1079
pei/deg/aec

0.7 deg/uec
+2.0, £10.0, and +30.0 deg/sec

pneumatic

10 +0.1 paig 25 micron nominal
filtration. See

1scfm Figure 43

must be compensated above 20, 000
ft by maintalning a constant dis-
charge presasure

10 g sinusoidal 50-2000 Hz

0.05 g2/Hz random 50-2000 Hz

15¢ 11 mae
-85 to +160°F

10" hra MTBF **

+0.2% F8

+2% FS =85 to 180°F

0.2 deg/Bec

*: Engineering eatimates - no test data available
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SENSOR CHARACTERISTICS SPECIFICATION

Sheet 2 of 2

Angular Rate, Fluidic

Scenzor

Dewice No.

Characteristic

Present Capability

Extrapolated Capahiiity

H. Configuration
1. Mounting
2. Approximate Size
3. Approximate Weight

<1l1b

1.5 x4.0dja
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SENSOR CHARACTERISTICS SPECIFICATION Sheet 1 of 2

Sensor Accelerometer, Fluidic Device Na,

Descriptian of Device:

The fluidic accelerometer has a pneumatically supportied inertinl mass which operates against pressurized
nozzles. The damping 18 accomplished by the squeeze film method provided by the flanges on the inertinl
mass. The force developed by an acceleration on the inertial maee, along the Bensitive axis, 18 opposed
by the preesure differentisl created by the closing of a pickoff nozzle and opening of the other plckoff
nozzle. The pressure differential is an accurate indlcation of ths applied acceleration. The data shown
are [rom laboratory developmental testing. The ranges available are presented in the same order for

the applicable characteristic (e.g. ,wn = 70, 140, 233 Hz corresponds to ranges of 0.5, #2.0, and15.0 g
in that order}, Where only value i given it is the same for all devices.

Characteristic Present Capablitity Extrapelated Capabifity

A. Dynamic Response 2nd order aystem
w, = 70, 140 and 223 Hz

{ = inthe range of 0.6 10 0.8

B. Experimental Responsee
to a Step Input

C. Steady State Accuracy

1. Hysteresis 4+ 1,0% FS* +0.2%FS
2. Drift +1.0%FS +0.1%FS
3. Environmental Effects
a. Alttude eatimated to be greater than 1% 1% to 20, 000 ft.
at 20,000 ft.
b. Vibration none within limits of F2
c. ‘Temperature SF decreases by approx. 0.04%/°F
4. Linearity 1% half scale
5. Repeatability not tested
0. Output
1. Type pneumatic AP
2. Scale Factor 1.44 peifg
3. Sengitivity Threshold 1,2, and 5 x10°% g's 12105 g's
4 Range + 0.36, £ 1.44, and = 3.60 palg
E. Power Supply
1. Type pneumatic 25 micron nominal filtratioh
2. Voltage/Pressure 5, 10, and 20 0.5 peig
3. Power/Flow Rate 0.17, 0.71 and 1.46 scfm
F. Environmental Limite
1. Altitude not tested
2. Vibration 10g sinumoidal 50-2000 Hz
0.05 g% /Hz random 50-2000 Hz
3. Shock 15 g's llme
4. Temperature -85 to 180°F
G. Predicted Failure Rates 2.5 x 10% ir MTBF**

« Eatimated on testa of similar devices

:» Engineering Estimatss - no test data available
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SENSOR CHARACTERISTICS SPECIFICATION

Sheet 2 of 2

Scensar  Accelerometer, Fluidie

Device No.

Characrensue

Present Capabilny

Extrapolated Capahility

H. Configuration
1. Mounting
2. Approximate Size
3. Approximate Weight

<11b.

3x1.5dla
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