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Advanced distributed control systems €or electric power plants will require more accurate 
and reliable pressure gauges than those now installed. Future developments in power plant 
control systems are expected to use digitauoptical networks rather than the analog/electric 
data transmission used in existing plants. Many pressure transmitters now installed use oil 
filling to separate process fluids from the gauge mechanism and are subject to insidious 
failures when the oil leaks. Testing and maintenance of pressure channels occupy a 
disproportionately large amount of effort to restore their accuracy and verify their operability. 
These and similar concerns have prompted an assessment of a broad spectrum of sensor 
technologies to aid in selecting the most likely candidates for adaptation to power plant 
applications. Ten representative conventional and thirty innovational pressure sensors are 
described and compared. Particular emphasis is focused on two categories: silicon-integrated 
pressure sensors and fiber-optic sensors, and both of these categories are discussed in detail. 
Additional attractive concepts include variable reluctance gauges and resonant structure 
gauges that may not require oil buffering from the process fluid. 

vii 





1. INTRODUCTION 

1.1 PROBLEMSTATEMENT 

Analog instruments, including pressure and differential pressure (dP) sensors, are used 
as the primary means of measurement in all process industries, including fossil and nuclear 
power plants. Existing sensor techniques use numerous active components to convert a 
process pressure input to  an output signal. Pressure and dP sensors utilize differential 
capacitance, strain gauge, force balance, or bourdon tube technology to convert process 
pressures to proportional 4- to 20-mA signals. 

Starting in the late 198Os, analog centralized control systems were being replaced by 
digital distributed control systems (DCS). The  accuracies of the conventional analog 
instrumentation are of the same order of magnitude as typical analog control systems (-2-3% 
uncertainty). However, DCS can provide improved process regulation to ~ 0 . 2 5 %  uncertainty. 
The DCS designs require that instrument accuracies improve significantly to make the control 
system improvements possible, but this has not been accomplished to date. The  basic signal 
inputs to such systems as boiler and turbine controls in fossil plants do not meet the new 
accuracy requirements of DCS. In nuclear plants, extensive calibration is required to meet 
system accuracy requirements. These procedures substantially affect operations and 
maintenance (O&M) costs and plant performance. 

Many of the most commonly used pressure sensors have failure modes that could 
significantly affect the ability of any control system to adequately control plant processes. 
These insidious failure modes significantly alter the operability of the sensors and are not 
observable during steady state conditions. One  failure mode, the loss of fill fluid (oil) from 
an oil-filled sensor, significantly increases its response time and may limit its dynamic range.' 
Background information for this oil loss problem is described in a series of symposia, reports, 
and journal articles over the past four y e a s M  Most pressure sensors now installed in power 
plants have an age-related degradation (drift) inherent in their design. Smart microprocessors 
cannot compensate for these basic deficiencies in the sensors because the smart electronics 
do not test for leaks, measure response time, or  perform seif-calibrations. 

Additionally, power plant O&M costs have been rising at an alarming rate far both fossil 
and nuclear plants. A significant portion of this O&M cost is due to instrument surveillance 
and testing, including calibration and response time verification. Improved sensor design and 
smart signal processors could substantially reduce these costs. 

12 OBJE$CT'IVE AND SCOPE OF INVESIlGATlON 

This document is the final report on Phase 1 of a three-phase project that has the overall 
objective of identifying and assessing improved pressure-sensing concepts for both nuclear and 
fossil-fueled commercial power plants. These improvements include improved reliability, 
stability, and accuracy; compatibility with operating environments; self-calibration and 
condition monitoring capabilities; extension of the operating system life span; and reduction 
of operating and maintenance costs. 

The  overall three-phase project scope includes an evaluation of new sensor technology 
that may be used in power plants for gage pressure and for differential pressures used in flow 
and level measurements. Sensors (pressure gauges), fluid-filled capillaries, transmitters, and 
signal processors-the entire signal channel-are included. Testing and maintenance 
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requirements are considered in evaluating the acceptability of new technologies. Effects of 
radiation and normal operating and postaccident environmental conditions on the accuracy 
and reliability of the pressure channels are addressed; and recommendations for hardening 
of selected sensors and signal processors are presented. The possible effects of 
electromagnetic interference (EMI) and radio-frequency interference (RR) on measurement 
channel performance are addressed. 

In Phase 1, the technical literature was thoroughly searched for relevant published 
technologies. Concepts for advanced pressure sensing have been sought from laboratory and 
industrial personnel, and particular attention has been given to novel and unexplored pressure 
measurement concepts and those concepts that have been used to improve other process 
variable instruments. This report includes a matrix of applicable technologies against the 
desired acceptance criteria, including evaluation of perceived limitations of the new 
technoIogies and the efforts required to correct o r  circumvent these limitations. The 
questions of amenability of the new technologies to retrofitting in existing plants and the 
impacts on  new plant designs are addressed. The report recommends those development and 
qualification efforts that should be supported under Phases 2 and 3 of the pressure instrument 
improvement program. 
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2 APPROACH 

21 REQUIREMENTS AND SPECIFICATIONS 

A list of acceptance criteria for advanced pressure sensors was provided by the Electric 
Power Research Institute (EPRI) early in the program. These criteria were reviewed and 
interpreted by Oak Ridge National Laboratory (ORNL) and accepted as guides For assessing 
potential development candidates. These criteria are listed in Table 2.1. The  criteria were 
used as a basis for a request For proposal (RFP) (EPRI RFP 3462) issued in mid-year 1992. 

Table 21. EPRI pressure sensor acceptance criteria 

Stability 

Drift 

Accuracy *O.l% of FSI 

(0.05% of full-scale indication (FSI) 

~0.05% change of FSI over 36 months 

Repeatability *0.1% of FSI 

Response time <looms 

Dead band (pressure channel) 

Temperature compensation C*O.l% of FSI 

Hysteresis *0.05% of FSI 

< *0.01% of FSI 

Operating range 0-3500 psig (gage) or 0-1000 in. water (differential), with 
various models to cover portions of the full operating 
range 

Overpressure protection 

Maintenance capability 

>150% of rated span {gage); >1000?6 of rated span, and 
,150 psid (differential) 

Sensor should be operable and meet the requirements of 
this specification without need for scheduled or corrective 
maintenance for a minimum of 18 months without 
scheduled or corrective maintenance 

Provide means for determining the accuracy of the gauge 
at a minimum of one pressure in addition to the null or 
zero condition, without removing it from service 

No elastomeric O-rings or gaskets are to be used in the 
pressure gauge/process interface 

On-line calibration capability 

Sealed unit/process boundary 

Failure mode detectability 

Cost (sensor) <$lo00 per sensor 

Environmental qualification 

All failure and degradation modes are detectabie 

> 10-year qualified life in harsh (IEEE 323)(nuclear only), 
and >40-year life in benign environments, with a 95% 
confidence limit 
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Table 2.1 (continued) 

EMI/RFI immunity 

Power supply requirements 

Output signal requirements 

Smarl capability 

Measurement principle 

Temperature limits on sensor 

Compatibility 

State of development 

Sensor size (footprint) 

Acceleration and vibration 

Pressure cycling 

The pressure signal error shall not exceed the accuracy 
limits due radio-frequency interference immunity to the 
presence of a radiated electric field of 10 V/m over a 
frequency range of 10 kHz to 1 GHz 

110 VAC 60 Hz or k.24 VDC, and require not more than 
150 mW per sensor and 1000 W for a signal processor 

Analog electric output signals shall be 4 to 20 mA carried 
on two wires; digital output signals shall meet the 
requirements of FIELDBUS-50, per ISA SP-50 

The sensor/signal processor shall have some identifiable 
inherent capability for signal verification, fault analysis 
(self-diagnostics), or self-calibration 

The gauge and signal processor shall provide a direct 
rather than an inferred measurement of the process 
pressure 

Upper ambient temperature limit > 150°F. 

The portions of the compatibility gauge wetted by the 
process fluid shall resist chemical attack at the normal 
process operating pressures, temperatures, flow rates, and 
related process conditions and retain their required 
properties for at least 40 years 

The pertinent pressure-sensing technology has been 
developed and implemented in prototype devices 

The sensor should be no larger and no heavier than 
existing sensor designs 

The sensor or signal processor shall be provided with 
inherent features or filters to prevent acceleration or 
vibration of the sensor from degrading its accuracy, 
response, or reliability 

The sensor shall survive at least 10,OOO cycles of zero to 
full-scale pressure cycling during its 40-year life without 
failure under the normal environmental and process 
conditions of the intended application .. 

Since the precise meanings of some of the characteristics were thought to be subject to 
differences in interpretation, an expanded form of the acceptance criteria was prepared that 
attempts to define each term, state the acceptance requirements, and provide some additional 
interpretation. This expanded material is presented in Table 2.2. Six references'" were 
consulted in obtaining the most appropriate definition(s) of the terms listed. Substantial 
disagreement was noted among the references for even the simplest terms. 
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Table 22 EPRI pressure sensor [A] acceptance c r i t e r i a q a n d e d  form 

Stability 
definition: Ability of an instrument to retain its performance throughout its specified operating and 
storage 1ife.l2 Dynamic stability-the ability to recover promptly and completely from a transient-is 
related to response time. 
requirement: 0.05% of full-scale indication [B]. 
interpretation: Stability is interpreted to be the instrument’s continuing ability to provide consistent 
indications of pressure, within some statistical limits. Drift is interpreted as long-term changes in 
calibration and is an indication of instability. 

Drift 
definition: Drift is an undesired variation in output over a period of time. This variation is unrelated 
to input, operating conditions, or load.‘ 
requirement: 4 . 0 5 %  change of full-scale indication over 36 months. 
interpretation: The pressure indication shall change less than 0.05% of its full-scale reading after the 
gauge has been operated at a fued, variable, or cyclic level in its normal operating range for at least 
36 months, and is then subjected to the same reference pressure as was measured initially. 

-CY 
definition: The degree of agreement of individual or average measurements obtained wilh a particular 
instrument with an accepted reference value or level or with the true value of the magnitude of the 
quantity measured? 
requirement: Less than &.1% of full-scale indication. 
interpretation: The pressure indication shall not disagree with the “true” pressure by more than 
*0.1% of the maximum operating range of the process for which the gauge was selected, independent 
of other changes in the process or environmental conditions such as process fluid temperature or flow 
rate, environmental temperature, atmospheric pressure, etc. 

Repeatability 
definition: A measure of the variability (precision) of resula obtained by the same operator using the 
same instrument in successive measurements of a constant measured parameter.2 The capability of 
an instrument to generate a measurement signal the magnitude of which will stay within the stated 
limits of repeatability under identical process  condition^.^ 
requirement: *0.1% of full-scale indication. 
interpretation: Repeatability is distinct from reproducibility, which is the capability of a second 
instrument operated by another person to obtain the same value for the same measured property. 

Hysteresis 
definition: The maximum difference in signal output at a given value of the input variable observed 
when the input value is approached from zero and when the input value is approached from full scale. 
requirement: &OS% of full-scale indication. 
interpretation: Readings of a particular true pressure taken from ascending and descending 
measurements shall not differ by more than 0.05% full-scale indication (half the accuracy 
requirement). The hysteresis limit must necessarily be smaller than the accuracy limit or drift 
restriction. 

Response time 
dehnition: The time required for the change in pressure indication to reach 63% of Ihe change in 
steady-state pressure after a relatively instantaneous change of the pressure in the chamber’ or the 
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difference between the time that a process undergoing an unterminated ramp increases or decreases 
to a certain value and the time at which the instrument indicates that value. 
requirement: c100 ms. 
interpretation: This requirement is applicable to pressure gauges that have first-order responses but 
may require additional interpretation for higher-ordered, undamped (“ringing”) systems, where 
“settling time” might be more appropriate. See also ANSIfiSA-S51.1 (Ref. 1) definitions for 
“response, time” and “time constant.” 

Dead band 
definition: The maximum value by which a monitored pressure can change from an initial value 
without initiating any statistically significant change in the pressure indication. 
requirement: < &0.01% of the full-scale indication. 
interpretation: Pressure gauges that are mechanically linked may have clearances that must be taken 
up before a change in sensing signal is generated. It is understood that the pressure input is changing 
slowly so that dead band will not include response time effects. Pressure sensors whose dynamic 
responses are not simple first-order responses may appear to have dead times in their initial responses 
to pressure transients. This requirement addresses only the first of these two possibilities. If the 
measured pressure changes by as much as *0.01% of the operating pressure, the gauge must show 
some indication of a change in that direction, but is not required to meet the accuracy requirements 
of 0.05% initially until the pressure stabilizes at some new pressure. 

Temperature compensation 
definition: Special construction, supplemental devices, circuits, or materials incorporated into the 
sensor or signal processor to minimize or estimate errors due to variations in temperature (adapted 
from definition of “compensation” in Ref. 1). 
requirement: Passive compensation to achieve a pressure accuracy of < iO.1% of full-scale indication, 
independent of ambient or process temperature variations covering the entire range of temperatures 
for which the gauge is qualified. 
interpretation: Devices would be acceptable if they do not require off-line recalculation of the 
indicated pressure based on some ancillary measurement of the gage or process temperature. Such 
“passive” compensation could be achieved by real-time digital or analog signal processing, by design 
features that produce a compensating change in pressure indication for a temperature change, or by 
devices whose pressure indications are characteristically insensitive to temperature changes. The 
compensation must not allow temperature variations to affect the accuracy of the gauge by more than 
the required accuracy. 

Operating range 
definition: The range of measured pressures over which the instrument will meet all performance 
specifications   AS^).* 
requirements: Up to 0-3500 psig (for gage pressure transducers) and up to &lo00 in. water (for 
differential pressure transducers). 
interpretation: It is expected that gauges that were capable of meeting these limits would be produced 
for smaller pressure ranges without essential modifications of design features, such as 0-150 psig and 
8.30 in. water differential. 

Overpressure protection (gage pressure transducers) 
definition: Design features that prevent distortion, damage, failure [C], degradation, or significant 
changes in pressure indication or response time when the gauge is subjected to pressures in excess of 
their rated pressures. 
requirement: > + 150% of full-scale indication. 
intcrpretation: The gauge should not be affected irreversibly by subjecting the sensor to pressures up 
to 150% of the full-scale indication (Le., a 50% overpressure) for brief or extended periods of time, 
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Table 22 (continued) 

at some moderate rate of increase of pressure. The gauge is not required to meet accuracy and 
response requirements at pressures in excess of its stated operating range. 

Overpressure protection (differential pressure transducers) 
dedinition: Design features that prevent distortion, damage, failure, degradation, or signillcant changes 
in pressure indication or response time when a differential gauge is subjected to pressures in excess 
of their rated pressures. 
requirement: >+lOOO% of rated diuerential pressure span and >I50 psig. 
interpretation: The gauge should not only not be affected irreversibly by subjecting the sensor and/or 
signal processor to differential pressures up to 10 times the rated span but should also not be 
damaged by inadvertent application of the entire unopposed process pressure to one side of the gauge 
for brief or extended periods of time. This condition could occur inadvertently in some flow measuring 
applications. Consideration should be given to the rate of increase of pressure to exclude sonic 
effects. The gauge is not required to meet accuracy and response requirements at pressures in excess 
of the stated operating range. 

Maintenance capability 
definition: Features in the design of the pressure gauge or signal processor that minimize the need 
for routine maintenance, that ailow for maintenance to be performed without removing the gauge 
from the process, or that permit maintenance to be performed on-line during normal operation of the 
process being monitored. 
requirement: A suitable pressure gauge should be operable and meet the requirements of this 
specification without need for scheduled or corrective maintenance under conditions found in a typical 
electric power plant for a minimum of 18 months. 
interpretation: The gauge design should be subjected to a failure mode effects analysis (FMEA) that 
provides assurance at a 95% confidence level that the gauge will not fail or require maintenance 
during an 18-month period under conditions of the application for which it is intended. If corrective 
maintenance is required after an 18-month interval to allow the gauge to achieve a 40-year life, some 
requalification may be required (see Environmental qualification). 

On-line caliintion capability 
definition: Provision in the design of a pressure gauge and/or signal processor for calibration without 
removal from service. 
requirement: The gauge system shall provide means for determining on-line the accuracy of the gauge 
at a minimum of one pressure in addition to the null or zero condition, without removing the gauge 
from service and during normal process operation. 
interpretation: Devices would be acceptable if they (1) are intrinsically capable of in-situ on-line 
calibration, (2) have been provided with ancillary features that allow for such calibration, or (3) have 
diverse means for pressure determination incorporated in their structure. These provisions should 
allow calibration to be performed on-line (during normal operation), in-situ (without removing the 
gauge from the process) to within the accuracy of the original specification. A calibration should be 
possible at the normal operating pressure of the gauge in service and at the null point achieved by 
bypassing the gauge or under shutdown conditions. If possibie, additional points should be used to 
determine whether the characteristic shape of the pressure response curve has changed. 

Sealed unitlproass boundary 
definition: Process boundary-All surfaces that are topologically equivalent to the interior surface of 
the process system, including any joints or seals in these surfaces. 
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Table 2 2  (continued) 

requirement: No elastomeric O-rings or gaskets are to be used at the pressure gauge/process pressure 
interface that would allow leakage through the boundary that could affect the accuracy or response 
of the gauge. 
interpretation: In conventional force balance gauges, leakage between the process and the reference 
pressure volume in the gauge can affect the pressure reading insidiously, that is, without the effect 
being noticeable. Eliminating elastomeric O-rings and gaskets could avoid this failure mode but might 
affect the design adversely in other respects such as requiring excessive maintenance. Consideration 
will be given to the use of metallic gaskets at critical boundaries if required for on-line maintenance 
but only if provision is made for independent verification of the integrity of these seals. Use of 
O-rings and gaskets that do not affect gauge performance is permitted. 

Failure mode detectability 
definition: Features or provisions of a sensor or signal processor design that allow operational status, 
failure [C], or degradation to be detected without removal from service. 
requirement: All failure and degradation modes are detectable. 
interpretation: The intention of this specification is to provide a gauge system that shows obvious 
indications of any failure or degradation and that allows on-line diagnostics, calibration, or response 
time testing. It should be possible to determine whether the gauge performance has or has not 
changed. This requirement permits scheduled maintenance to be replaced by corrective maintenance. 

Cost (sensor) 
requirement: Cost < $loo0 per sensor. 
interpretation: It is intended that large numbers (thousands) of sensors designed to these 
specifications will be purchased and installed in electric power plants and that the price level will 
become substantially less than the stated requirement. The cost of the gauge should not include the 
additional expense incurred in qualiljmg the gauge to meet nuclear standards and requirements, which 
may increase the cost of the gauge to the utility by factors of 10-100. 

mt(chaMe1) 
requirement: As low as possible and practical. 
interpretation: The cost of the signal processor and balance of channel instrumentation, which could 
substantially exceed the cost of the sensor, will depend on whether more than one gauge can be 
operated from a single signal processor, whether the output signals are to be multiplexed or 
transmitted directly, and whether the processor/transmitter is required to meet additional (nuclear) 
specifications. 

Environmental qualification 
definition: The procedure(s) by which it is determined that a sensor and signal processor can be 
expected to operate properly when it is installed and used in a particular industrial environment. 
requirement: >lO-year qualified life in harsh environments [per IEEE 323 (Ref. 4)) and >40-year life 
in benign environments at a 95% confidence level. 
interpretation: The qualified life is that time in which the gauge system meets these requirements for 
accuracy, response, etc., in a harsh or benign industrial environment. To qualify a gauge, signal 
processor, or channel, a sufficient number of units must be subjected to the specific environmental 
conditions singly or in combinations of conditions for significant periods of time so that an estimate 
can be made of their failure probability. Hence, their mean time to failure (MTIF) must exceed the 
number of years specified above, allowing some reasonable statistical uncertainty. Units are required 
to meet this specification, without scheduled maintenance. Corrective maintenance may be performed 
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Table 22 (continued) 

at intervals >18 months (see Maintenance capability) to provide the required life, but the units may 
require qualification after certain types of maintenance procedures. 

Eiectfomagnetic interferencelradio-ffquency interference (EMURFI) immunity 
definition: The pressure channel output signal shall not be biased (dc level) by the presence of 
electromagnetic or radio frequency fields at the sensor or signal processor locations or the cables 
connecting them. Also, the EM1 and RFI fields shall not cause the signal to be obscured by the ac 
noise so that the sensor cannot meet the accuracy requirements at the lowest end of the measurement 
range. 
quirement: The pressure signal error shall be within the accuracy limits due to the presence of a 
radiated electric field of 10 Vhn over a frequency range of 10 kHz to 1 GHz, and pressure signals shall 
not be lost in induced ac signal noise at  the low end of the gauge range. 
interpretation: For some sensors and gauges, this is a nonissue; for others, it may be important to 
determine the actual levels (field strengths) and immunity levels (percentage change of reading) to 
be allowed. Equivalent specifications are found in S A M A  PMC-33.1 (1978) Electromagnetic 
Susceptibility of Process Instruments, MIL Std 462 Test Method RSO-3, and MIL Std 461-C Test 
Requirements. 

Power supply requirements 
&finition: The power voltage, wattage, and frequency required to operate the sensor and signal 
processor. 
requirement: The sensor and signa1 processor shall be operable from typical industrial plant services 
of nominally 110 VAC 60 Xz or &24 VDC and require not more than 150 m W  per sensor and lo00 
W for a signal processor. If special power conditioning is needed to meet accuracy or other 
performance requirements, such provisions shall be incorporated into the signal processor. 
interpretation: See ANSUISA S 50.1 (Ref. 5). 

Output signal requirements 
definition: The output signal requirements are those characteristics that the output signals from a 
signal processor must have that allow these signals to be compatible with conventional displays or 
controllers, whether the signals are analog or digital, electrical, optical, pneumatic, or of another type. 
requirement: Analog electric output signals shall be 4- to 20-mA dc carried on two wires; digital 
output signals shall meet the requirements of FIELDBUS-SO (see ISA-S.50.1). 
interpretation: Some provision may be incorporated to alter the output signal to 0-100 mV or other 
ranges or to provide analog, digital, or optical output options by exchanging cards in the signal 
processor. Unless specified othenvise, the 4- to 20-mA option will be supplied for analog electrical 
outputs. If the system is designed for electric or optical multiplexing, the 4- to 20-mA requirement 
or equivalent will pertain to the output of the demultiplexer. Digital, optical, pulse code, amplitude, 
phase, frequency coded, fringe counting, and other outputs that are not degraded by signal 
transmission may be acceptable if they can be ultimately converted to conventional controi signals. 

Smart capability 
definitiox Features of the pressure gauge and/or a signal processor that augment normal functions 
by providing signal validation, compensation, range adjustment, diversity, diagnostics, degradation or 
failure indication, prognosis, or other attributes. 
requirement: The sensorlsignal processor shall have some identifiable inherent capability for, for 
example, signal verification, fault analysis (self-diagnostics), or self-calibration. 
interpretation: This criterion permits ancillary means for diagnostics that can be used on-line and 
automatically. Signal processor features could include self-calibration, autorange changing, variable 
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Table 22 (continued) 

damping, zero and range adjustment, range expansion, reasonableness checks, diagnostics such as 
signal noise signatures, or other provisions produced automatically or on demand. 

Measurement principle 
definition: The fundamental function(s) by which a process pressure is converted to a quantitative 
signal that can be transmitted and displayed. 
requirement: The gauge and signal processor shall provide a direct rather than an inferred 
measurement of the process pressure. 
interpretation: It is desirable that the measurement principles be identified as intrusive or 
nonintrusive, that is, whether the pressure gauge sensor is directly immersed in a process fluid or 
separated from the fluid with a diaphragm or some force transmitter. Pressure sensing that uses 
measurements of other process parameters to infer process pressure are not to be considered (e.g., 
use of steam temperature to infer pressure). 

Temperature limits on sensor 
definition: The range of environmental temperatures to which the pressure gauge and signal processor 
may be subjected without exceeding operating specifications. 
requirement: Upper ambient temperature limit > 150°F. Upper process temperature limit > 1100°F. 
interpretation: It is understood that the pressure sensor will not necessarily be directly exposed to the 
process temperature in most applications. The sensor and signal processor should meet the stated 
environmental temperature limits requirement. In some pressure sensor designs, portions of the 
sensor are exposed directly to the process fluid. In the intended applications for electric power 
generating plants, process fluid temperatures may range from 600" F (350" C) in light water nuclear 
plants to at least 1100°F (650" C) in high-efficiency fossil or advanced nuclear generating plants. Such 
directly immersed pressure sensor designs that have these extended capabilities should be identified 
(see Temperature compensation). 

Compatibility 
definition: Capability of the materials of the process boundary of the sensor to resist chemical attack 
by the process fluid. 
requirement: The portions of the sensor wetted by the process fluid shall resist aqueous (water or 
steam plus solutes) chemical attack at normal process operating pressures, temperatures, flow rates, 
and related process conditions and retain their required properties for at least 40 years. 
interpretation: The materials of pressure gauge must resist attack by the process fluid, specifically the 
gauge structures that are in direct contact with the fluid. Fluids include aqueous media-water or 
steam and mixed phases-that may contain various solutes (chlorine ions, borates, etc.). Sensitive 
portions of the gauge may be isolated from the process by diaphragms or capillaries to prevent attack 
on sensitive portions of the gauge, possibly at the loss of some response or sensitivity. 

State of development 
definition: The identification of the stage of development, proof of principle, testing, qualification, and 
commercialization of the technologies on which a gauge concept depend. 
requirement: The basis for and the assessment of the degree to which the technology has progressed 
shall be stated. 
interpretation: The assessment of an innovative pressure sensor design should include 
any impediments to developing a suitable source of supply. These might be undemonstrated 
principles, additional equipment needed for gauge operation that is not available, patent or 
proprietary issues, materials that are not readily available, or other deterrents that have not been 
identified in the specifications. 
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Table 22 (continued) 

Sensor size (footprint) 
definition: The projected area required to install the pressure sensor on a pipe or vessel wall and the 
clearance needed between the sensor and adjacent structures or components. 
requirement: The general requirement is that the sensor should be no larger than existing sensor 
designs. 
interpretation: A quantitative estimate is to be provided of a typical “footprint” or the space required 
to attach the sensor to the process. This footprint may be as small as the diameter of a capillary tube 
or as large as a pneumatic gauge head. The requirement leaves a wide latitude and is provided as an 
advisory requirement. 

Acaeleration and vibration 
definition: Transient or oscillatory mechanical, hydraulic, or acoustic forces that impinge on the 
pressure gauge, caused by fluid flow; pump operation; and other continuous, normal sources inherent 
in the plant or process. 
requirement: The sensor or signal processor shall be provided with inherent features or filters to 
prevent acceleration or vibration of the sensor from degrading accuracy, response time, and reliability, 
or catastrophic failure [D]. 
interpretation: This requirement does not deal with seismic events or accident conditions. In some 
nuclear power plant applications, additional requirements for seismic, separation (UE), diversity, 
redundancy, postaccident monitoring, and others would be added to the requirements stated in this 
specification. This specification is concerned with any induced oscillatory vibrational noise or impulse 
response that would limit gauge accuracy and with the durability of the gauge structure. Specific 
requirements are given in note D. 

Pressure cycling 
defunition: Operation of pressure sensors under repeated changes of input pressure from process 
shutdown to full-operation conditions. 
requirement: The sensor shall survive at least 10,OOO cycles of zero to full-scale pressure cycling during 
its 40-year life without failure or degradation under the normal environmental and process conditions 
of the intended application. 
interpretation: This requirement differs from the acceleration and vibration requirement in that large 
pressure excursions are presumed (zero to full scale). Both degradation and failure IC] are 
consequences to be avoided. The cycling requirement is concurrent wiih the long-term drift 
requiremen t. 

Nom and Terminology for Table 2 2  

[A] Pressure sensor refers to a basic device that includes a diaphragm, bellows, or bourdon tube that 
is in contact with the process fluid and strain or deflection measuring devices but not with the 
circuitry needed to amvert strain-produced resistance changes to a change in electrical current, 
or the equivalent devices in other forms of pressure-measuring apparatus. 

Pressure transducer includes the functions of the sensor and in addition, a signal processor or 
means for converting the change in pressure to a change in an electrical, hydraulic, pneumatic, 
or optical quantity that can be quantified over a range of values. 

Pressure switch is equivalent to a pressure transducer except that the change in pressure is 
converted to a bistable quantity that is either ’on’ or ’off. 
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Table 2 2  (continued) 

Pressure transmitter is a pressure transducer to which are added the power supply, temperature 
compensation, and output signal conditioning so that a signal can be transmitted to a remote 
pressure indicator or process controller. 

Pressure gauge is a generic term that denotes a device that measures pressure, which might 
include manometers, dead weight testers, mechanical gauges, and any other direct means for 
measuring pressure. 

[B] The term “operating range” listed in the original Criteria has been replaced with ‘‘full-scale 
indication” to accommodate some variations in gauge design, range designations, and scale 
indications. In a typical gage pressure application, the gauge will have a zero indication at one 
atmosphere of process pressure and will be constructed and its scale graduated to read some 
maximum pressure such as 400 psig. This gauge can then be said to have a 400-psi operating 
range. The criteria require that its stability, drift, accuracy, and repeatability be some percentage 
of the full-scale indication or of 400 psig. Other gauges, including those of the same basic 
construction, may be graduated to measure gage pressures from 200 to 300 psig, with a 
suppressed zero and a limited upper-range indication. This gauge has an operating range of 
100 psi. This gauge would be required to meet the criteria based on a percentage of 300 psi, not 
of 100 psi. Differential pressure gauges may be graduated to read from 0 to 100 in. water, and 
their accuracy would be based on a percentage of 100 in. water. Gauges of the same construction 
but graduated to read from 0 to 10 in. water would meet criteria based on 10 in. water. 

[C] FaiIure is defined as complete and obvious loss of function, sometimes referred to as catastrophic 
failure. 

Degradation is defined as a change in characteristics that no longer meet the requirements of this 
specification or the installed application. Degradation may not be immediately obvious. 

[D] Vibration and Acceleration requirements shall be based on methods described in MIL STD-202F, 
“Test Methods for Electronic and Electrical Component Parts,” and the requirements listed as 
Table 3 ‘Vibration Test Parameters” in ASTM E 1137, “Standard Specification for Industrial 
Platinum Resistance Thermometers,” which requires testing at double amplitude of 0.05 in. (3 g’s 
peak) over a frequency range of 5 to 500 Hz for 3 h ab each of three axes, including 30 min at 
each resonant frequency. 

Although these efforts attempt to be definitive, it is clear that the terms “stability,” 
““drift,” and “repeatability” are somewhat commingled, as are other terms. It  is also apparent 
that not all of these criteria can be met in any given gage or pressure measuring system and, 
to that extent, represent desirable development objectives rather than firm specifications. 

An extensive literature search for new pressure-measuring concepts and for little-known 
(or little-recognized) physical effects that may permit development of effective new sensors 
was completed. Pressure-measuring concepts of particular interest in the search were those 
based o n  fiber-optic and advanced silicon technologies. 
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A preliminary search was performed in the 14 databases judged most appropriate among 
those available from the ORNL Central Research Library’s Dialindex” service. To obtain 
some idea of how many possible references might be available to us, we searched for only the 
number of references containing the following keywords and modifiers in their titles and 
descriptors and found the extremely large number of potential items indicated in Table 2.3. 

Table 23. Keywords for preliminary literature search 

Search parameters’ Total references 

Pressurem,DE 556,013 
Sensinfl1,DE 80,834 
Sensor?FI,DE 179,551 
Detect?FI,DE 558,076 
Measure?/TI,DE 981,302 
TransducerK1,DE 4 1,448 
Pressure(3N)(Sensing or sensor? or detect? 

or measure? or transducer)/I’I,DE 41,195 

*DE = Descriptors. 
TI = Title. 

As noted above, the search fields in each database were the titles (TIS) and the 
abstractor’s descriptors (DE%) for the references. The search objects were titles and 
descriptors containing the indicated keyword and, in the case of the final search, the keyword 
in conjunction with any one  or more of the listed words as modifiers, with no more than three 
intemening words (3N) between the keyword and the modifier. 

The  search with the modifiers rPressure(3N) (sensing or sensor? or detect? or measure? 
or transducer)lIl,DE] was evaluated as the most significant, and the numbers of potential 
sources (Table 2.4) were obtained from the separate databases. 

In an attempt to reduce the file to  a manageable number of truly significant references, 
the search was tightened on  five of the most appropriate databases by eliminating the 
descriptor from the search and by requiring that any modifier be  contiguous with the keyword, 
rather than allowing up to three intervening words. This more restrictive search significantly 
reduced the numbers of selected files (and, we believe, enhanced the potential significance 
of each as shown below). The  Derwent World Patents Index was further refined by limiting 
the language to English with the very dramatic reduction in the number of calls shown in 
Table 2.5. 

Title lists were printed out for the potential sources from the databases from both tables 
above marked with an asterisk (*) and were analyzed to select references €or further 
investigation. As an example of the productivity of this approach, analysis of the Derwent 
World Patents Index printout produced 10% of the titles worthy oE further investigation. 
Abstracts were printed out and reviewed for the most promising titles identified by the search, 
and journal article copies were obtained for those evaluated as most applicable. These 
selected articles form the bulk of the references listed in the report. See Appendix C for 
abstracts of the 42 references selected from the Derwent World Patent Index. 
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Table 24. Search based on pressure titles and descriptors plus 
modifiers with up to three intervening words 

Potential sources 

IEE publications 
Compendex plus 1970-1991 (Engineering) 
National Technical Information Service 
Chemical Engineering & Biotechnology Abstracts 
Current Technology Index 1981-1991* 
Electric Power Data Base 1972-1991, 
Energy Science & Technology 1983-1991 
Japan Technology 1985-1991 
Conference Papers Index 1973-1991 
Dement World Patents Index 1981-1991 
Scisearch 1974-1991 
ABIflnform 1971-1991 
PTS Promt 1972-1991 
Trade and Industry Index 1981-1991* 

2971-1991* 

5176 
6620 
4033 
253 
65 
12 

6364 
434 
730 

11502 
5 147 

2 
747 
80 

Table 25.  Search based on prcssure titles only plus 
modifiers with no intervening words 

- - 

Data base Potential sources 

IEE Publications* 1811 (vs 5176) 
Compendex plus 1970-1991 (Engineering)* 1388 (vs 6620) 
National Technical Information Service* 863 (vs 4033) 
Conference Papers Index 1973-1991* 432 (vs 720) 
Dement World Patents Index 1981-1991" 423 (vs 11502) 

Finding 

This search provides the information resources necessary to examine the state of the art 
in pressure-sensing concepts and early developmental approaches. 

Potential commercial sources for appropriate pressure transducers and applicable 
technologies were identified from personal experience, reviews of nuclear power publications, 
instrumentation trade magazines, buyers guides, etc. A large volume of technical material, 
applications data, and catalogs was collected through queries to  companies thus identified. 
Some existing commercial techniques and products offer promising fiossibilities for 
development programs leading to a new generation of pressure transducers for nuclear and 
fossil-fueled power plants. These devices are evaluated in the body of this report. 
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Almost all of the information reported in the summaries and abstracts presented in this 
report were obtained from manufacturers' or vendors' literature, either directly or  through 
published reports in trade journals. The form and terminology of specifications provided by 
the vendors differ so widely that is extremely difficult to make relative evaluations. 

No technical data were produced by tests of pressure gauges at ORNL for inclusion in 
this report. 

Finding 

This search established the state of the art in technologically mature, currently available 
pressure sensors. 

2 4  SPECIFXCATION MATRIX 

A matrix was prepared for listing the published characteristics of two sets of selected 
pressure gauges. The first set was a group oE six commercially obtainable, conventional 
pressure transmitters, comparable to and including the Rosemount Model 1151 and 1154 
capacitative sensors that are discussed in Sect. 3. The second set of selections consists of 
29 different pressure gauges grouped into nine classes according to basic principle of 
operation, also discussed in Sect. 3. Almost all the information entered into these matrices 
were taken from commercial publications provided by the manufacturer, with some additional 
information from trade journals and scientific reports. Not all the information to fill out the 
matrices were available in most cases, and sometimes it was difficult to associate published 
data with the intended descriptions of the matrix headings. Generally, the manufacturer was 
given the benefit of any doubts. 

32 EVALUATION AND SELECTION PROCESS 

The information in the specification matrix and in other printed materials provided by 
the manufacturer was compared. The fuIl matrix (Table 3.2 in Sect. 3) of innovational sensors 
was reduced to a more manageable summary matrix. An 11-item selection of representative 
innovational pressure gauge types is shown in Table 3.3 in Sect. 3. In this subsidiary matrix, 
where the characteristics of the particular pressure gauge were clearly superior to the 
characteristics of the conventional gauges, that item was given a plus mark (+); where they 
were essentially equivalent, the item was given a check mark (J) ;  where they were clearly 
inferior, the item was given a minus mark (-). Where no information was listed, the item was 
given an X or a question mark (?) that did not enter into its rating. The  net number of 
pluses and minuses for the six conventional gauges was used to order the ratings of the six 
gauges. 

In  the ll-item matrix of innovative gauges (Table 3.3 in Sect. 3), additional factors were 
considered by attempting to assess the difficulty and likelihood of developing a gauge suitable 
for electric power plants and the potential benefits of doing so. The relative number of 
pluses and minuses and a rating scale of risks and benefits were combined to give an ordered 
numerical rating for these potential developments. Admittedly subjective, the ratings indicate 
our assessment of relative values of conventional gauges and relative possibilities for 
developmental gauges. 
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3. FINDINGS AND ASSESSMENT 

3.1 COMPARISON OF EXSTING INDUSTRLAL PRODUCTS 

The material in this section is presented to provide a database against which improved 
pressure sensing methods can be evaluated. The tables and figures describe and compare the 
characteristics of five fully or  partially nuclear-qualified pressure transmitters and one  (PS-04) 
nonqualified but very promising transmitter that has recently come on  the market. The 
sensing techniques represented range from force balance devices to differential capacitance, 
resonant wire, and three strain gauge types. Tfie most common characteristic across the full 
range of types is that all but two employ silicone oil isolation of the sensing mechanism from 
the process. The  two nonisolated instruments are the Weed (formerly manufactured by 
Foxboro) force balance transmitter and a bourdon tube version of the Foxboro N-820 Series 
resonant wire transmitter. 

Characteristics and operating principles of individual transmitters are listed in 
Appendix A. This selection is not intended to be exhaustive, but representative of various 
styles of pressure instruments used in electric power plants. In general, each manufacturer’s 
series contains absolute, gage, and differential pressure instruments, each type with a variety 
of pressure ranges. The  selected conventional transmitters described in Appendix A are 

PS-01 Rosemount Series 1151-1154 capacitance sensors, 
PS-02 ITT Barton 760 Series Bourdon tube with silicon strain-gauge sensars, 
PS-03 Camille Bauer Series 32 film strain-gauge sensors, 
PS-04 Honeywell ST3000 Series silicon piezoresistive sensors, 
PS-05 Foxboro N-820 Series resonant wire gauges, and 
PS-06 Weed Series NE-11 and -13 force balance gauges. 

The  characteristics of these six products are summarized in Table 3.1, which uses the 
evaluation criteria developed in this study; the characteristics are described further in Sect. 2. 
In several cases, the  information to complete this table was not available in the 
manufacturer’s literature, making the comparisons somewhat limited in scope. Often, it was 
necessary to interpret the manufacturer’s data in the light of the definitions that we prepared 
for the evaluation criteria, perhaps not always in the way in which they were intended. 

Nevertheless, all of the gauges show satisfactory accuracy, pressure range, overpressure 
tolerance, usable output signals, temperature tolerance, and environmental tolerance, to a 
greater or iesser degree. None provide in situ validation of calibration; most use oil filling; 
most can be provided as nuclear-qualified units. Some are now adding smart transmitters to 
the gauges to allow remote alignment and some diagnostics. 

Pressure sensing in the Rosemount differential capacitance sensor and in the Foxboro 
resonant wire sensor is by frequency change in a resonant circuit as pressure change produces 
change in resonant frequency; transmitter output is analog current (4-20 or 10-50 mA). 

Pressure is sensed in the Weed (formerly Foxboro) force balance transducer by 
measuring the current required in a coil/actuator to restore a displaced diaphragmnever 
system to its null position; transmitter output is again 4- to 20-mA or 10- to 50-mA analog 
current. Two of the three strain gauge-based sensor types apply metal film or silicon strain 
gauges to mechanical flexures and provide 4- to 20- or  10- to 50-mA dc analog output. The 
third of the three, the Honeywell ST 3000, employs a micromachined, silicon sensor that 
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contains three separate sensors on a single chip: a differential pressure sensor, a static 
pressure sensor, and a temperature sensor; the static and temperature sensors provide 
improved pressure and temperature compensation and improved accuracy. 

None of these commercial products provides means For in situ, on-line calibration of the 
pressure signal. Only one (the Weed force balance NE-10 series, PS-06) provides a method 
for in situ, on-line response time validation. If the balance current is turned off and then 
turned on, the rate of return to its equilibrium indication yields information on the gauge’s 
time response. The  response time of some of the other gauges may be validated by using 
process noise response, but this test method requires additional information about the 
repeatability of the process input noise from an independent measurement. Because changes 
in calibration, dynamic range, and response time are affected by loss of filling fluid, the ability 
to  measure one of these characteristics (response time) could be beneficial in establishing that 
the other characteristics (calibration and range) have not changed. 

Finding 

Six different styles of pressure sensors are available from industrial vendors, offering 
satisfactory accuracy, range, response times, durability, and nuclear qualification; but those 
which use an oil-filled capsule to transfer pressure from the process to the sensing element 
are  vulnerable to  insidious degradation if the oil leaks, which is true at least for five of the 
Six. 

3 2  DESCRIPTIONS OF M O R  APPLICABLE TECHNOLOGIES 

32.1 Silicon Pressure Sensors 

311.1 Introduction 

In the last two decades, single-crystal and polycrystalline silicon pressure sensors 
produced by micromachining and integrated circuit manufacturing techniques have evolved 
from primitive devices with limited capabilities and a small number of specialized applications 
into a wide range of innovative and well-engineered pressure sensors that are rapidly 
replacing conventional technologies in many scientific and industrial applications. In addition 
to  a large number of new companies devoted totally to  silicon sensors, some of the old, 
main-line instrument companies are beginning to integrate silicon technology into their line 
of products (e.g., Honeywell’s ST 3000 Smart Transmitter with piezoresistive pressure sensors; 
Foxboro’s Silicon Specialty House, FoxboroDCT, which produces a line of silicon pressure 
sensors; and Rosemount’s new Model 2088 repairable, 0.5% accuracy, low-cost pressure 
transmitter, which is the first in their line to use silicon strain-gauge sensing technology 
instead of their acclaimed capacitive sensing). Innovation in silicon technology continues at 
a rapid rate, bringing new capabilities and improved performance to this class of sensors. 

The  two basic types of silicon pressure sensors that have been developed to the level of 
commercial products are capacitive sensors and piezoresistive strain-gauge sensors; however, 
the piezoresistive type still accounts for nearly all commercial production. The  capacitive 
sensors are tiny (down to  100 gm on a side) capacitors with one thin plate (1 gm to tens of 
micrometers thick) spaced a distance of one  or  more micrometers from a fued base plate. 
The thin plate, usually of single-crystal silicon, is the pressure sensing diaphragm that changes 
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Table 3.1. Conventional plant pressure transmitted 

PS-01 PS-02 PS-03 

Rosemount I?T Barton Camille Bauer 
Conventional plant pressure sensor acceptance criteria comparison 

1151 1154H 763 Gage 764AP 765AP 32PGPA1 32DP1 

Capacitance Silicon strain gauge Film strain gauge 

Nucl. Qual. Bourdon Bellows Bellows Gage/abs AP 

-;-;- 1 PS-05 

Resonant wire Force balance Silicon Piezoreskt. t I 

1 NE-l1 PS; 

Weed (Foxboro) Honeywell Foxboro 

ST3000 N-820 series NE-13 

1_1 Gagdabs 

Stability I <0.05% FSI iO.1%/6 20.2% FSi6 months it?-- 40-year qualified design life @ 122°F 

i0.2% FSVlS months <tl% FSI/year 

~ 

Drift 

Accuracylrepeatability 20.1% FSI 

Hysteresis 20.05% F'SI 

<0.05% FSI in 36 months 

Nonlinearity 2 % F S I  

i0.1%16 months 

20.5 to 1.25% 0.08% -I- *O.S% *0.25% i0.5% FSI 20.5% F'SI ~ 2 %  FSI 

Incl. Incl. Incl. 

~~ ~ 

1 20.05% FS 0.15% FSI 0.10% FSI 

*0.1% 

250 ms 500 ms 200 ms 

0.18% i1%/100"F 

6,000 psi 6,000 psi 6,000 psi 

15 psi 10 psi 70 mm Hg 

750 W.C. 2,000 psi 850-in. W.C. 40@-1n. W.C. 4,500 pid 

I 5  350 psi I 25-in. W.C. 1-in. W.C. 400-in. W.C. 

9,000 psi 

3,000 psi 3,000 psi 

X X 

X X 

Metal gasket 

9,000 psi 3,000 psi -4- 9,000 psi 

5-year warranty 

X X 

L Gasket 

Power interrupt 

I 
X X 

I 

10 years @ 134'F 

20 years @ 10G'F 

12.5-90 VDC 
I 

Reliability (mean time to failure) 

EMI/RFI immunity 

24 V D W  m A  

, 

>40 years >40 years >40 years >40 years in benign environment Yes 

10 V/m @ 10 kHz to 1 GHz 30 Vlm ? ? ? 

110 VAC, 224 VDC 12 to 45 VDC 15 IO SO VDC 

Self-diagnostics YeS ? ? ? 

Paver supply requirements 

Smart capability Yes YeS YeS Yes 1 
Yes 4-20 or 10-50 mA 

~ 

Direct Direct Direct Direct 

No No 

Output Afl)/O span 4-20 or 10-50 mA 

Direct Direct 

4-20 or 10-50 rnA 4-20 or 10-50 mA 4-20 mA; 0-100-mV full-scale output Yes 
1 11 I ,  

Output resolution I % FSI II I It *0.01% of FSI I1 I 
I 

~~ ~~ 

Measurement principle Nonintrusive or direct Direct Direct Direct Direct Direct Direct Direct 
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1 v 
PS-01 PS-02 PS-03 PS-04 PS-05 

Rosemount I l T  Barton Camille Bauer Honeywell Foxboro 
Conventional plant pressure sensor acceptance criteria comparison 

1151 1154H 763 Gage 764AP 765AP 32PGPA1 32DPl §no00 N-820 series 
1 

PS-06 

Weed (Foxboro) 

NE-11 NE-13 

OA/D/O = analog/digitaVoptical; a h  = absolute; EMVRFI = electromagnetic inference/radio-fvuency inference; FS = full scale; FSI = full-scale indication; g SSE = gravity (acceleration) for safe s h u t d m  earthquake; 
M"IF = mean time to failure; Nucl. Qual. = nuclear qualified; Piezoresist. = Piezoresistive; AP = differential pressure; T(E) = temperature of environment; T(P) = temperature of process; TID = total integrated dose; W.C. = water 
mlumn; X = no known capability; ? = insufficient information. 
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the capacitance of the sensor when it is deflected by pressure to change the spacing to the 
base plate. On- or off-chip signal conditioning circuits excite the transducer and convert the 
capacitance change to an electrical signal related to pressure. Piezoresistive sensors have a 
silicon mechanical structure much like that described for the capacitive type, except that 
piezoresistive strain gauges or other devices are deposited or implanted on the diaphragm. 
Strain gauges, which account for the vast majority of commercial sensors, are usually arranged 
in a four-arm Wheatstone bridge that is excited and conditioned off-chip. Other strain 
sensing devices are discussed below. 

The two basic silicon sensor types are often extrapolated in the conception and 
implementation of innovative variations. These variations include such things as integration 
of complementary metal-oxide semiconductor (CMOS) ring oscillators on the s ikon  chip so 
that strain of the diaphragm piezoresistively alters the frequency of the ring oscillator, giving 
a pressure-related frequency output; another variation integrates a pair of resonant strain 
gauges on the silicon diaphragm and monitors the strain-induced change in resonant 
frequency to produce an output functionally related to pressure. 

Because of the uncertain mechanical and electrical characteristics of polycrystalline silicon 
and the dependence of those characteristics on grain size, polycrystalline devices will not be 
inciuded in this summary. Also, because of the rapid evolution of developments in this field, 
work reported more than five years ago will generally be deemphasized or excluded. 

32-12 Capacitive silicon pressure sensors 

A n y  capacitive pressure sensor is a variable capacitor or differential capacitor, one plate 
of which consists of a thin diaphragm that is deflected by the application of pressure. Silicon 
capacitive pressure sensors are based on a thin single-crystal or polycrystalline silicon 
diaphragm. They are characterized by high pressure sensitivity and markedly low temperature 
sensitivity. They can operate up to about 300°C and remain aimost free of hysteresis. The 
gauge capacitances are small (generally 1-3 pF), and the sensors have a nonlinear (but well 
defined) response characteristic; the full scale change in capacitance can be in the range 
20400% (Re&. 1, 2). 

The objective of some recent work was to produce a capacitive silicon pressure sensor 
optimized for a low temperature coefficient of zero shift and excellent long-term ~tability.~ 
The sensing element is a variable-gap capacitor located between two single-crystai silicon 
chips, one of which contained a micromachined pressure-sensitive diaphragm. The silicon 
chips, as well as the pressure port tube, are sealed together by anodic bonding. No circuitry 
is implemented on the silicon, because the work was intended to test the characteristics of 
only the sensor. The thermal zero shifts (TCOs) of ten presumably identical units (the 
sensors were taken directly from assembly to the tests without any screening procedure) are 
between 0.009% and 0.012% of full-scale output (FSO) per degree Celsius. The shifts are 
characterized as being “quite linear and would be easily compensated.” With respect to the 
long-term stability of the zero-pressure capacitance, after a settling time of 5-30 h it was not 
possible to detect any long-term drift of the zero point within the uncertainty of the 
measurement system, which is estimated to be 0.01% FSO. 

Another developer has combined a capacitive pressure sensor chip with a standard 
CMOS oscillator chip to produce a sensor having resolution better than 0.01%.4 The sensor 
is very stable, with hysteresis and long-term drift (>ti00 days) well below 0.1%. The 
temperature coefficient of the capacitance (C) is below 100 ppmPC and reproducible. The 
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nonlinearity of C-' is greater than 1% but could be approximated to better than one part in 
lo4 by a fourth-order polynomial. 

3 2 1 3  Piezoresistive silicon pressure sensors 

Piezoresistive pressure sensors consist of silicon diaphragms on which strain gauges are 
either deposited or implanted. With proper placement of the strain gauges, the diaphragm 
acts as a stress amplifier and improves the output of the gauges. These sensors exhibit a 
linear response to  low levels of stress. The monocrystalline silicon gauges are characterized 
by a pressure sensitivity two or  three times greater than that of laser-recrystallized polysilicon 
gauges. The  major problem encountered with piezoresistive sensors is their high temperature 
sensitivity, which has to be reduced by means of resistor compensation networks. The sensors 
with gauges diffused or implanted in the diaphragm should be able to operate up to 200"C, 
whereas deposited gauges extend the operating range up to 300°C. The comparison of 
normalized response data indicates that the sensitivity to pressure of piezoresistive sensors is 
less than that of capacitive sensors. 

Recent development work at Lucas NovaSensor has produced a unique silicon fusion 
bonding technique that allows production of ultrastable, high-temperature pressure sensors' 
and sensors capable of withstanding at least 500X overpressure without damage.6 

The ultrastable, high-temperature sensors were designcd for operation over the -40 to 
250" C temperature range. They achieve a best-fit-straight-line pressure nonlinearity of lcss 
than 0.02% routinely for pressure ranges from 15 to 5000 psi. Repeatability and 
reproducibility were measured by extensive pressure and temperature cycling over the full 
operating pressure and temperature ranges. Stability of offset voltage and full-scale output 
is better than *0.1% of FSO during a two-month period of repeated pressure/temperature 
cycling. Short-term stability (>24 h) better than 0.01% FSO is typical. These performance 
capabilities result in passively compensated transducers with overall error budgets less than 
*OS% over a 300°C temperature range. In contrast, one recent report' on polysilicon-based 
pressure sensors quoted typical drifts of 0.5%/1000 h at a constant temperature of only 
127" C. 

The sensors with 500-1OOOX overpressure protection were also produced by using the 
silicon fusion bonding technique. A shallow cavity (0.5 to 3.5 pm deep) was etched in a 
silicon wafer to provide both a reference volume and a diaphragm backstop. A second silicon 
wafer that would become the diaphragm with isolated single-crystal silicon strain gauges was 
fusion bonded over the cavity to  complete the structure. Various geometries and pressure 
ranges were tested. The most striking result was that of a sensor with a round diaphragm 
having a measured sensitivity of 3.2 (mV/V)/psi at low pressures, which would be suitable for 
5-psi full-scale applications; the sensor was subjected to multiple overpressures of 5000 psi 
and continued to operate without fracture of the diaphragm. This accomplishment must be 
viewed against the fact that a conventional silicon pressure sensor will typically fail at 
pressures in the range of 10-30 times rated full-scale pressure. Efforts continue toward 
commercialization of this class of sensors in mass produced form. 

Another particularly interesting product development has been that by the CEC 
Instrument Division of IMO Industries' of a diffused silicon w e t b e t  differential pressure 
sensor and transducer for the temperature range from -100 to +120"C. Both sides of the 
sensor can be in direct contact with insulating or conducting liquids, providing only that there 
are no volt-level electrical potentials between the sensor and the liquid in the conducting 
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case. Six standard pressure ranges are available between 10 and 500 psid. They tolerate a 
maximum line pressure of 500 psi on either side and have the following specifications: 

Nonlinearity and hysteresis max. 0.25% 
Repeatability better than 0.05% 

Thermal zero stability *0.15% FSO 
Thermal sensitivity stability iO.15% FSO 

Standard compensated temperature range -65°F to +250”F 

In Germany, workers at Siemens AG have reported’ development work on a silicon 
pressure sensor with a frequency output that makes use of the piezoresistive effect in MOS 
field-effect transistors in CMOS ring oscillators integrated into the diaphragm of the sensor. 
Serious cross-sensitivities of pressure with temperature and supply voltage are nearly 
eliminated by a signal-conditioning approach using the ratio (R) of the frequencies of two 
specifically located ring oscillators in the relationship, signal = R - l/R. This signal provides 
an increase in pressure sensitivity by a factor of 4 over that of the individual ring oscillators. 
The work has demonstrated the feasibility of a silicon pressure sensor with frequency output 
that offers a chance to integrate tailored signal conditioning circuitry on the Sensor chip; such 
an integrated pressure sensor has capacity for on-chip calibration and compensation of the 
digitized signal. 

Earlier work by a Japanese group at Toyota Central Research and Development 
Laboratories” produced an integrated pressure sensor with both voltage and frequency 
outputs. The sensor has two piezoresistive bridges, temperature compensation circuitry, 
high-level amplifiers, and a frequency converter on a single-crystal silicon chip. The sensor 
was developed for automotive engine control and industrial robot control. Characteristics 
include temperature coefficient of sensitivity of the voltage output cO.O6%P C over the 
temperature range -20 to 110”C, nonlinearity ~ 0 . 4 %  of full-scale output (FSO), and a stable 
transistor-transistor logic-level frequency output. The output voltage span is 1 to 4 V for a 
pressure range of 0 to 750 mm mercury, giving a voltage sensitivity of about 4 mV/mm 
mercury at a dc supply voltage of 5 V. For the frequency output, the nominal zero-pressure 
frequency is 210 kHz; the sensitivity of the frequency output is about 30 kHz for a pressure 
change from 0 to 750 mm mercury with a nonlinearity ~ 3 %  BO. 

321.4 Exotic silicon pressure sensors 

Through the years, silicon pressure sensing technology has been extrapolated far beyond 
the “conventional” piezoresistive and capacitive sensor applications by many developers. 
Some examples of prototype experiments are noted below: 

A Japanese group at Yokogawa Electric Corporation” has developed a high-precision 
pressure sensor fabricated from a single-silicon crystal with two resonant strain gauges in 
vacuum cavities on the surface of the diaphragm. The epitaxially grown, selectively 
anisotropically etched vacuum cavities isolate the resonant strain gauges from the effects of 
the surrounding fluid, which include reducing the Q-factor of the resonator and reducing the 
stability. In the vacuum cavities, &he resonators have a Q-factor of about 50,000, with an 
oscillation stability better than 1 ppm. The temperature coefficient is only -40 ppm/”C, and 
the difference between the two gauges <5 ppmPC. A permanent magnet in the sensor 
housing provides magnetic bias for the strain gauges, which are maintained in resonant 
vibration by an ac feedback circuit. The output frequencies of the two strain gauges are 
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multiplexed and processed in an electronic counter and a personal computer. Pressure is 
related to  frequency by a third-order equation that fits the data with an error of about 0.05% 
F'SO when resonator amplitude is not controlled; the error of fit is reduced to ~ 0 . 0 1 %  when 
a self-oscillation with amplitude control is used. The vacuum microcavity is reported to 
withstand > 14,500 psi. 

A very innovative experimental design called a PRESSFET was developed and tested by 
a Dutch group.** It is a metal-oxide-semiconductor field-effect transistor- (MOSFET-) based 
pressure sensor incorporating an air gap whose thickness is a function of pressure and a 
permanently charged dielectric layer (electret) between the gate and the bulk of the MOS 
structure to  obtain a MOSFET with a precharged variable gate capacitance. The authors 
claim a maximum sensitivity about ten times higher than that of a piezoresistive pressure 
sensor of comparable dimensions. A great deal of work will be required to reduce this 
prototype t o  a practical sensor, but the technology may have some very long term 
developmental possibilities. 

Silicon Hall-effect devices have been found to have an offset voltage that is very sensitive 
to  mechanical strain.13 The Japanese group that discovered the effect and named it the 
Kanda effect analyzed its possible use as strain and pressure sensors. They proposed a 
pressure sensor for miniature biomedical applica tians, but apparently none has ever been 
implemented . 

3-2-15 Summary 

The  rapid progress of solid state silicon pressure sensing technology through the 
application of micromachining and integrated circuit techniques makes this a very promising 
area, where a moderate amount of development support now may produce significantly 
improved pressure sensors for power plant applications within a reasonable time frame. The 
advantages and disadvantages of silicon sensors can be summarized: 

Advantages: While not as small as some fiber-optic sensors, silicon pressure sensors are 
2 to  3 orders of magnitude smaller than typical conventional pressure sensors. Because they 
are fabricated by integrated circuit mass production techniques, the unit cost is very much 
lower than that of conventional sensors. The  combination of small size and low cost makes 
it feasible to consider locating multiple sensors at each measurement location with the 
increased reliability and cross-comparison advantages inherent in such an arrangement. The 
fact that some silicon sensors are inherently digital (Le., have a frequency output) makes them 
particularly compatible with digital data acquisition and processing techniques with ala of the 
attendant advantages. 

Bidvantagex It may not be possible to take complete advantage of the small size of 
silicon sensors, because of the large high-pressure housings often required for pressure 
sensors; however, it may well be possible to contain multiple sensors in a single high-pressure 
housing. W e  have only limited information about the radiation tolerance of silicon pressure 
sensing systems, but it is not expected to be much better than a total integrated gamma dose 
of 1 Mrad. Techniques for radiation hardening silicon integrated circuits will certainly be 
applicable to  many parts of a pressure sensing system. 

F f i g s :  Silicon pressure sensors will be used in many industrial applications where cost 
and convenience are the controlling considerations, and their small size and ease of 
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incorporation into integrated control circuits provide compellinu commercial advantages. 
However, they may require a higher degree of protection from interactions with process 
fluids; high-temperature, high-radiation environments; and EMIRFS inducers than some of 
the conventional transducers in current use. Their use is expected to increase dramatically 
in the near term (1-5 years) in balance-of-plant applications in nuclear power stations and 
in most control systems in fossil-fueled steam plants. 

a. 

3.22 Fiber-optic Pressure Sensors 

3 2 2 1  Introduction 

Fiber-optic technology for communications is mature and is broadly and profitably applied 
worldwide. The great success of these communication applications has led to extensive 
development work to apply the advantages of fiber-optic systems to sensors of ai wide range 
of physical variables, including pressure, Despite the research and development to date, 
fiber-optic pressure sensing technology is definitely not mature, and very few devices have 
reached the stages of industrial application or commercial product. However, the 
development of high-quality components for fiber-optic data communication systems makes 
such essential components as single and multimode cables, connectors, and data transmitters 
and receivers available for application in fiber-optic sensor systems. 

322.2 Advantages and disadvantages of fiber optics 

Fiber-optic pressure sensors can exhibit numerous advantages, the most important of 
which are immunity to electromagnetic interference (EMI) and electromagnetic pulses 
(EMP), isolation of electrical power from hazardous areas, small size (intrinsic sensors), large 
bandwidth, good performance in dynamic pressure measurements, and extreme sensitivity (i.e., 
the ability to detect extremely low signal levels and small signal changes). However, collateral 
with these advantages are certain disadvantages and limitations, which vary with the particular 
type of fiber-optic system employed. These disadvantages include cross sensitivity to other 
variables (particularly temperature), fragility, poor compatibility with process environments, 
radiation-induced darkening, the requirement for very complex and expensive signal 
processors for many applications, and poor performance in static pressure measurements. 
When one or more of the unique advantages of fiber-optic sensors is essential to an 
application and the disadvantages can be alleviated or tolerated, fiber optics can reasonably 
be the technology of choice. 

3efore discussing fiber-optic pressure measurement systems, it is useful to examine the 
typical characteristics of “fiber-optic sensors” as they have been analyzed by many workers 
in the field. Several organizational outlines of fiber-optic €unctions and components are in 
use. The material that follows will make use of concepts from several sources and is a 
structural rather than a functional analysis. 

Fiber-optic sensors are usually considered to fall in to two basic structural classes, extrinsic 
and intrinsic. 
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The extrhsic sensor is in fact not a fiber-optic sensor at all. The fiber is passive and is 
actually used only to transmit light to and from an off-fiber sensor. In this class, light may be 
transmitted from a source to a remote (ex-fiber) sensor, exit the fiber to be quantitatively 
modified by the sensor, then return to the original or to some other fiber to be transmitted 
to  an electro-optic transducer for conversion to an electrical signal. If the ex-fiber sensor is 
not photoactivated, the fiber may only transmit an optical signal from the sensor to an 
optoelectronic detector. Obviously, in this class any tendency of the fiber to modify the signal 
is undesirable. Extrinsic sensors may o r  may not have the characteristic fiber-optic advantages 
of removing electrical components from hazardous areas, freedom from EM1 effects, and 
small size, depending on the nature of the ex-fiber sensor. They can provide noncontacting 
sensing in applications where machinery is moving or  through a window when a process must 
be enclosed. The specific disadvantages of the extrinsic sensors stern from having the light 
exit from and return to  the same fiber or to another fiber; these include problems with 
aIignment, vibration, contamination of surfaces, and possible stray light effects. Extrinsic 
sensors may modulate the amplitude, phase, state of polarization, spectral distribution of the 
exciting light, or a time-related parameter such as the decay constant of a fluorescent 
scintillator or the frequency of a quartz resonator. 

In the intrinsic sensor, the fiber itself is the active element. Such devices are contacting 
or immersion sensors. The fiber is used both to quantify the parameter to be measured as 
an optical signal and to transmit light from the source through the sensor to  the electro-optic 
transducer. The phenomenon to be measured must alter the fiber characteristics in an 
unambiguous way so the transmitted light is related to  the measured parameter in a defined 
functional relationship. Intrinsic sensors usually have a measuring fiber and a reference fiber 
to  provide first-order compensation for extraneous effects. Two basic types of intrinsic 
fiber-optic sensors are phase sensing and amplitude sensing: Phase sensors use the optical 
phase shift caused by straining the fiber or altering its index of refraction. All phase-sensing 
types require complex and expensive optical equipment and signal-processing electronics. For 
this reason, they are ordinarily used only in sophisticated applications where ultimate 
sensitivity is required (e.g., naval defense hydrophones and fiber-optic gyros). Phase sensors 
are of two distinct types: phase modulation and polarization rotation. 

In phase modulation sensors, the dominant parameter is fiber length change, but 
diameter and refractive index changes also occur and affect the output. The optical systems 
used are usually fiber-optic interferometers of the Mach-Zender or Michelson designs. In the 
most sensitive mode of operation, the change in phase is measured along the edge of a single 
fringe, giving an analog (intensity) output; in a less sensitive mode, fringes are counted, giving 
a digital output with attendant advantages of freedom from spurious attenuation effects and 
other factors that affect analog measurements. Extreme sensitivities can be attained, but major 
problems with the phase modulation sensor include sensitivity to multiple paramcters 
(e.g., temperature), the fact that usually phase modulation must be converted to  an intensity 
modulation prior to detection, and the problem of initializing the output to the value of the 
measured parameter on powerup (for either fringe counting or intensity modulation types). 
It is possible to improve selected parameters and reduce cross sensitivities by detailed fiber 
design, special coatings, and often complex electromechanical ex-fiber devices. 

Polarization rotation types depend on polarization of coherent radiation in a single-mode 
fiber. For one type of pressure sensor, an initial birefringence is produced by wrapping the 
fiber around a cylinder under tension. Additional strain from pressure causes a rotation of 
the plane of polarization and a measurable change in amplitude of the output. Alternatively, 
the angle of rotation of the polarization could be measured by a servo device seeking an 
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intensity maximum or minimum. Any amplitude measuring type is sensitive to degradation 
from radiation-induced darkening of the fiber. 

Amplitude sensors use the fiber as the sensor and detect the change in intensity of 
transmitted light caused by light loss through the cladding as a function of microbending, 
flexing, refractive index effects, or surface effects. Note that the fiber is intrinsically detecting 
an external effector; but an external, calibrated pressure sensing mechanism is required to 
produce the quantified attenuation effects in the fiber. This type is compatible with 
multimode fiber technology and can provide relatively simple, effective sensors adequate for 
many process applications. However, all instruments that encode data as variations in 
intensity or amplitude of light are subject to a large number of corrupting effects. 
Transmitted intensities are affected by connector alignments, connector contamination, or 
changes in alignment during maintenance; changes in the specific configuration oE the fiber 
run; any movement, bending, or vibration of the fiber; deterioration in the 
low-index-of-refraction core cladding; radiation-induced darkening; and changes in source 
intensity or photosensor sensitivity. These problems are particularly unfortunate, because the 
intensity-dependent intrinsic sensors are much simpler and less expensive than the phase 
modulation types. 

In contrast to amplitude-coded signals, some optical sensors produce time-coded signals 
(Le., frequencies, wavelengths, or decay rates that are essentially independent of signal 
amplitude or attenuation in transmitting cables and connectors). Such signals must be 
received at levels greater than the system noise floor. Fabry-Perot sensors for pressure and 
for temperature and pulse laser-activated phosphor time decay for temperature provide such 
time-coded information and might be useful in radiation environments. It should be noted, 
however, that time-coded (digital) information always requires more signal processing time 
than simple amplitude (analog) information and may not provide a detectable change in 
process conditions soon enough for some safety applications. 

Workers at the Babcock and Wilcox Research and Development Division1’ have 
developed a fiber-optic pressure gauge usable over the temperature range of 20 to 430°C 
with a total deviation over this temperature range of ~ 1 . 2 %  of full scale. In this gauge, the 
deflection of a high-strength steel super alloy diaphragm is detected with a microbend 
fiber-optic sensor. A second fiber is used to reduce the effect of light source fluctuations. 
The gauge is usable to pressures of 22.8 MPa (3300 psi) and is accurate to 0.58% of full-scale 
pressure. 

Workers at ORNL on a U.S. Air Force contract identified” an intrinsic multimode 
fiber-optic sensor for measuring impulse pressures up to 10,OOO psia using microbend and 
refractive index mechanisms. Some investigations of pressure-sensitive phosphors are also 
reported, but the phosphors could not be used directly at pressures less than 10,000 psi. A 
piston device was suggested to increase the force on the phosphor at lower working pressures. 

Other classifications of fiber-optic sensor systems are based on a breakdown by type of 
light source; fiber type (e.g., single or multimode, polarization-maintaining, specialized); and 
sensor modulation techniques (e.g., intensity, polarization, wavelength, frequency, Doppler 
shift, path difference, index of refraction, time modulation). A very extensive and detailed 
classification of fiber-optic sensors and components is contained in reference 16. 

3 2 2 4  Discussion 

Additional insights into fiber-optic sensor applications can be gained by iterating and 
expanding on the functional aspects of the structural types and by considering some examples. 
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A unique extrinsic sensor is the Fabry-Perot interferometer implemented in silica and of 
a size comparable to the light-transmitting fiber optic. The interferometer on the distal end 
of a single multimode fiber is excited by a relatively narrow band of wavelengths from a 
light-emitting diode. Pressure on the thin outer surface of the very shallow resonant cavity 
deflects that surface and changes the tuning of the cavity, thus affecting the spectral 
distribution of light retroreflected to the signal detector. The reflected light is divided into 
two wavelength bands by filters and analyzed to provide a signal that is dependent on the 
ratio of the intensities in the two wavelength bands. Use of the ratio technique alleviates the 
effects of spurious attenuations, even those of radiation darkening, provided only that the 
reduction in transmission is uniform for all wavelengths of interest. This approach is the basis 
of the one widely commercialized fiber-optic pressure sensor, the Metricor ColorOptic. 

A similar, somewhat simpler extrinsic fiber-optic pressure sensor was developed for 
measuring pressure transients in a laser cavity where massive levels of EM1 ruled out any 
electrical sensors.17 Workers at Los Alamos National Laboratory used a commercial 
displacement-measuring fiber-optic sensor, made by Mechanical Technology, Inc. 
(Model KD-100 Fotonic sensor), to measure the deflection of a 0.25-in.-diam, 0.0035- or 
0.005-in.-thick diaphragm mounted on the end of the fiber-optic bundle. The device provided 
a full-scale pressure of 100-150 psi with a signal band width of -30 kHz for resolving the 
pressure transients to -20 ps. 

The mature technology of fiber-optic digital data transmission can be used to advantage 
even if intrinsic fiber-optic digital pressure sensors are not available. Almost any extrinsic 
sensor data can be processed at the sensor to frequency modulate a light-emitting diode and 
permit EMI-free transmission of digital data by fiber-optic cables. If the data from each 
sensor in a network are wavelength o r  frequency-band coded, a number of sensors can be 
multiplexed on  a single fiber-optic cable. The optical fiber is used only to  transmit data, and 
many of the previously listed advantages of fiber-optic systems may be forfeited (e.g., isolation 
of electrical power from hazardous areas and small sensor size). 

A possibility exists for a type of extrinsic fiber-optic pressure sensor based on the effect 
of pressure on the fluorescent decay constant of an appropriate scintillator. The  scintillator 
would be excited by a short laser pulse, and the fluorescence decay rate at a specific 
wavelength would be measured. Such a sensor would be analogous to previously reported 
temperature sensors and would depend upon finding a scintillator for which the pressure 
effect on the decay constant is significant at pressures of interest and for which temperature 
effects are either negligible or can be adequately compensated. Known scintillators exhibit 
detectable pressure response at only very high pressures (in the gigapascal range), and the 
probability of succeeding in development of such a device is not high, but the advantages of 
such an intensity independent sensor would be great. 

H e m g  et  a1.,18 have reported the principle of an optical-fiber differential pressure 
sensor, a new technique to calibrate the sensor and a way to  achieve “a satisfactory correction 
of temperature effects.” The  sensor itself consists of a double-fiber Mach-Zender 
interferometer to compensate €or temperature effects. The system has automatic pressure 
equalization zeroing, which eliminates the pervasive problem of interferometer initialization 
and “most of the long-term drift.” The sensor is set into an insulating box to decouple 
variations in room temperature. Optical phase shifts are measured with a resolution better 
than 5 x fringe, providing a smallest detectable pressure difference of around 0.0145 psi 
at 14.5 psi. A sample of 16 measurements showed a bias error ol 1.5% and an accuracy, at 
95% confidence level, of 0.5%. Strangely, the device appears to be quite sensitive to the 
liquid medium applying the pressure (e.g., water, oil, or ethanol). The authors state that 
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“Practical applications are thus far limited by the high temperature and vibration sensitivity 
of the lead fibers.” 

Bock et all9 have reported theoretical and experimental development, construction, 
operation, and temperature desensitization of a 14,500-psi fiber-optic pressure sensor. The 
sensor can be regarded as a one-fiber Mach-Zender interferometer, carrying two modes 
differing in polarization and whose phase delays exhibit different responses to the external 
pressure on the highly birefringent polarizationmaintaining fiber. Application of a new 
temperature compensation technique reduces the temperature response to it?% change in 
sensor output over the temperature range 270-310K (vs i87% for an uncompensated 
sensor). The data suggest that a 3500-psi transducer could be produced with proper choice 
of sensing fiber length and that improvements in the temperature compensation are possible. 
The authors state that “To achieve an industrially acceptable device, however, a 
microprocessor controlled system will have to be integrated with the fiber optic sensor to 
increase resolution, to provide automatic calibration and drift compensation and to allow for 
remote interrogation of a number of sensors at various ranges, sensitivities and resolutions, 
according to the needs of the particular application.” Despite the fact that the polarization 
effect is a phase-shift phenomenon, the sensor is an amplitude type, making use of only one 
edge of one fringe. 

Electricite de  France (EdF) has embarked on an extensive programm looking into the 
technological outline of the next generation of pressurized water reactor power stations, 
which will start to appear in the years 2015-20. One part of this program is investigating the 
potential for distributed sensors and optical-fiber networks in the electric power industry. 
They are evaluating both continuous and discrete fiber-optic sensors connected in a variety 
of possible fiber-optic communication network geometries. Continuous measurement uses 
light backscattering phenomena produced by injection of a laser pulse into the fiber (e-g., 
Rayleigh scattering, Raman effect, fluorescence). Temporal analysis of the resulting signal 
is used to localize and quantify the physical parameter detected along the fiber. Light 
modulated at frequencies up to a few gigahertz can also be injected with frequency analysis 
of the backscattered signal. Temporal analysis has a range of several kilometers with space 
resolution of a few meters, whereas frequency analysis offers centimeter resolution over a 
range of a few meters. A number of fiber-optic sensor and network projects are currently 
under development at EdF or are supported contractually at other installations; interestingly, 
none of the reported effort is directed toward fiber-optic pressure sensors. EdFs 
medium-term outlook and objectives are stated as follows: 

“Although optical fiber sensors are the subject of intense R&D programs, their industrial 
market remains small. Currently available optical fiber sensors are simple, often working on 
an on/off basis with the fiber used only to transmit light. Optical fiber sensor networks are 
a more recent development, and have not yet entered the industrialization phase, although 
plans do exist for industrial scale networks. The reliability and economic viability of optical 
fiber sensor networks remain to be proven in the field. Optical fiber sensor and network 
technologies are important developments that may prove to be decisive in years to come, 
because: 

(i) they are insensitive to electromagnetic interference, are compact and light, and 
intrinsically safe and have a high data-throughput capacity; 

(ii) they are part of a leading-edge technology which is in progress; 
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(iii) their costs are expected to drop; 
(iv) there is increasing demand for top quality, reliable sensors offering excellent prospects.” 

“These factors have prompted E d F  to pursue its research and development activities and 
to enter cooperation agreements with various other scientific and industrial organizations. 
Remaining active in the field will allow E d F  to integrate new developments into the range 
of technologies it already uses.” 

F&p: Fiber-optic pressure sensors could provide a more extensive sampling of plant 
process pressures, an improved mode of signal transmission and processing, and freedom from 
EMI/RFI in nuclear and fossil steam plant monitoring. Small sensor size, large signal band 
width, rapid dynamic response, and high sensitivity are favorable characteristics; potential 
incompatibility with process materials, limited static performance and stability, significant cross 
sensitivity to other process conditions, and expensive signal processors are trade-off 
disadvantages. Fiber-optical systems must be designed to minimize the effects of nuclear 
radiation on optical materials and installation deficiencies, and those materials must also be 
protected from deleterious contact with process fluids. The expected improvements in this 
technology should permit extensive replacement of conventional analog electromechanical 
sensor systems with digital fiber-optic sensor systems within the next decade. These finding 
are consistent with EPRI plans for developing advanced distributed control systems and the 
requisite sensors and data communication systems for the next generation of electric power 
p I a n ts * 

3 3  INNOVATIVE PRESSURE SENSOR TECHNOLOGY 

A wide variety of innovative pressure-measuring concepts have been proposed or  actually 
used in various industrial and scientific applications, each providing some special benefit or  
seeking to overcome some deficiency in conventional, commercially available pressure gauges. 
While we do not even attempt to  provide a comprehensive listing of such gauges, nine 
categories were selected for some special interest or applicability to electric power plant use. 
These categories are 

I. 
11. Electromechanical pressure gauges; 

111. 
IV. Foil strain-gauge pressure gauges; 
V. 

VI. Piezoelectric pressure gauges; 

Electro- or fiber-optic pressure gauges; 

Integrated silicon strain-gauge pressure gauges; 

Magnetomechanical pressure gauges (linear variable differential transformer and 
variable reluctance); 

VII. Quartz acoustic pressure gauges; 
VIII. 

IX. 
Mechanical resonance pressure gauges; and 
Bulk material properties (e.g., ultrasonic, acoustic, magnetic, phosphor). 

Although it has not been possible to  find actual examples of gauges made and 
characterized that incorporate some of these phenomena, particularly those in category IX, 
many (at least 13) commercial products use the silicon technology listed under category 111. 
The items surveyed are listed in Table 3.2. 
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Ten representative examples of innovative pressure sensing technology are listed on 
separate sheets (PS-1 through PS-10) in Appendix B, as follows: 

PS-1 
PS-2 
PS-3 
PS-4 
PS-5 
PS-6 
PS-7 
PS-8 
PS-9 
PS-10 

Metricor Fiber-optic ColorOpticm Fabry-Perot Pressure Probe, 
CECAMO Wetmet  Silicon Piezo-Resistive Differential Pressure Sensor, 
Novasensor’s Fusion-Bonded Single-Crystal Silicon Pressure Sensor, 
Gulton Servonic Silicon-Film Strain-Gauge Pressure Sensor, 
Kaman’s Variable Reluctance Pressure Sensor, 
Quartzdyne’s Shear-Mode Quartz Resonator Pressure Sensor, 
Yokagawa’s Mechanical Resonator Tuning-Fork Pressure Sensor, 
Kollsman’s Quartz Standing Acoustic Wave Resonant Pressure Sensor, 
Ultrasonic Pressure Sensing, and 
Fluorescent Decay-Time Pressure Sensing. 

No commercial products are known that employ the principles in PS-9 and PS-10, but 
they are listed because they represent potential development possibilities. At least the first 
seven are represented by commercial products; PS-8 appears to have been at least produced 
as a prototype. 

The first of these (PS-l), the Metricor Fiber-optic ColorOpticm pressure sensor, was 
described briefly under Fiber-optic Pressure Sensors. It should be noted that Metricor has 
developed a temperature sensor using the same principles as the pressure sensor. In the 
pressure sensor, the Fabry-Perot interferometer detects a displacement of the distal surface 
of an evacuated cavity. In the temperature sensor, the “cavity” is filled with a material whose 
index of refraction changes with temperature. The two photodetectors compare the 
amplitudes of two fringes in the interference pattern within a narrow wavelength band so that 
any degradation of transmission is likely to affect both fringes equally. This is a novel and 
potentially very useful fiber-optic pressure sensor. 

Sensors PS-2, -3, and -4 were discussed under Silicon Pressure Sensors. 
The variable reluctance pressure sensor (PS-5) produced by Kaman Instruments, Inc., 

(Fig. B.5 in Appendix B) offers one of the more promising technologies for developing 
differential pressure transducers that do not require isolation from process fluid. This 
transducer (Model KP-2025) is very similar to a variable reluctance sensor described in a U.S. 
Department of Energy publicationz of November 1981. Although the KP-2025 is a 
single-sided pressure transducer, the variable reluctance technique is easily amenable to 
differential designs. The Karnan sensor is only one type of magnetomechsnical sensor that 
includes eddy-current= and linear variable differential transformer (LVDT)  sensor^^^ which 
are all inherently amenable to nonisolated, differential pressure designs. In these devices, in 
contrast to the variable capacitance device built by Rosemount, Inc. (P-Ol), the sensing 
mechanism is separated from the process by an elastic diaphragm, usually metal, whose 
displacement is measured magnetically. This feature avoids the necessity of maintaining a 
fluid buffer between the gauge and the process; that is particufariy important in the 
Rosemount device, which depends on the dielectric properties of the filling fluid. Absence 
of filling fluid also allows the Kaman sensor to operate at temperatures as high as 540°C, a 
capability that may be of vaiue in fossil plants and in some advanced nuclear power plants 
that are gas cooled or iiquid-metal cooled. Liquid-metal-coded plants that require 
measurement of pressure of sodium at 650°C or gas pressure abave that of liquid sodium 
have used NaK-filled capillaries to transmit pressures from limp bellows at the distal end to 
stiff bellows at the proximal end where the gauge sensors are located. These developments 
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are summarized in an Energy Technology Engineering Center (ETEC) report.x One such 
device is offered commercially by Kaman Sciences (Model HP-1911). The variable reluctance, 
eddy-current, LVDT sensor technology is mature and widely applied to measuring 
displacement in various demanding applications. High-quality signal-conditioning and 
transmission systems for transducers of this type are commercially available. These 
technologies offer the most direct route to  short-term development of satisfactory alternative 
nuclear-qualified single-sided and diffcrential pressure transducers. 

The  downhole pressure transducer (PS-6) manufactured by Quartzdyne, Inc., for oil field 
exploration (Fig. B.6 in Appendix B) uses shear-mode quartz resonance technology to provide 
an instrument with exceptional accuracy and ruggedness. The pressure sensor is a hollow, 
machined single-crystal quartz resonator that changes frequency of resonance as a function 
of applied pressure and retains the repeatable performance inherent in single-crystal quartz. 
A quartz resonator temperature sensor provides digital temperature compensation over the 
calibrated range and a measurement of the sensor temperature. Because the temperature and 
reference signals are all quartz crystal vibration frequencies, many of the problems associated 
with the transmission and acquisition of analog signals are eliminated. The  quoted capability 
oE the sensor to operate at a maximum temperature of 350°F seems to  be unnecessarily 
restrictive and might be raised for some advanced fossil or nuclear applications. Current 
implementations of the technology allow only absolute pressure measurements; however, this 
technology offers the most promising developmental approach to  a superior new transducer 
for extreme conditions in power plant sewice. As noted in connection with the passivated 
silicon w e t b e t  gauges, high-pressure hot water will dissolve quartz and would force the use 
of some buffering fluid or protective coating for the quartz transducer. Nuclear qualification 
of the existing gauges would be necessary for nuclear applications. 

Two innovative pressure gauges employ resonant structures to measure pressures, as does 
the Quartzdyne gauge: the Yokagawa tuning fork and the Kollsman standing acoustic wave 
(SAW) gauge. The Yokagawa tuning fork gauge (PS-7), of which there are several 
alternative structures that use the same principle, is described in a scientific report.% The 
pressure exerted on  a diaphragm is imposed on  a tuning fork vibrating element to change its 
resonant frequency. Other designs reported in the literature use single-ended or 
double-ended tuning forks. These devices could be relatively robust and insensitive to 
temperature and produce a frequency-coded signal that can be transmitted without 
attenuation. They have not, however, been notably successful in commercial products, 
excepting the resonant wire sensor now being produced by Foxboro (PS-05). The heavy fork 
structure may be less sensitive to seismic vibration than the thin wire. 

The Kollsman SAW device (PS-S), although not a commercial product, has been reported 
in the scientific literature.” It uses SAW technology (which is currently being applied to 
many different types of measurements) to measure the stress created in quartz plates under 
compression and tension in a force balance structure made from BeCu metal that has a low 
temperature coefficient and good elastic properties. The pressure is transmitted through a 
metal bellows to the BeCu force structure all contained within an evacuated steel housing. 
This gauge may be rather susceptible to  vibration or to  loss of vacuum but is very sensitive 
with a frequency-coded signal of 4600 Hdpsi and a temperature coefficient of 25 HzPC or 
0.4%/“ C-not a particularly favorable ratio for a “temperature compensated” device. As 
described, it has a maximum pressure limitation of only 16 psi, but the basic principle might 
be redesigned into a more usable industrial version. 

Ultrasonic technologyB has been used extensively to measure physical parameters (e.g., 
temperature, flow, level, and pressure) in process industries, in many cases noninvasively. 



37 

Several approaches (PS-9) are shown in Fig. €3.9 in Appendix B: (A) conventional cross 
transmission to measure pressure in a medium whose velocity of sound changes with pressure; 
(B) an application of Lamb (or Rayleigh or shear) waves in a pipe to measure the hoop stress 
caused by pressure inside the pipe; and (C) a device that uses the properties of an ideal gas 
contained in a T-shaped tube, isolated from the process with a compliant bellows. 

The  ultrasonic cross-transmission approach (A)-although simple, direct, and 
noninvasive-requires knowledge of the acoustic properties of the liquid contained in the pipe, 
its temperature, its level within the pipe, and possibly its flow rate. It could be clamped onto 
existing pipes and processes. As frequently found with ultrasonic methods, more than one 
property can be determined from a single measuring system, but in some, subsidiary 
measurements (of temperature) are required. 

The  ultrasonic Lamb-wave detection system (B) induces ultrasonic pulses in a pipe wall 
and measures their received amplitude, which is affected by the material properties of the 
pipe (rather than the fluid).2g The attenuation of pulses transmitted in the pipe is related 
linearly to the stress induced in it by the pressure of the fluid contained in the pipe up to 
pressures as high as 650 bar (9400 psi) in a 12-in. pipe with a 1.2411. wall. The method is 
noninvasive and retrofittable. 

The ideal gas transmission method (C) uses two basic ultrasonic principles: that the 
transit time and the acoustic attenuation of pulses in a gas are separately dependent on the 
gas’ pressure and temperature.30 These pulses could be transmitted and received at one end 
of a side tube with a reflector at the other end to double the path length. This device 
requires an  attachment to the system, a bellows to isolate the ideal gas from system fluid, but 
could be implemented with commercially available ultrasonic signal processors. 

Fluorescent decay-time techniques (PS-10) have been used success full^' to measure 
temperatures on moving or otherwise inaccessible structures at temperatures from the helium 
point (4.2 K) to as high as 1500°C- The phosphor deposited on the subject whose 
temperature is desired is excited with a short laser light pulse and emits light at a 
characteristic wavelength that decays exponentially in microseconds. The decay-time constant 
is proportionai to the temperature of the phosphor. Thus, a time-coded signal is produced 
that does not depend on the amplitude o r  gain of the excitation, the emission, the 
transmission, or the reception of the system. Similar behavior has been r e p ~ r t e d ~ * ‘ ~ ~  €or 
ruby, quartz, alkali halides, and oxide phosphors at very high pressures-[ > 1 GPa (145,000 
psi)]. These phosphors have been used almost exclusively in ultrahigh pressure experimental 
devices known as diamond anvil presses where no other means are possible. The  effect is 
undetectable at pressures of interest to  the electric power industry using existing materials, 
but some possibility exists that other fluorescent materials might be found that would display 
these characteristics at pressures of interest to industry. It is, however, likely that the 
fluorescent decay in such materials wouId also be temperature dependent. It would probably 
be possible to separate pressure and temperature effects by using two different lines or  two 
different phosphors in such a system. It should be noted again that the desirability oE a 
time-coded signal is somewhat offset by the necessity of the time of acquisition and processing 
of exponential decay data. 

There appear to be no “first principles” pressure gauges comparable to the Johnson 
noise thermometer for temperature measurements. Such gauges would be independent of 
the materials from which they were constructed, would not require calibration, and would 
allow calculation of pressure €or measurements made of other physical parameters. Some 
gauges approach the absolute pressure gauge that involve the properties of a pure reference 
material (water o r  mercury) in a manner similar to the steam pressure-volume-temperature 
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Other gauges that would qualify as absolute gauges include the mercury 
manometer and the Knudsen gauge, described by Strong,42 and other references to vacuum 
gauge technology. Most of these gauges, including thermocouple and ionization gauges, are 
peculiar to vacuum measurements, use the properties of reduced atmospheres, and do not 
appear t o  be adaptable to power plant use. 

Finally, it should be emphasized that the examples selected do not necessarily describe 
all of the innovative pressure measurement possibilities that might be developed for fossil and 
nuclear power plant applications. 

3.4 COMPARISON OF INNOVATIE SENSORS 

The ten selected innovative sensor examples were compared (shown in Table 3.3) with 
the published attributes of conventional, commercial pressure gauges. Based on their 
published or projected capabilities, several of these gauges could be superior to  the 
conventional gauges, eliminating oil filling, providing improved accuracy and range, offering 
on-line calibration, reducing maintenance, and extending reliable operational life. The quartz 
resonator gauge (PS-6), one of the silicon gauges (PS-3), and an ultrasonic gauge (PS-9) 
concepts could provide significant improvement. Another consideration should be added to 
the technical assessment: the risk of development of a usable pressure gauge for electric 
power plants (the “risk”) and the possible value (the “benefit”) of such a development. 
Adding these considerations to the comparison of performance characteristics, the ratings shift 
to  show the quartz resonator (PS-6), the variable reluctance (PS-5), and a silicon sensor 
(PS-3) as good possibilities for further development. The  SAW acoustic wave gauge (PS-8), 
a wettable silicon sensor (BS-2), and the fluorescent concept (PS-10) rated low due to 
perceived difficulties in providing reliable plant hardware or  compatibility with process fluids. 
The  thin film stain gauges (PS-4), a fiber-optic pressure gauge (PS-I), and the tuning fork 
resonator (PS-7) probably would have useful plant applications despite some limitations. 
These assessments are admittedly subjective and might be well off the mark, if some clever 
engineering were applied to  some of the concepts. As an added comment, only the 
diaphragm-isolated variable reluctance gauge (PS-5) and possible an ultrasonic (PS-9) gauge 
could operate in direct contact with the primary coolant fluids in electric power plants; all 
others would require some intermediate fluid buffer. Even the dielectrically isolated silicon 
gauges would need some additional protection against reactions between high-temperature 
water and silicon oxide. 

3 5  ADVISORY COUNCIL REVIEW 

A one-day briefing on the interim results of the EPRI pressure sensor evaluation project 
was held at ORNL on March 31, 1992. Review council participants were invited from utilities 
and universities. The council members are listed below. 

Marvin Belew, Tennessee Valley Authority 
Fairman Bockhorst, Florida Power Corp. 
Edward Bradley, Tennessee Valley Authority 
Richard Fromberg, Pacific Gas & Electric 

Robert Nelson, Georgia Power 
Keith Norris, Tennessee Valley Authority 
Massood Rezapour, Duke Power Company 
Robert Uhrig, The University of Tennessee 
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Manu facturer/Developr 

Table 33. Representative innovative pressure gauge surnmw 

PS-1 PS-2 PS-3 

Metricor CEC-IMO Novasensor 

PS-4 

Gulton 

M 3588-42 
Strain gauge 
Thin Film 

Sensor type 

Category 

PS-5 PS-6 PS-7 PS-8 PS-9 PS-10 

&man QuartzDyne Yokagawa Kollsman Panametrics, 
Rockwell, et ai. 

Fluorescent 
KP1911 Shear mode Tuning fork Quartz SAW Ultrasonic phosphor 
Variable Quartz mechanical resonant pulse echo time decay 

Optic Resonant Acoustic Acoustic Reluctance Resonant 

Tuned cavity 
reflectance 
Fiberoptic 

n 

Wethvet Fusion bonded 
piezoresist piezoresist 
Silicon IC Silicon 

~~ -~ 

Accuracy (short term) 

Stability (long term) 

Response time 

Pressure limits 

Attribuie 
~ ~ - ~ ~ ~- -~ 

- - J + J + + - - 
J J 4 J J + i + - 
+ + + + J + i + J 

J - + + + i - - + + *  

- 
- 

-1 

Max sensor + 

On-line calibration andlor 
response capability X 

I - + J J 4 i J - 
J + J + J ? + - - 

X X X X X X X ? X 

Temperature cros-sensitivity 11 J 1 - 1  + 1 + 1  J I 4- I + l  - 1 - 1 -  - - 1  

- 
J 

Product 

EM1 immunity 
Small size 

~~~ .~ ~-~ ~ ~~ ~~ 

? ? ? ? + + + + - 
+ J + + - - - - - 

Product Product Product Product Product Product Concept Dwelopmental Conceptual 

Wetjwet Stability High High temperature Accuracy Accuracy Digital Noninvasive Amplitude 
No oil Overpressure sensitivity No oil filling Low drift Stability independent 

EMIIRFlhibration immunity 11 + I + I  + l + I  4 I + I -  I + I + I + 1 

Worst drawback 

- 

Radiation resistance 

Overpressure withstand 

Development status 

Best feature 

___ ~~ ~- ~~ ~~ ~ 

Ab.  press. only Low process Immature Lack of LOW Bulkiness (?) Onentation Temperature and radiation Depends on Temp. sensitivity 
fluid property High press. only Durability temperature technology information accuracy Slow response effects 
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Marcia Katz, The University of Tennessee Robert Weingard, Philadelphia Electric 
Thomas Keriin, The University of Tennessee J. M. Weiss, Electric Power Research Institute 
Charles Mayo, North Carolina State University 

Presentations were made by R. L. Shepard of Oak Ridge National Laboratory on the 
pressure sensor program performance criteria and assessments and by Marcia Katz of The 
University of Tennessee on studies of resistance temperature detector (RTD) drift. 

Along with other comments, the advisory group recommended: 

“Choose a sensor that doesn’t need filling fluid, move the signal processor away from the 
sensor outside the containment, the best sensor has the fewest moving parts” (Bockhorst); 
“Keep it simple” (Bradley); “LVDT is an old technology used with success, concern with 
distance between sensor and electronics, quartz sensor sounds good, needl to Fix the 
Rosemount transmitter” (Belew); “The Kaman sensor looks simplest and has no solid-state 
circuitry in the sensor, methodology is needed for detecting failures, on-line validation” 
(Weingard); “Fiber optics looks best, the Rosemount transmitter needs a large reservoir of 
oil” (Fromberg); need better analysis of the Rosemount performance data, better use of signal 
analysis and smart sensors” (Nelson); “Try to introduce perturbations into the plant processes 
to exercise pressure sensors and detect failures, the Metricor (PS-1) pressure sensor is simple 
and good” (Uhrig); “Fix the Foxboro transmitters” (Norris); “Provide backfit devices that 
work with existing control systems and data highways, fm the existing Rosemount sensors, use 
the silicon and quartz technology for best improvement of pressure sensors, develop smart 
sensors for the future” (Mayo). In general, these comments suggest fEing the existing 
Rosemount gauge, augmenting it with the simplest gauge structure possible, avoid filling fluid 
designs, consider fiber-optic sensors, remote the signal processing from the sensor, develop 
methods for detecting degradation or failure, and develop smart sensors. 

The group provided valuable discussion of the applicability of the results of this study to 
practical applications in electric power plants and thereby pointed out a suitable direction for 
the evaluations presented in this report, for which the authors are grateful. 
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4. CONCLUSIONS AND RECOMBLENDATIONS 

This study leads to several conclusions that address different requirements and 
development scenarios. The problems facing the electric power industry can be divided into 
immediate and long term. The immediate problems can be addressed by (1) correcting the 
design problems in the existing, otherwise adequate pressure transducers; (2) identifying and 
qualifying existing commercial devices to replace the installed transducers; or (3) developing 
new designs based on existing and well-known technologies to replace the installed 
transducers. To address the long-term problems properly, entirely new concepts for pressure 
sensing, transduction, and transmission should be developed and implemented as the next 
generation of truly modern, computer-compatible pressure transmitters. Given some 
limitation on the resources that are available to support this program of pressure sensor 
upgrade, the advantages and limitations of existing and innovative technology should be 
balanced against the desired benefits and a realistic estimate of the possibilities of developing 
attractive concepts into usable products. These considerations form the basis for the 
evaluations presented in Table 3.3. The factual basis for this process is described in the 
following paragraphs. 

4.1 POSSIBLE SOLUTIONS FOR PRESENTLY INSTALLED TRANS- 

Widely used pressure transmitters from several manufacturers have shown tendencies to 
leak filling fluid. One of these, the Rosemount Model 1154, except for its propensity to leak 
the filiing fluid, is an excellent pressure transmitter for nuclear power plant applications. 
Leakage has been experienced in approximately 3% of installed Rosemount transmitters; 
expensive periodic transient testing is therefore necessary since leakage of the fill fluid affects 
the response time and dynamic range adversely and the leakage is not detectable in its early 
stages by observation during steady-state operation. Rosemount’s analysis of the problem 
concludes that the defect is random rather than production-batch specific, and they believe 
that appropriate design changes that they are instituting will eliminate the problem. If 
Rosemount does, in fact, correct the design, manufacturing, or installation flaw that allows 
oil leakage, the immediate pressure sensing problem can be considered resolved. However, 
this only provides a time buffer that allows development and qualification of the next 
generation of pressure sensors to proceed in a rational rather than a panic mode. 

Any new transmitter type that requires fluid isolation from the process liquid should, in 
principle, be examined for the possibility of fill fluid leakage with the attendant time response 
distortions. If otherwise satisfactory alternate types require fluid-filled isolation, the best 
solution may well be to correct the leakage problem in the Rosemount transducers and 
continue to use them while initiating a program to develop and qualily a satisfactory wetbet  
transducer not requiring such fluid isolation.. 

Five available (conventional) nuclear qualified pressure transmitters and one promising 
potentially qualifiable transmitter are described in detail in Figs. A1 to AS in Appendix A 
All gauges feature oil-filled isolation from the process fluid except the Weed NE-10 Series 
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force balance transducers (formerly produced and sold by Foxboro). At this time, it is unclear 
as to the extent of the oil leakage problem among other items in this group of transmitters. 

4 3  PROMISING TECHNOIDGIES FOR DEVELOPMENT OF NEW DESIGNS 

Pressure transducers employing some possible alternate measurement technologies are 
described and evaluated in detail in Figs. B.l to B.10 (Appendix B) and in Table 3.3. This 
examination and comparison allows some conclusions with respect to the potential of the 
technologies in the development of new designs, as described in the following sections. 

43.1 Shear-Made Quartz Resonance Technofogy 

A down-hole pressure transducer manufactured by Quartzdyne, Inc., for oil field 
exploration (Fig. B.6) uses shear-mode quartz resonance technology to provide an instrument 
with exceptional accuracy and ruggedness. The pressure sensor is a hollow, machined, 
single-crystal quartz resonator that changes its frequency of resonance as a function of applied 
pressure and retains the repeatable performance inherent in single-crystal quartz. A quartz 
resonator temperature sensor provides digital temperature compensation over the calibrated 
range and a measurement of the sensor temperature. Since the temperature and reference 
signals are all quartz crystal vibration frequencies, many of the problems associated with the 
transmission and acquisition of analog signals are eliminated. Present implementations of the 
technology allow only absolute pressure measurements, and it may be difficult or impractical 
to develop differential pressure transducers; however, this technology offers the most 
promising developmental approach to a superior new nondifferential transducer for extreme 
conditions in power plant service. Nuclear qualification would be necessary for nuclear 
applications. 

A closely related technology, represented by the Kollsman Standing Acoustic Wave 
Resonant Pressure Sensor, shown in Fig. B.8 and Table 3.3, is judged to offer a significantly 
lower potentia1 for useful development, judging its design to be less rugged and more 
susceptible to vibration than the Quartzdyne device. 

4 3 2  Ultrasonic Technology 

Some variations of the ultrasonic technology described in Fig. B.9 offer developmental 
possibilities for noninvasive measurement of both pressure and temperature. Since ultrasonic 
devices tend to be application specific, a development program would be necessary to 
properly evaluate their applicability to power plant pressure and flow measurement problems. 
Ultrasonic techniques are not amenable to differential pressure measurements, but both flow 
and level (which are often measured by differential pressures) can be measured directly using 
ultrasonics. 

433 Variable Reluctance or Eddy-Current Technology 

Variable reluctance or eddy-current technology, as exemplified in the Kaman 
Model KP-2025 pressure measurement system (Fig. BS), is a more promising technology for 
developing wethet  differential pressure transducers that does not require fluid isolation from 
process fluid. This transducer is very similar to a variable reluctance sensor described in a 
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DOE publication’ of November 1981, which may well have been an example of DOE 
technology transfer. Although the KP-2025 is a single-sided pressure transducer, the 
technique is easily amenable to differential designs. Closely related to the variable reluctance 
and eddy-current devices are linear variable differential transformers (LVDTs), which are also 
inherently amenable to nonisolated, differential pressure designs. It is highly likely that 
nuclear qualified devices could be developed by extrapolation of basic designs of gauges such 
as the Lucas Shaevitz wetbet  commercial differential pressure transducers. High-quality signal 
conditioning and transmission systems for transducers of this type are commercially available. 
These technologies are evaluated to offer the most direct route to short-term development 
of satisfactory a1 tcrnative nuclear-qualified single-sided and differential pressure transducers. 

43.4 Silicon Technology 

The many variations of silicon micromachined sensor technology are covered in 
considerable detail in Sect. 3 under the heading “Silicon Pressure Sensors.” Three specific 
examples-the commercially available Gulton Servonics silicon-film strain gauge 
Model 358842 single-sided pressure transducer, the near commercially available CECIIMO 
wethe t  silicon piezo-resistive differential pressure transducer, and the developmental Lucas 
NovaSensor fusion-bonded single-crystal pressure sensor-are shown in Figs. B.2 to B.4 
(Appendix B). A very large fraction of the new commercial offerings in highquality pressure 
transducers is based on silicon technology. Many transducers are already qualified for 
aerospace applications and shoufd be examined for potential nuclear qualification. The three 
examples noted here reflect three different stages of development, and one (the CECDMO) 
offers differential pressure measurement, possibly without a requirement for process fluid 
isolation. It is noted, however, that silicon oxide passivation of silicon devices will not be 
compatible with high-temperature water and that some isolation may be required. The silicon 
technologies offer the highest promise for highquality transducers at moderate-to-low prices. 

43.5 Fkr-Optic Technology 

Fiber-optic technology and its applications to pressure measurement have been discussed 
in some detail in Sect. 3 under the heading “Fiber-optic Pressure Sensors.” The only known 
commercial fiber-optic pressure sensor, the Metricor ColorOptic Fabry-Perot pressure probe, 
is summarized in Fig. €3.1 and in Table 3.3. The ColorOptic is a hybrid, “near-intrinsic” 
sensor that measures pressure by measuring the change in the ratio of energy in two adjacent 
wavelength bands as the optical resonance of a microcavity is changed by pressure 
displacement of the distal face of the cavity. The wavelength ratio method makes this 
transducer nearly independent of the cable and connector attenuation effects that piague 
many analog signal transmission systems. The technique is very creative and effective, and 
small variations in the sensor design permit measurements of temperature and refractive index 
as well. While the sensor temperature is limited to 570°F, note that the reference 
Rosemount 1154 is limited to only 220°F. Pressure measurements are limited to absolute 
pressures, as are almost all of the developmental fiber-optic techniques. Developmental 
extrapolations of the Metricor techniques should produce pressure sensors useful for some 
applications in fossil and nuclear power plants. 

Recent information has been obtained from Optofra Division de Framatome in France 
which implies commercial availability of fiber-optic sensors for pressure, temperature, level, 
flow, and speed. They also show a fiber-optic system layout that features a central processing 
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unit and optical rack based on time and wavelength division multiplexing that serves 128 
fiber-optic sensors in 16 subgroups of eight sensors each. They quote the maximum switching 
frequency per sensor as 200 Hz to 20 kHz, depending on system layout. 

While fiber-optic technology represents the least mature of the pressure measuring 
techniques, it offers the greatest conceptual possibilities for a radical new generation of 
pressure sensors and for new and effective methods of power plant instrumentation and 
control. It has particular advantages in reduction of electromagnetichadio-frequency 
interference, in reduction of cabling requirements, and in increased sensor coverage and 
redundancy due to small sensor size and low costs. The problems of practical utilization, 
conversion of optical to electrical signals, and process compatibility and ruggedness need 
concerted attention before fiber-optic pressure transmitter use is widespread in power plants. 

43.6 Nonquartz Resonant Structure Technology 

This technology is exemplified in this study by the Yokagawa double-ended tuning fork 
mechanical resonator which forms the basis for Yokagawa’s Type 2655 and 2661 
high-precision, high-accuracy digital pressure transmitters (Fig. B.7 and Tables 3.3). The 
technology appears to offer high potential for development of absolute and gage prcssure 
transducers, with somewhat lower potential for differential pressure transducers. Pressure and 
temperature ranges for existing models are quite limited, but development effort should 
extend these ranges. Note that this gauge uses another frequency measuring technique that 
is inherently free of many of the problems of analog data transmission. 

4.4 TECHNOLOGIES FOR LONG-TERM SOLUTIONS 

Although fiber-optic technology has been addressed above as an interim solution for 
pressure measurement, it is very close to the status of a “new” technology requiring extensive 
development and implementation work but promising to revolutionize the field in the long 
term. Accordingly, the main thrust of long-term development support should be to the 
fiber-optic area in an attempt to translate fiber-optic potentials to reality. 

A possible, but much less accessible new technology is in the area of fluorescence 
decay-time pressure sensing technology (Fig. B.10 and Table 3.3.). With presently identified 
materials, the lower pressure limit is about 10,OOO psi, and the technique is uniquely applied 
to superpressure diamond anvil processes. It is intrinsically an absolute pressure measuring 
technique and would have limited usefulness in any foreseeable applications in power plants 
in its present form. 

As noted at the beginning of this section, the search for long-term solutions to fossil and 
nuclear power plant pressure measurement problems (and instrumentation and control 
problems in broader generality) must include the search for new concept technologies and/or 
new application concepts of known technologies. Accordingly, some research and 
development support should be provided by this program for long-range investigations to 
explore conceptually promising fields. 
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1. 

2. 

3. 

4. 

4.6 

4 5  SUMMARY 

November 1981. 

The conclusions of this section can be summarized in the following recommendations: 

As a solution to the immediate problem of pressure measurements in power plants, 
modify the Rosemount Model 1154 design as required to eliminate the oil leakage and 
continue to use this superior transmitter. 

As an alternative solution in the short term, extrapolation of some existing variable 
reluctance or LVDT designs to meet the requirements of fossil and nuclear power plant 
operation offers a rapid route to nonisolated, wetbet  pressure and differential pressure 
transducers. 

For midterm applications involving integration of pressure sensing with distributed 
(digital) control systems-particularly in fossil or nuclear balance-of-plant 
useailicon-integrated pressure sensing is extremely attractive. 

For the long term, development of fiber-optic pressure sensors and the associated data 
transmission and control systems for fossil and nuclear power plants should be supported 
by the electric power industry. 
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Appendix A: 

CONVENTIONAL PRESSURE TRANSMITTER EXAMPLES 





ROSEMOUNT DELTA CELL"' 
CAPACITIVE PRESSURE TRANSMITTER 

OIL-FILLED 

DELECTRlC 

E;s9 PROCESSFVINGES 

e;z;n C E U e o D Y  
H L 

The Rosemount Model 1 154 nuclear-grade oil-filled capacitively sensed diaphragm deflection 
pressure transmitter-gauge, absolute or differential-isolates the process fluid from the sensor by a 
compliant isolating diaphragm. A silicone oil that fills both sides of the gauge cavity transmits the 
deflection of the isolating diaphragm to the stiff sensing diaphragm causing it to deflect slightly- 
thousandths of an inch or less. This deflection is sensed by the change in capacitance between the metal 
sensing diaphragm and a metallized layer on the concave inner surface of an insulating material 
surrounding the sensing diaphragm. The change in capacitance is measured by electronics mounted 
above the gauge block. The oil must be dielectric to avoid shorting out the capacitance between the 
diaphragm and the metallized layer. When the gauge is over-pressured, the sensing diaphragm is 
restrained by the concave insulator and the isolating diaphragm by a pattern embossed on the facing 
surface of the cell body. 

Best Features; Ruggedness, sensitivity, simplicity, extensive experience in powerplant use, 
availability as nuclear qualified units. Smart signal processor for Model 1 151. 

Worst 1 mutations. 
. . .  . Leakage of filling oil from the sensing cavity through the lead wire 

penetrations may create longer response times, which may not be 
apparent until the gauges are tested. Rather low temperature limit on 
delta-cell: 220°F 

)<ev Soscificationg 
Accuracy: M.25% FS Overpressure: to 3000 PSI 
Stability: f 0 .2 5 O/o EM I/RFI: Excellent to 30 VIM 
Sensor Response Time: 0.2 -0.5 S Vibration: Excellent to 7 g's 
Pressure Limits: 3000 psi Radiation 100 MRads (?) 
Sensor Temp. Limits: 220°F Reliability Needs improvement 

7 This family of pressure transmitters provides a combination of ruggedness, 
simplicity, and sensitivity that has made it one of the most widely used gauges in 
the power industry. It is a mature product. 

Potent ial for Develooment ; A built-in reference pressure response-time sensor could eliminate 
much of the response time uncertainty related to oil loss, but would add 
some additional complexity to the signal processor. Need to apply smart 
signal processor to nuclear-grade Model 1 154. 

Fig. A.l. Conventional Pressure Transmitter, Item PS-01. 

A-3 



ITT BARTON SILICON STRAIN GAUGE PRESSURE TRANSMITTER 

LEADS 8 SEALS OIL-FILLED CAPSL SlhlCON PIEZO-RESISWE 
STRAIN GAUGES 

U 

HI-PRESS LO-PRESS 

J L E  

MODEL 763 GAGE PRESSURE MODEL 764 A P  GAUGE 

Pescr- . Three models on the market use similar technology and have been qualified for nuclear 
service: Model 763 , a gauge pressure transmitter; Model 764 a high-range differential pressure 
gauge(AP) transmitter; and Modef 765 a low-range high-sensitivity AP differential pressure 
transmitter. Each of these apparently uses a fluid-filled isolator to separate process fluids from the 
sensing elements. Model 763 uses a bourdon tube to sense pressure and a silicon piezo-resistive 
strain gauge to sense the bourdon tube deflection. Model 764 use two piezo-resistive strain gauges to 
sense the position of a metal beam that is deflected by two bellows. This gauge is intended for 
feedwater, steam, and coolant flow, and level indication up to 300 psid. Model 765 uses a single 
bellows, a metal beam, and two piezo-resistive strain gauges in a bridge circuit. It is designed for gas 
and air flow measurements up to 10 in. W.C. 

. .  

Best Features; Designed for ruggedness, long life, extremes of qualification, wide 
coverage of pressure ranges, and reasonable accuracy. Claim a 200 MRad 
gamma dose tolerance. 

Worst 1 un&mms . .  . : Somewhat larger drift and larger temperature compensation required than 
others claim. 

Kev SD~- . .  * 

Accuracy: 0.5% FS Overpressure: 150% or 3000 PSI 
Stability: Not given EMI/RFI: Not given 
Sensor Response Time: 180 ms Vibration: Not given 
Pressure Limits: 3000 psi Radiation: 200 MRad (gamma) 
Sensor Temp. Limits: 320°F Reliability: 40 year qual. life 

kvelopment Statu% This family of pressure transmitters provides a selection of similar designs that 
cover three major applications in power plants, using silicon strain gauge 
technology. A mature product. Complete nuclear IE, JEEE 323, and seismic 
qualification has been performed. 

Potential for D e V e l O D m  No mention is made of srnafl aspects of the transmitter, which could be 
developed. Possibilities of leakage of fluid and its detection are not 
addressed. No specifications are provided for vibration effects, but are 
not expected to be large. 

Fig. A.2. Conventional Pressure Transmitter, Item PS-02. 
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CAMILLE BAUER FILM STRAIN GAUGE 
PRESSURE TRANSMITTERS 

Con nect io n 

7- A Strain Gauge 011 / 
F i l l  Fill Tube 

Two basic sensors (32 DP and 32 PG/PA) and two levels of nuclear qualification (-P1 nnd-P2) of 
transmitters are on the market and us8 similar technology. The 32DP are differential pressure and 
the 32 PGPA are gage or absolute pressure instruments. The gauge uses a vacuum-deposited 
(presumably metal) thin-film strain gauge. The primary sensing element is protected by silicone oil 
and the differential pressure capsule is oil-filled and hermetically sealed "thus assuring long life and 
high reliability." 
withstands 10 MRads and 121 *C service. Units are qualified to lEEE 323 and 344, and NUREG 0588. 
This gauge was formerty manufactured by Tobar, Veritrak, and Westing house. 

The P2 qualification withstands 68 MRads and 216°C while the P1 level 

Best Features: Designed for ruggedness, long life, extremes of qualification, wide 
coverage of pressure ranges, and reasonable accuracy. 

worst Clmltallons . .  . : Somewhat larger drift and larger temperature compensation required 
than others claim. 

Accuracy: 0.2% FS Overpressure: 1 . 5 ~  or 3600 PSI 
Stability: Not given EMI/RFI: adequate 
Sensor Response Time: 200 ms Vibration: Not given 
Pressure Limits: 6000 psi Radiation 68 MRad(y) 
Sensor Temp. Limits 120°C- Reliability Not given 

This family of pressure transmitters provides a selection of similar designs that 
cover three major applications in power plants, using silicon strain gauge 
technology. A mature product. Complete IE, lEEE 323 and seismic qualification 
has been performed. No other unusual capabilities. 

No mention is made of smart aspects of the transmitter, which 
could be developed. Possibilities of leakage of fluid and its 
detection are not addressed. No specifications are provided for 
vibration effects, but are not expected to be large. 

Fig. A.3. Conventional Pressure Transmitter, Item PS-03. 
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HONEYWELL SILICON PIEZO-RESISTIVE 
PRESSURE TRANSMITTERS 

ST 3000 

.- 
c 

pulse accumulator 
& digital/analog 

The sensing portion of the gauge is a silicon substrate with embedded contacts for two piezoresistive 
sensors that form arms of a bridge circuit. Additional contacts provide temperature sensing. 
process pressure interface is not described except that a filling oil or fluorocarbon fluid is used. The 
prominent unconventional feature of the pressure channel is a digital-processed smart transmitter 
and field communicator that can replace the 4-20 mA DC output and provide intercommunication 
between the pressure unit and the operator for remote control af the transmitter. 

The 

&st Fe- Smart 'transmitter provides on line diagnostics, remote interrogation and 
alignment, etc, Sensor uses embedded-channel silicon piezoresistive substrate for 
excellent temperature compensation. Higher accuracy claimed than most similar gauges. 
Very high ranges for gage, absolute, and differential pressures; 

Worst I lmltatrons . .  . : Requirement for a buffer fluid to isolate sensor from process fluid. 

Accuracy: 0.08% FS Overpressure: 900 PSI 
Stability: 0.25%/yr (DP) EMVRFI: adequate 
Sensor Response Time: 250 ms Vibration: Not given 
Pressure Limits: 3000 psi Radiation up to 1 MRad(7) 
Sensor Temp. Limits 11 0°C Reliability 360 yr MTBF 

nt S t U  This family of pressure transmitters provides a selection of ranges using 
common silicon piezo-resistive technology. A mature product. Complete 
nuclear IE, IEEE 323, and seismic qualification has not been performed. 

I for Dev- Possibilities of leakage of fluid and its detection are not addressed. No 
specifications are provided for vibration effects, but are not expected to 
be large. 

Fig. A.4. Conventional Pressure Transmitter, Item PS-04. 
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FOXBORO RESONANT WIRE 
PRESSURE GAUGE 

TO OSCILLATOR 
CIRCUIT 

SENSOR BOOV 
/ 

ZERO SPRING / /  BELLOWS 

I RESONANT 

ZERO ADJUSTMENT \ 
Diagram of 821 GM Sensor Assembly Q The Foxboro Company,l988 

The Foxboro N-820 Series is a nuclear-qualified family of absolute, gage, and differential pressure 
transmitters that use a resonant wire to sense the force produced on a diaphragm by an external 
pressure. The resonant frequency of the wire suspended in a magnetic field is converted in an 
oscillator circuit to a dc output signal, The internals of the gauge are oil filled. Several material 
options are available for the pressure sensing diaphragm and the process-wetted parts of the gauge. 
Smart sensor options are available on non-nuclear models. 

Best Features: Resonant wire design provides superior accuracy and long-term stability. 
Differential pressure gauge design provides static pressure limits of 3000 psi. 

than other manufacturers claim. Excellent RFI tolerance. 
A 35-yr MTBF reliability is claimed. A drift rate of O.l%of FS in 6 months is smaller 

. .  . mulaUm: Time response of 500 ms for gage pressures is longer than most 
comparable gauges and too long for some safety system applications. 

or w e  Pres- 
Accuracy: f0.2% FS Overrange pressure limit : 9000 psi 

Stability: 0.1% per 6 months EMIIRFI: 20 V/m @ 27-500MHz 
Sensor Response Time: 500 ms 
Pressure Range Limits: 6000 psi Radiation: Not given 
Sensor Temp. Limits: 180°F Reliability: 35 yr MTBF 

(Gage), 900 psi (Absolute) 

Vibration: fO.l%FS @ 3G to 200 Hz 

en! Status: Fully developed commercial product, which has replaced the force balance 
transmitters previously provided. That product is now marketed by Weed 
Instruments (See PS-06) 

for Dev- Effects of filling fluid leakage need to be addressed. Methods for in situ 
calibration and in situ response time testing need to be provided. 
Response time of gauge and absolute transmitters should be rsduced for 
nuclear safety applications. 

Fig. AS. Conventional Pressure Transmitter, Item PS-05. 
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WEED (FOXBORO) FORCE BALANCE 
PRESSURE TRANSMITTERS 

SIMPLIFIED DRAWING 

PescrlPtLM. Models NE-11 and NE-13 use a similar technique for sensing the deflection of a 
bellows, diaphragm, or bourdon tube with a force beam and an inductive armature detector. The 
deflection of the beam is restored to a null position by a feedback coil, whose restoring current 
provides the pressure-indicating signal. Absolute, gage, and differential models are available. 

* .  

Best F W  High overpressure (to 9000 psi) and gamma dose (200 MRad) with differential 
pressures as low as f25 in W.C. full scale and gage pressures as high as 6000 psi. 
Extensive IEEE 323, IEEE 344, and IE qualification, but limited to 20 yr life. Suitable 
for in-containment, safety-related applications. Basic gauge appears not to be oil- 
filled. Suitable for in-situ time response using power interrupt technique. 

worst Llm!tatlons : . .  . Mechanical design may limit vibration tolerance and is not conducive to digital 
signal or remote alignment, 

ions (for Gpae or Absolute Pressured 

Accuracy: 0.5 to 1.25% FS Overpressure: to 9000 PSI 
Stability: Not given ~ EMI/RFI: Not given 
Sensor Response Time: Not given Vibration: Not given 
Pressure Limits: 6000 psi Radiation: 200 MR 
Sensor Temp. Limits 216°C (DBE) Reliability: high 

DeveloomeatStatus: This product line is mature and traditional, sold by Foxboro to Weed, and 
replaced by Foxboro with a new series N-820 which has not been qualified yet 
for safety-related nuclear service. 

I for Devel- Very little likelihood of any major development effort based on this 
measurement principle. 

Fig. A.6. Conventional Pressure Transmitter, Item PS-06. 
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Appendix B: 

INNOVATIVE PRESSURE GAUGE CONCEPTS 





METRICOR FIBER-OPTIC COLOROPTIC" 
FABRY-PEROT PRESSURE SENSOR 

SIGNAL DETECTOR SWSQR 

-2s IT- 

Pescriatioq 

The sensor is a tiny Fabry-Perot interferometer mounted on the end of a fiber optic cablo. It is excited 
by a relatively narrow wavelength band of light from a light-emitting diode. 
surface of the hollow, shallow cavity changes the tuning of the cavity, and thereby affects the spectral 
distribution of light reflected from the cavity to the signal detector. The reflected light is then 
analyzed in two wave length bands to provide a signal that is proportional to the ratio of the two color 
intensities. This ratio is affected by the external pressure, the displacement of the diaphragm , and 
the tuning of the Fabry-Perot cavity. Losses in the fiber optic lines are compensated (if they are 
"grey") by the two-color ratio method. While not a high accuracy device (-0.50/,), it is capable of 
0.1 psi pressure resolution. 

Pressure on the outer 

Pest F e a m  EMI/RFI immunity and extremely small size of the immersion sensing element 
c0.063 in. OD. 

Worst Llmltatlons . .  . : Provides only absolute pressures; differential pressures would require two 
sensors. 

Accuracy: lt0.5% FS Overpressure: 3000 psi 
Stability: not known EMI/RFI: excellent 
Sensor Response Time: ~ 1 a o  ms Vibration: probably good 
Pressure Limits: 1000 psi Radiation unknown, doubtful 
Sensor Temp Limits: 570°F Reliabi lit y unknown 

J & y e J ~ v :  Standard products on the market for special applications. 

Potent ial for DeveloDment, * Needs attention to compatibility of immersion-type probe with process 
fluids, to long term reliability, and to radiation resistance. Present 
device might be used as a diverse sensor in some applications, for which 
small size is a definite advantage. 

Fig. B.l. Innovative Pressure Gauge, Item PS-1. 
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CECIIMO WET/WET SILICON PIEZO-RESISTIVE 
DIFFERENTIAL PRESSURE SENSOR 

CONTACT 

DIELECTRIC 
ISOLATION 

GLASSTUBE 

The CECllMO pressure sensing element uses diffused piezo-resistive strain gauges on a single crystal 
silicon diaphragm to measure pressure. It differs from other similar designs in that the silicon 
sensing surfaces, that are coated with a dielectric isolation material, allow water to come in contact 
with them without affecting the electrical resistance. This eliminates need to fill with oil or other 
isolating fluids. A bonding film seals the silicon wafer between two glass tubes. The entire structure is 
mounted inside a titanium container that is used to attach the sensor to the process and to the signal 
conditioning electronics. 

Best FeaturesL The weVwet design that does not require intermediate fluids, providing fast 
response and high sensitivity. 

Worst I lmltatlans 
. .  . : Possible lack of ruggedness and a lack of commercial experience. Lack of 

information on the compatibility of the film material that is in contact with the 
process fluid and various aqueous media found in power plants. 

Accuracy: 0.25% Overpressure: 800 psi max 
Stability: not given EMIIRFI: not given 
Sensor Response Time: not given Vibration: not given 
Pressure Limits: 500 psi Radiation not given 
Sensor Temp. Limits: 250°F Compensated Reliability not given 

Pevelgpment S m  Conceptual design based on advanced and unusual silicon wafer passivation and 
bonding technology. Only limited information on application of the gauge to and 
the performance of the gauge in typical industrial applications, 

Potent ial for Beve looment; Sensor design could be used as is for direct contact with some process 
fluids at fairy low temperatures (up to about 250°F), but would need to 
be adapted with isolation techniques (capillaries, limp bellows, etc) for 
use in measurements of water or steam pressures in power plants. As a 
direct contact non-isolated gauge, i t  should have exceptional response 
time and possibly high sensitivity, but limited pressure and temperature 
range. 

Fig. B.2. Innovative Pressure Gauge, Item PS-2. 
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NOVASENSOR'S FUSION-BONDED 
SINGLE-CRYSTAL SILICON 

PRESSURE SENSOR 

SNGLE CRYSTAL 
R%C.~ED SILICON STRAIN METAL 

THERMAL OXIDE 

SINGE CRYSTAL 
SILICON SUBSTRATE 

GAGEPREssuREo=>Nffiu~m 

A fusion-bonded piezo-resistive single crystal silicon pressure sensor that provides operation 
to 250°C (480°F) with ~0.2% of FS nonlinearity, high overpressure tolerance (500x), stability, 
and temperature compensation (4 .4% FS). During over pressure, the single crystal silicon 
diaphragm is stopped by the bottom of the etched cavity below it. 

Pest Features: High stability and ruggedness. Excellent use of silicon fabrication technology 

Yorst 1 lmitaLturaS 
. .  . : Isolation is required to prevent shorting of contacts by some process fluids. 

Possible temperature and radiation limits for some applications 

Accuracy: ~ 0 . 1 %  FS Overpressure: 500 X FS 
Stability: <0.1% short term EMVRFI: not known 
Sensor Response Time: short Vibration: probably good 
Pressure Limits: >> 300 psi Radiation ? 4 MRad 
Sensor Temp. Limits: 480°F Reliability not known 

Bvelooment Status: Preliminary; developed with support of Schlumberger Industries. 

Provides fundamental architecture and fabrication for sensors with 
extensive uses in many applications. Needs product development and 
smart signal processing. Also needs attention to compatibility and 
pressure interface design. 

Fig. 8.3. Innovative Pressure Gauge, Item PS-3. 
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GULPON SERVONIC SILICON-FILM STRAIN 
GAUGE PRESSURE SENSOR 

Model 3588-42 

557 M U  CONNECTOR. 7 

i 19- c - 2.4) U A X  

(No internal details provided) 

Desc r iDt i on 
The sensor is formed by sputtering a thin film strain gauge onto a monocrystalline diaphragm of 
silicon or sapphire, depending on the pressure range. The sputter deposited gauges eliminate the need 
for bonding, linkages, and all moving mechanisms. The mono-crystalline diaphragm structure 
assures perfect elasticity, eliminates hysteresis, enhances linearity, and assures repeatability. The 
inherently high natural frequency of the element provides vibration insensitivity and high speed 
response . 

Best Features; Extremely high mean-time-to-failure and instant response are claimed. Status 
as a product qualified for military, aerospace, and commercial aircraft 
applications. 

Worst I imitations . .  . : Would need to be isolated from some process fluids, apparently. 

Kev Soeciflcations; 
. .  . 

Accuracy: 0.25% + 0.005% per O F  Overpressure: 7500 psia(burst) 
Stability: not given EMVRFI: not given 
Sensor Response Time: not given 

Pressure Limits: 15 to 5000 psi; Radiation: limited by solid state 

Sensor Temp. Limits: -65 to +250°F Reliability: "Extremely high MTBF" 

Vibration: 50 g (negligible); 100 g for 
11 ms 

electronics in package. 150% FS overrange 

DeveloMlgnt S W  Fully developed product 

I for neve- Some special adaptation to particular power plant applications would be 
required. Some enhancement of specific characteristics would be 
possible. 

Fig. 6.4. Innovative Pressure Gauge, Item PS-4. 
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KAMAN SCIENCE'S VARIABLE RELUCTANCE 
PRESSURE SENSOR 

4 1.96 IN. 

-: 
The variable reluctance pressure sensor is a metal-jacketed, hermetically sealed unit with integral 
metal-sheathed cable, which can be directly exposed to aggressive media-steam, sodium, etc. 
Pressure on face of cylindrical element alters the internal spacing of coils and targets to change the 
electrical impedance of the sensor, which is proportional to pressure. Absolu!e(shown above), gage, 
or differential designs are provided. Signal conditioning electronics are provided. No information on 
internal atmosphere within sensor. Sensor diameters are 0.635 in. (KP 1911) and 0.265 in. 
(KP 2025). 

Models KP 191 1 (Not Shown) and KP 2025 (Shown Above) 

t Features; Probably unexcelled for very high temperature and pressure applications. 
Pressure ranges include 0-5 and 0-5000 psi. Frequency ranges of 1 4 6  kHz. 
Hermetic, integral-cable construction. Gauge can stand 650°C short time 
exposure. Small footprint. 

Worst I lmrtatrons : . .  . Expensive >>$1000/unit. Unit may unbalance in transient due to temperature 
differences within the jacket. 

b V  SD%lflcatlons . .  . 
Accuracy: 0.1-0.5% Overpressure: to 5500 psi 
Stability : not given EMURFI: not given 
Sensor Response Time: c 1  msec Vibration: not given 
Pressure Limits: to 5000 psi Radiation: probably good 
Sensor Temp. Limits: to 540°C (1000°F) Reliability: probably very good 

Bvelooment Status: Product on market. 

eveloDmea Effect of temperature transients on pressure indication need to be 
determined. Pressure transient settling times, vibration, and EMIBFI 
effects need to be determined. Diagnostic methods and condition 
monitoring should be possible and should be explored. This gauge could 
be a satisfactory substitute for oil-filled gauges now in use for gage 
pressures; possibly not for differential pressures. 

Fig. 8.5. Innovative Pressure Gauge, item PS-5. 
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QUARTZDYNE'S SHEAR-MODE, QUARTZ 
RESONATOR PRESSURE SENSOR 

PRESSURE 
INLET 

SPACER - 

QUARTZ CRYSTAL R m R E N C E  
PRESSURE SENSOR 

/ 

ELECTRICAL 
CUNNECTKNS 

GLASS-CERAMIC MICKNESS-SHEAR TEMPERAT~RE 
BOND JOINT DISC RESONATOR SENSOR 

DescriDtlQn; 
A hollow, machined single-crystal quartz resonator body changes the frequency of resonance with 
application of external pressure. The sensor can operate up to 40,000 psi and temperatures as high 
as 177°C (350°F). It is extremely durable and shock resistant for use down bore holes in well 
drilling operations. The properties of quartz provide stability, lack of hysteresis, linearity, and some 
temperature effect minimization. Active temperature compensation is also provided. The basic sensor 
design would expose the quartz body to process fluids, which might react with quartz, so the 
manufacturer has provided lnconel bellows process isolation for temperatures up to 177°C without 
decreasing sensor accuracy. A smart transmitter is being developed. 

. .  

Best: Exceptional accuracy and ruggedness. Can provide separate temperature signal. 
Uses resonant frequency rather than signal amplitude; frequency coding 
provides high resolution of temperatures and reduces transmission line loss 
effects. 

oris: Requires additional bellows for isolation from process fluid (can be supplied). 
Oscillator electronics must be installed in or near the sensor. Sensor measures 
absolute pressures, requiring two gauges to measure differential pressures. 

Key Spec- 
. .  . 

Accuracy: <f0.02% Overpressure: >5X 
Stability: < 0.0 3 % EMPRFI: not given 
Sensor Response Time: <O.lS Vibration: 1 OOg 
Pressure Limits: 300-5080 psi Radiation: > 1 MRad 
Sensor Temp. Limits: 350°F Reliability: >1 yr Maintenance Interval 

r)evelopment S t w  Products on market for well-drilling applications. Developing smart signal 
processor. Alternative designs for lower pressures being studied. 

Potential for DeveloDment; Study is needed of effects of radiation on quartz sensor. If sensor size 
could be reduced, it would have somewhat more applicability. Process 
isolation techniques for high temperature sensing are needed. 

Fig. 8.6. Innovative Pressure Gauge, Item PS-6. 
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YOKAGAWA'S MECHANICAL RESONATOR 

R ESSUF 
INLET 

/ I 

DIAPHRAGM D0UU-E- PtuOELEClRlC 

(ELI W A R )  
TUNING FOfW UEMWrs 

The resonant frequency of a double-ended Elinvar tuning fork changes with force applied to the ends of 
the tuning fork. This force is produced by pressure on a diaphragm linked to the tuning fork support. 
The natural oscillations of the fork are detected by one piezoelectric element, amplified and fedback by 
a second element to sustain oscillations. This natural frequency is used to measure the pressure. The 
length of the Elinvar structure is only slightly dependent on temperature. A similar device has been 
made using a quartz force transducer.(A pressure sensor that works on the same general principle, 
but uses a cylindrical resonaror and has a 15 psi range, is described by Nskaasa Instrument.) 

Best Features Device provides very high stability, resolution, and minimal temperature 
effects. Nearly immune to EMI. The absolute style is easily adapted to 
differential or gauge by adding taps in the base. However, filling the resonant 
fork chamber with fluid may affect accuracy. The sensor is isolated from the 
process by the diaphragm, and could be filled with process liquid up to that point 
without affecting the fork's response. Temperature compensation is very good. 

Relatively small pressure range described in article, but not an inherent 
deficiency. 

Worst L l u  

Fey SYClflcatrons: 

. .  . : 
Vibration might be a problem. 

. .  . 
Accuracy: -0.05% FS Overpressure: +lo% 
Stability: -0.001% EMIIRFI: probably slight 
Sensor Response Time: - est. 0.01 s Vibration: not given 
Pressure Limits: 30 psi Radiation: not given 
Sensor Temp. Limits: - 104°F Reliability: not given 

Reported in literature in 1985. Seven commercial models (absolute and gage 
pressure) and signal processor listed in catalog. 

Potential for Develoamftnt; The simplicity of these devices is attractive and the frequency-coded 
output signal reduces transmission loss errors. Overpressure 
protection coutd be provided by means used in other types of gauges. 
EMI/RFI have no effect on the mechanical resonance, but might interfere 
with electrical signals from the piezoelectric crystals. Attention needs to 
be paid to effects of mechanical vibration and on changes in mechanical 
properties with irradiation (excluding gamma). 

Fig. 8.7. Innovative Pressure Gauge, Item PS-7. 
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ULTRASONIC PRESSURE (USP) SENSING 

m 

STEEL PIPE WALL 
A B C 

CROSS TRANSMISSION PIPE WALL TRANSMISSION IDEAL GAS TRANSMISSION 

The velocity of sound in a liquid or gas depends on the fluid's temperature, density, or pressure. 
Several methods have been published for measuring pressures non-invasively by propagating acoustic 
pulses through the medium (A) or in the pipe wall (E) or in an ideal-gas filled appendage (C). The 
delay between transmission and receipt of a pulse measures velocity, and the attenuation of the 
received pulse provides additional information, used in method C to separate the temperature and 
pressure measurement of an ideal gas. Method B propagates shear (Lamb) waves in the pipe wall 
whose transmission characteristics are well known and whose pulse amplitude is affected by the 
strain produced by the pressure of the fluid inside the pipe. Method A requires additional information 
to separate temperature, pressure, and composition information. 

Pest Fe- USP technology can provide non-invasive, retrofit, or diverse pressure measurement 
in industrial environments, now widely used for level, flow, and temperature. Both 
pressure and temperature information can be provided. 

Worst I irni-: May require knowledge of the process material or fluid properties. May be 
affected by fluid flow, temperature, or stratification, or process vibration. 
Requires high accuracy, sophisticated electronics. 

. .  . 

Fev SDecl fcat ions .  - Concept dependent, but estimated typical values . .  . 
Accuracy: *0.2% Overpressure: not a factor 
Stability: probably good EMI/RFI: only slight affect 
Sensor Response Time: 10 ms Vibration: could be significant 
Pressure Limits: >lo00 psi Radiation: probably very good 
Sensor Temp. Limits: >800°F Reliability: not known 

USP is being developed or proposed by Panametrics, Rockwell, NASA-JPL, and 
several others, using combinations or variations of the pictured methods. 
Emergent technology with some industrial base in related measurements. 

Potential for D e v e l o p m a  Tends to be application specific. Product line could be developed that met 
several generic uses, either by using isolators to allow the LPSP to define 
its materials, or developing non-invasive strap-on technology and to 
supply the necessary supporting information for a variety of 
applications. Particularly attractive for high temperature or corrosive 
media applications. Suitable for retrofit or add-on instrumentation. 

Fig. 8.9. Innovative Pressure Gauges, Item PS-9. 
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APPENDlX C 

PATENT SEARCH 

The Derwent World Patents Index was searched for patents pertinent to this study. Entries 

were sought for the time period 1981 to 1992 whose titles included PRESSURE 
(SENSING OR SENSORS? OR DETECT? OR MEASURE? OR TRANSDUCEX?) with 

no additional words between cited words, and only patents in the English language. This 

reduced the possible list from 105,427 (PRESSURE) to 423 entries that did not refer to 

medical, projectile or supersonic applications. Titles of these 423 entries were reviewed 

and 42 were selected for further consideration. Those are listed below by the World Patent 

Index (WPI) Acquisition Number, title, assigneg, and summary comments. Listed in 

inverse chronological order; most recent first. 

1. WPI 91-297686/42, "Pressure sensor using magnetostriction effect - 
has frlm of amorphous magnetic alloy secured to deforming and non-deforming parts with 
detector elements," Matsuata Elec Ind a ; Detects the change in permeability of an 

amorphous magnetic alloy film to detect deflection; claimed to improve corrosion resistance 

and durability. 

2. WPI 91 -28 159 1/38 "Optical waveguide pressure sensor for remote 

sensing - uses single mode optical waveguide where light is supplied to fibre via polarizer 

and received after reflection through the same polarizer." Univ. of Lo ndon; Combines 

interference between two beams of polarized light in a single mode optical fiber to measure 

applied to part (but not all) of the periphery of the optical waveguide. Intrinsic. Claims 

low loss transmission, compact, tough, passive. 

3. WPI 91-207581/28, "Fibre optic temperature pressure sensor - using 

variable ratio fibre optic coupler sensor varying coupling ratio in accordance with stress 

applied to coupler," SDeny Marine Inc; depends on the properties of an encapsulant 

material whose index of refraction changes with stress applied. The encapsulant surrounds 

a number of fibers. claims to avoid spark hazards in marine applications. 
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4. WPI 91-195133/27, "Determining fuel gas pressure - using non- 

membrane based overpressure proof, absolute sensor based on open micro-bridge sensor 

structure."+Ioneywell Inc; A thermal response sensor based on an electrically heated film 

and a resistive sensor film using a heating pulse and observing the transient response. 

Derives pressure from thermal conductivity and specific heat measurements. 

5.  WPI-9 1-07578711 1, "Indirectly excited silicon resonant pressure 
sensor - has positive feedback loop maintaining frequency of optical excitation signal 

equal to the detected beam vibration frequency," Schlumberger Ind; uses optical excitation 

to produce a resonant response in a beam attached to a pressure sensing diaphragm, beam 
is transparent. Another optical signal detects the resonant frequency." claimed to be more 

stable. 

6. WPI 90-377576/5 1. "Electrostatic pressure sensor with downwardly 
extending pressure duct - has latter closed with electrode-bearing diaphragm beneath 
fixed electrode, with circuit board mounted there above." QMRON Corp (Japa n); an 

electrostatic pressure sensor with integral circuit board. Claimed to be more compact. 

7. WPI 90-295885/39. "Pressure sensor with reduced ambient medium 
damping effect - has pressure-sensitive flat capsule vibrating in mechanical resonance 
with resonance frequency dependent on pressure to be measured." G. Stemme inventor; A 

capsule with two pressure sensitive membranes formed by crystalline silicon plates, 

separated by a silicon oxide layer, driven by some mechanism, for which the frequency 

response of the capsule is detected. 

8. WPI 90-269579136, "Capacitance semiconductor pressure sensor - has 

hinged diaphragm providing linear fiequency response." United Technolo~es COT. 

Silicon-on-silicon fabrication technology used to produce a shaped diaphragm to provide 

more linear capacitance-detected output. 

9. WPI 90-179096/24, "Reliable high pressure sensor usable in 

hydrocarbon wells - has two portions of monocrystalline sapphire joined along plane 

perpendicular to crystal axis, with strain gauge." Schlumberger Techn.; A strain- 

measuring device with a thin film of elecmcal resistance material deposited on the outside 
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surface of the cell. Entire outside surface subjected to pressure but cell is mechanically 

isolated. Claimed to be more reliable, stable, and accurate and avoids mechanical 

connection problems. 

10. WPI 90- 17271 3/23, "Highly linear magnetostrictive pressure sensor - 
has pressure introducing opening, pressure deforming part, non-deforming part, and 

permeability detector elements ,I' Mat su s h ita Elec Tnd, KK; measures permeability changes 

in an amorphous magnetic alloy in a differential configuration. 

11. WPI 90-164107/21, "Hall effect pressure transducer - uses patterned 
diaphragm and magnetic arrangement to reduce non-linearities," Anent Svstems.l nc; A 

shaped pressure deflection diaphragm, O-ring sealed, supports magnets which produce a 

magnetic field gradient sensed by a Hall effect sensor to detect the diaphragm deflection. 

12. WPI 90-123068/16, "Solid state differential pressure sensor -has over- 

pressure stop and free edge construction provided by grooves which define webs." 

Bosemount Inc,; uses a specially formed brittle diaphragm material and a gauge structure 

with an internal stop to limit diaphragm travel in overpressure. 

13. WPI-90-03 1356/05, "Semiconductor pressure transducer for IC 
engine*'- has pressure detector including Si single crystal oriented parallel to diaphragm. 

I ~ ~ Q B  Chuo Kenkm; utilizes the aystalfographic orientation of silicon single crystals 

to produce a voltage proportional to compression force acting on a diaphragm. Claims high 

reliability and low cost. 

14. WPI 90-022242/03, "Differential capacitive pressure sensor with 

over-pressure protection - uses diaphragms with silicon-on-silicon design, and 

Two capacitive sensors are bonded together to form a reference cavity chamber. The 

capacitance of each diaphragm is measured to obtain differential pressures. Overpressure is 

limited by an internal post between the two plates. Claims to resist damage during over- 

pressure. 

measures capacitance variation with differential pressure," United T e c h n w e s  Corp *, 
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15. WPI 89-340070/46. "Capacitive pressure sensor circuit - employs three 

series-connected operational amplifiers, pressure sensitive capacitor, and further 

capacitance." Allied-Simal Inc. Operational amplifier circuit to measure change in 

capacitance that simulates a resonant capacitor-inductor circuit. Provides linear response, 

minimal frequency jitter, and avoids use of inductor. 

16. WPI 89-332400/45. "Dual capacitive pressure sensor - has identical 

value variable capacitors moving in unison in response to external fluid pressure level," 

Allied-Signal In€. ; An electrode configuration to provide two diaphragms , one of which 

is responsive to external pressure, both subject to the same vibration and acceleration 

forces. Claimed to be immune from vibration and acceleration, and to avoid calibration 

drift with aging. 

17. WPI 89-174572/24 "Low noise pressure transducer with ceramic 

diaphragm - has circuitry connected to resistor for measuring changes due to strain 

fluctuations," B abcock & Wilcox CQ; A thick film resistor on one face of a ceramic 

diaphragm measures pressure and a resistor that measures changes due to strains or forces 

applied. Claimed to be compact and highly accurate. 

18. WPI 88-3545036. "Pressure sensor floating diaphragm isolated from 
external forces - has diaphragm edge attached to support to form cavity, and having tube 
through it communicating with cavity." Foxboro Cot ; a configuration that includes a 

gasket that allows replacement of the diaphragm in the event of damage, and to be 

manufactured from common materials. 

19. WPI 88-277943/39 "Pressure or strain sensitive optical fiber - has 

two concentric cores which are optically coupled when pressure is applied to waveguide 

which is used as a pressure sensor, " SDectra n COQ .; Fiber is a three-region device: 

consists of an inner core, a cladding with a lower index of refiaction than the core, and a 

third outer transmissive layer with an index of refraction greater than that of the 

intermediate cladding layer. When the fiber is pressurized or stressed, light escapes into 

the outer layer proportional to the amount of stress. Claims minimum optical dispersion. 
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20. WPI 88- 161732/23, "Optical micro-pressure transducer, e.g., for 

microphone - has beam splitter integrally attached to thin diaphragm, serving as local 

optical reference plane for entire assembly," Mass . Inst. Tech .; An optical surface 

connected to the pressure sensing diaphragm splits a coherent source light beam so that one 

potion of the beam is reflected and acts as a local reference plane. The second part of the 

beam interferes with the first part and the interference indicates the amount of diqphmgm 

deflection. Claims increased sensitivity and eliminates need for recalibration. 

21. WPI 88-161698/23 "Pressure transducer with integral digital 

temperature compensation - has numerical correction data from PROM converted by D- 

A converter to analog correction signal." Bourns Instr. InG. Pressure sensor includes 

temperature sensitive elements and an analog conditioning circuit, PROM, A/D, etc. to 

correct for temperature effects in a silicon piezoresistive strain gauge. 

22. WPI 88-127864/19 "Pressure sensor for gas or oil well logging - has 

bail lens providing optical coupling between fibre and laser powered resonator," m; 
consists of a flexible diaphragm and a strain-responsive resonator. Diaphragm and 
resonator are formed from a silicon single crystal. Evacuated cavity to provide absolute 

pressure. Fiber function not explained. Cavity resonates at a frequency corresponding to 

applied pressure. Claims no electrical connection for use in hazardous environment. 

23. WPI 88-121 199/18 "Displacement detector e.g. for temperature or 

pressure transducer - has path adjuster comprising mechanism moving focusing 

element and/or reflector in response to movement of object." yniv of Li v e m d  * uses two- 
color light source with a filter and means to change path length in response to displacement. 

Claims use in measurement of position, velocity, acceleration etc., and improved analysis 

by using the whole color spectrum. 

24. WPI 88-001454/01 "High pressure sensor for vehicle engine 

combustion chamber - has silicon chip operating in bending mode having piezo 

resistors operating in tensile and compression mode." STC PLC; Uses diaphragm to seal 

silicon chip from corrosive gases and high temperatures and pressures. 
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25. WPI 87-336386/48 "Composite piezoelectric material for pressure 
transducers - comprises piezoelectric particles dispersed in a polymer matrix," Martin 

Marietta a nd Gou Id Inc. ; Claimed to have improved hydrostatic voltage constant and 

sensitivity , and time stability for use in hydrophones, microphones, and keyboards. 

26. WPI 87-304832/43 "Pressure sensor with LED and photodetector - 
has optical fibres wound around neck of elastic tube." COENECOOP BV, Uses an LED 

and photodetector to measure transmission of light in a fiber wound around an expanding 

tube. Claims relative insensitivity to temperature effects. 

27. WPI 87-30128 1/43 "Temperature compensated remote pressure 

sensor e.g. for well-logging - optical power pulses excite transducers into vibration at 

resonant frequency which is function of pressure or temperature ," STC PLC; system 

includes two similar vibrational. transducers one of which is only sensitive to temperature, 

and a pulsed light source to maintain the transducers at their respective resonant 

frequencies. Pressure is determined by measuring the resonant frequency, compensated for 

temperature. Claimed to be useful for hostile environments such as nuclear reactor 

monitoring or chemical processes. 

28. WPI 87-2351 14/33. "Piezoelectric crystal gas pressure transducer - 
has phase shifter enabling crystal to oscillate securely in vicinity of electrically resonant 

frequency for minimum impedance effect." Nangano Keiki Seisak Includes a voltage 

stabilizer? a current-to-voltage phase shifter and means to minimize crystal impedance. 

Amplitude of AC voltage is related directly to gas pressure. Claims resistance to noise and 
temperature effects and good stability. 

29. WPI 87- 150688/21 "Corrosion proof differential pressure 
transducer - has central disc and two thin diaphragms intercoupled to move together." 

pavlico Corp . A differential capacitance sensing gauge with a silicone oil filled space, or a 

differential configuration, housing and gaskets. Claimed to not be affected by corrosive 

fluids . 

30. WPI 87-03 1040/05 "Pressure transducer with three quartz 
diaphragms - has electrically conductive layer on each surface of each diaphragm to 
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reduce sensitivity to temperature changes. I' U e t t  C a .  Compensated for temperature, 

vibration, and acceleration by use of reference diaphragm not subjected to pressure. 

Claimed for use in aircraft and a design that prevents bimetal distortion with change of 

temperature. 

3 1. WPI 86-233602/36 "Low thermal response time externally loaded 

pressure sensor - uses difference frequency of two SAW devices formed in wall of 

interior cavity as temperature compensated measure of hydrostatic pressure.": 

S c h l u m b e r u  Frequency of a standing acoustic wave (SAW) device formed on the 

inner surface of a hollow body varies with pressure. Wall thickness is varied to obtain 

desired response. Claims 50% increase in sensitivity and 1M reduction in response time. 

32. WPI 85-305403/49 "Photoelectric pressure transducer without 

elastic diaphragm - has optic fibres conducting light into and out of chamber containing 

gas-liquid interface." yniv of Leicester ; Optically sensed changes of gas volume and gas- 

liquid interface caused by pressure changes. Only deformable element of gauge is the 

compressible gas or liquid. Claimed to have provisions for in-situ calibration and for 

flushing instrument when required, providing increased robusmess and simplicity. 

33. WPI 85-291047/47 "Static load and pressure sensor -has thin 

membrane driven into resonant oscillation at frequency dependent on applied load or 

pressure," rkels Patents Oscillation frequency of a membrane measures applied 

load. Uses an electrical feedback loop with piezoelectric driver and receiver to drive thin 
membrane into resonant oscillation. 

34. WPI 85-263227/42 "Pressure compensated differential pressure 

sensor - transmits differential and reference signals to digital computer to produce 

improved output signal" Rosemou nt TnG; Reference and differential pressure signals are 
processed in a correlator (digital computer) to provide an improved linear output signal. 

Claimed for use in aerospace applications. 

35. WPI 85-251061/41 "Pressure transducer diaphragm displacement 
measurement system - uses photodetectors and fringe counting circuit to determine 

deflection from interference of light received via fibers." Babcock and Wilcox CQ. A 
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fringe counting system to measure amount of a fused silica diaphragm deflection. Clahned 

to be sensitive to small diaphragm deflection and can be used in a high temperature 

environment. 

36. WPI 85-251000/41 "Solid State pressure transducer - includes field 

effect transistor (FET) with elastomer layer between device electrode layers." EM1 Ltd, 

An elastomeric dielectric layer between two electrode layers change electrode spacing due to 

an applied pressure which causes a change in capacitance. Claimed for article handling 

machinery. 

37. WPI 85-082805/14 "Signal conditioning circuit for capacitive 
pressure transducer - eliminates effect of parasitic capacitance in transducer output." 

united Technolo~ies Corn - ; Two 3-plate silicon-glass-silicon capacitive pressure 

transducers, one of which is a reference, are sampled periodically by a microprocessor 

system to eliminate effects of parasitic capacitance and enhanced signal-to-noise ratio. 

38. WPI 84-282051 "Vibrating quartz diaphragm pressure sensor - 
includes two diaphragms, one varying frequency of thickness shear mode oscillations and 

the other providing a reference frequency," &err?, Coy. A primary quartz crystal with a 

diaphragm formed in it and electrodes on each side of the diaphragm. A piezoelecmcally 

excited shear mode oscillator whose frequency responds to the fluid pressure applied to 

surface of diaphragm. A second identical diaphragm provides a reference frequency to 

compensate for ambient conditions (temperature, etc). Claimed for high precision air borne 

measurements. 

39. WPI 83-706847/28 "Digital pressure transducer -using force-sensitive 

resonator mounted to non-symmetrical structure producing loads under applied pressure. I' 

Faro Scientific Inc; A load-sensitive resonator like a C-shaped Bourdon tube, with a 

flattened tube generates forces tending to uncurl or straighten the pressure vessel. A change 

in frequency of oscillation responds to pressure change in a resonator attached to the tube. 

Claimed to be accurate, low cost, and unaffected by environmental factors. 

40. WPI 83-Fl602W16 "Bridge connected variable reluctance pressure 

transducer circuit - has sensing transducer remotely mounted in hazardous location as 
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within a nuclear reactor." combustion Enp. In€ ; Provides magnetic sensing of pressure 

taps with isolation and measurements of reluctance through a magnetically permeable 

membrane. 

41. WPI 83-C1989K/07 

pressure-sensing diaphragm having a rigid center formed of or supporting material of high 

magnetic permeability." Ken t-Tieyh 1 Spa. Device measures displacement of a diaphragm 

by changes in the magnetic reluctance produced, similar to an inherent LVDT method. 

Provides a dc mA output signal. Design avoids deformation of measuring diaphragm when 

an over-pressure occurs. 

"Inductive differential pressure transducer - uses 

. .  

42. WPI 82-N0470E/40 "Quartz-plate capacitive pressure transducer - 
uses common plate to form four capacitors with plates provided on two deflectable discs," 

Bend ix Con, Four capacitors provide sensing, reference, and feedback capacitors to 
compensate and minimize susceptibility to noise. 
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