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Preface

This handbook is intended to give the instrumentation engineer the necessary background
to understand the operation of an instrumentation sygtkhough this document identifies the
main components and techniques of a typical instrumentation system, it is not intended to give an
all-inclusive treatment of every possible instrumentation system scefapics include signal
sources, signal conditioning, data collection, data formatting, telemetering, recording, and data
reconstruction (which includes tkabtopics demodulation, demultiplexing, and displajgo
addressed are calibration and the related issues of measurement uncertainty and operational
considerationsEach of the above subsystems is explained in detail as to its function and utility.

This handbook will treat those portions of the instrumentation system not specifically
addressed in the following Range Commanders Council (RCC) documents:

RCC Document 120Felemetry Systems Radio Frequency Handbook
RCC Document 119Felemetry Applications Handbooks
RCC Document 118, Vame1: Test Methodsfor Vehicle Telemetry Systems

Transmission, recording, demultiplexing, and display will be addressed in such a way as
to augment theadiofrequencyRF) andtelemetry TM) handbooks to provide a complete
treatment for the instrumentation engindéris handbook is not intended to be arirtlusive
document; however, it dogstroduce many common topics that an instrumentation engineer
may encounter.

Please direct any questions to:

Secretariat, Range Commanders Council

ATTN: TEDT-TDR

1510 Headquarters Avenue

White Sands Missile Range, New Mexico 88120
Telephong575) 6781107, DSN258-1107

E-mail rcc-feedback@trmc.osd.mil

1 Range Commanders Coundielemetry Systems Radio Frequency HandbB@IC 12621. July 2021. May be
superseded by update. Retrieved 10 February 2022. Availaitigst/www.trmc.osd.mil/wiki/x/iYu8Bg

2 Range Commanders Coundielemetry Applications HandbooRCC 11906. May 2006. May be superseded by
update. Retrieved 10 February 2022. Availabletgds://www.trmc.osd.mil/wiki/x/h4u8Bg

3 Range Commanders Coundiest Methods fofelemetry Systems and Subsystems: Test MethodsHimle

Telemetry SystemRCC 11820 Vol. 1. October 2020. May be superseded by update. Retrieved 10 February 2022.
Available athttps://www.trmc.osd.mil/wiki/x/eou8Bg
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Summary of Change

The change to this edition of the Instrumentation Engineers Handbook is the addition of a
simultaneous sampling definition to Chapter 6.

Provisions to describe simultaneous sampling with respect to a pulse code modulation
system are contained in the Telemetry Standards, IRIG 106, Chapter 9; however, there was not a
distinct definition within RCC documentation to define that practice. Tdd#ian was made to
fill that void.

XiX
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Acronyms and Abbreviations
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AC aternatingcurrent
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ADT ar datatransducer

AEEC Airlines ElectronicEngineering Committee
AGA American Gas Association

ANSI AmericanNational Standards Institute
API American Petroleum Institute
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BER bit error rate

BNR binary
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CD-R recordable compact disc

CG center ofgravity
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cm centimeter

CMRR common mode rejection ratio
CPFSK continuousphasefrequencyshift keying
CPU centralprocessingunit

CS calibratedspan

CTA constanttemperatur@anemometer
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D/P differential pressure

DADS Digital Air DataSystem

dB decibel

DC directcurrent

DDS direct digital synthesis

DITS Digital Information Transfer System
DoD Department of Defense

DVD-R recordable digital video disc
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EMC electromagneticompatibility
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EMI electromagnetienterference

EPLA electric powerloadanalysis
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FM frequencymodulation

fps feet per second
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FS full scale

ft feet

G gauss

g g-force,the gravitational force felt in acceleration
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GB gigabyte
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GPM gallons per minute

GPS Global PositioningSystem

GUI graphicaluserinterface

HVAC heating, ventilation, and air conditioning
Hz hertz

I/O input/output

IAW in accordance with

ICD interfacecontrol document

ID inside diameter

IDE Integrated Drive Electronics

IEPE integrateddlectronicspiezoelectric

IES Institute of Envirmmental Sciences

IR infinite impulse response

InAs indiumarsenide

inH20 inch of watercolumn
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JBOD Just a Bunch of Disks

kbps thousand bits per second
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CHAPTER 1

Introduction

1.1  Description of an Instrumentation System

In the broadest terms, an instrumentation system performs the functions of acquiring and

presenting data to the us@rfunctional instrumentation system is a product of hardware,

software, and processes employed to orchestrate the subsystem interactions to acquire and
deliver data and/or information relatingaspecifictest or measurement evenhe specifics on

how an instrumentation system performs its functions will be covered in this hanttbtok

cont ext of the instrumentat.

data.

on

system

envi

In many arenas, the terms instrumentation system, measurement systé&iv, sysiem
are used synonymously, while in other arenas the terms are treated very difféfentlyoadest
of these terms is perhaps the instrumentation system, which incorporates the measurement
system and the transmission/reception sysfeifiM system is defined in the dictionary as any
device for transmitting measurements of phygiteenomena such as temperature raaiation
to a distant recorder or observier practical termsthe TM system transmits the acquired data
from one point to another usually using a wireless data link.

An instrumentation system can be divided into eight major functionadygstbms as

shown inFigurel-1. The transmission system includes the signal source, signal conditioning/
processing, multiplexing and encoding, and transmission/recording of the Sigaakceiving

system includes the receiving antenna and receiver, demodulation, recording and playback
machines, demultiplexing, data processing, and display.

Signal Signal Mutliplex
Source > Cond > & Encode
Receive & ‘7 Transmit/
Demodulate Record
i X Process &
Demultiplex Display
» Record

Figurel-1. Sample Instrumentation System

ron

To deliver quality data, the system definition generally begins with the design of a quality
measurement system. The design and/or selection of the measurement devices are often the most
difficult/challenging tasks in the design of an instrumentation sysiée source signal may
exist in a variety of forms, such as electrical, mechanical, acoustical, and thermal. Since
measurement systems are designed to process electrical signals¢hectraral source
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information must be converted to an electrical form by using transducers. The transducer output
and other forms of electrical source information are converted to more standard output forms
using various types of signal conditioning equipment. Typicallyenioan one measurement is
required, and these are multiplexed prior to transmission or recording. Alttiearghare many
techniquesvailable, the most common are frequency domain and time domain multiplexing.
The multiplexed (composite) signal is theartsmitted to the processing station and/or recorded.

1.2  Typical Instrumentation System

A typical instrumentation system probably does not eRistause instrumentation
systems are generally unique and specialized, the instrumentation designer must tailor the design
to a unique set of requiremeniarely are two sets of requirements similar enough that the same
design can satisfy both, although it is common to make minor modificatiamsetasting design
to yield a system that meets a new set of requirem@otssequently, the discussion of a typical
instrumentation system is rather ditfl however a discussion of a notional instrumentation
system, such as that showrFigure1-2, is instructive and serves as a good introduction to the
major building blocks of modern instrumentation systems

Transducers | Power | DataDisplays
Time
] h 4
Multiplexing | Data
> System D Recording
Video L A
Data Bus | | Command & L Data
Interface Control Transmission

Figurel-2.  Notional Instrumentation System

The left side oFigurel-2 illustrates the types and sources of information typically
monitored and captured by an instrumentation system. In the last 20 years, the monitoring of
information on data buses has become increasingly important. Some examples are Military
Standard (MIL §D) 1553, Ethernet, Fibre Channel, and proprietary data buses and digital
interfaces. The ol d adage that #Aa picture is
instrumentation environment; consequently the acquisition of video images is a common
requirment. Transducers make up what is considered the traditional source of information
monitored by an instrumentation system. Some examples of measurements made using
transducers are loads, temperatures, accelerations, power, and positions. The mondatang of
buses, capturing of video images, and performing measurements with transducers, is of relatively
little value without knowing when the data or image was captured or when measurement was
made. As a result, one of the most critical inputs to the msintation system is time. Time is
used to identify when monitored events occurred (both relatively and absolutely). Without time,
knowing when events occurred and correlating events would be very difficult. Also, the system
designer must remember to pra¥igower to the measurement system.

1-2
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The data being monitored and measuseth aslata bus interfaceransducer outputs,
and time, arsent to the multiplexing systerhe multiplexing system takes the numerous data
inputs and multiplexes them in frequency or, more commonly, in fiime multiplexed data is
then suitable for transmission to a remote location or for recaorlirgggneral, the data sent to
the recorder will be in a different format than that sent to the transritteorders can either
have analog or digital data inpu¥hen transmitting data over a wireless link, two types of
transmitters currently exist; these are frequency modulation (FM) transmitters and those
transmitters based on quadrature modulation techniglleSM transmitters accept filtered
digital data (analog data) while the quadrature modulation transmitters accept digital data

Upon reception and/or demultiplexing, data may be sent to a data display fiomesal
viewing. The data display can take several formsludinga common computer monitor, strip
chart, environmentally harden&duid crystaldisplayfor use in extreme environments, to large
and complex missiooontrol roomsThe common purpose of the various forms of data display is
to present the data in an accurate and easily understood manner.

It is important to note the above discussion is a description of a notional instrumentation
systemMany of the details were intentionally left out in an attempt to give an overview of an
instrumentation systenthis handbook will expand upon the topics covered here and cover the
details glossed over in this overview section.

1.3  Signal Sources and Sensor Selection Criteria

Almost anything one can think of is a source for a measureiemperature, battery
voltage, vehicle speed, altitude, heart rate, wind speed, and rudder position are all examples of
sources of measurement sign&lsr most of these sources, a sensor (or transducer as they are
commonly called) must be used to convert physical energy into electrical efleeggiectrical
signals, whether it is current, voltage, or frequency are proportional to the physical energy they
monitor. Serial information and MIESTD-1553 data bus information can also be considered
signal sources

Selecting the right sensors from among the wide variety of sensors available on the
market today depends on the particular need for the parameter being megsiaredselecting
the sensor, the instrumentation engineer should address the following questions for each
measurement task:

a. Type Is there a transducer that measures your physical phenomenon?
b. RangeWhat are the maximum and minimum values expected to be measured?

c. Sensitivity Is the ability to discriminate small changes in the measured quantity sensitive
enough?

d. Accuracy How close is the sensor to the actual value?

e. RepeatabilityWhat is the abilityof the sensor to reproduce an output given the same
input?

f. ResolutionWhat is the smallest signal increment that can be detected?

g. Response TimeéHow fast (a value of time or frequency) can the sensor react to a
stimulus?
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h. Cost What is the value for the amount paid while still meeting requirements?
i. System Integratiaris the output compatible with inputs to your data collection system?

j. Special NeedsAre there special mounting requirements, hazardous emeents, or
other special needs?

Initial planning should include a review all the above questions to determine which ones
areapplicable, and to identify the relative importance of some over off@mrexample, speed
and accuracy usually come with a price, so knowing what is needed can help keep costs to a
minimum Special operating parameters and conditions may also dramatically increase costs, so
determining how parameters are to be measured, in addition to what is to be measured, should be
considered in the initial plaifhe final determination of measurement requirements is usually a
compromise of several parameters to fithivi a specified budgeknowing the exact measuring
requirements is critically important to the selection of the correct sensors

This handbook covers the most common types of signal sources and will provide
advice/assistance in the selection process for the proper transdu@enis)on pitfalls and a
discussion of a transducer data sheet will be discussed

1.4  Signal Conditioning

Signal conditioning is the modification of a signal from a signal source to some final
form. Modification steps can include amplification, filtering, sampling, digitization, data
compression, digital formatting, modulation, correction factors, and convef$isnhandbook
will address signal conditioning for test instrumentation systems and use the definition that
signal conditioning is any signal conversion between the signal source and the data capturing
system An example would be adding gain and offigea resistiveemperature device (RTD)
before it is timesampled Another example would be the capturing of a data word in & MIL
STD-1553 message stream and adding a time stamp before it is placed in a pulse code
modulation (PCM) stream.

Signal conditioning can be categorized as either analog or digitalog signal
conditioning can consist of amplification, attenuation, filtering, zero shifting, and compensation
Digital signal conditioning consists of converting a digital signal into another digital form for
data capture, transmission, or recordidgyital signal conditioning can be as simple as parallel
to serial conversion or as involved as MBI D-1553 data captur&he instrumentation engineer
needs a thorough understanding of katalog and digital signal conditioning in order to
perform his/her job effectivelyBoth types of signal conditioning will be explained in this
handbook

15 Data Collection andPulse Code ModulationFormats

In an instrumentation environment, data collection is the process of gathering all the
necessary information from a set of sensors (such as transdwweensunications buses, etc.)
and putting the information into an organized forniéte newly formatted information can then
be used by a data analyst to evaluate the performance of a system or event beifitheested
system being tested could be as large as an aircraft, and the event could be as small as a chemical
reaction There are many data collection systems avaijapld choosing one depends upon
many criteriasuch as accuracy, cost, data rates, test environment, and space requirements

1-4
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ThePCM formats, referred herein simply as formats, identify the manner in which data is
organized and/or provided by an instrumentation sysB&Emause formats may be recorded or
transmitted for data analysis, the format of a data collection system must be programmed into the
data collection system as well as provided to the data reduction anafyetseceiving the data
requirements list from the project team, the instrumentation engineer needs to create a format in
which all data is sampled at a highough rate to prevent loss of informatiBuos data should
be acquired at a rate just above the bus dataAatdog data should be sampled at different
rates depending on the type of data; for example, vibration data will generally be sampled at a
higher rate than temperature dathen the format has been created, it is then programmed into
the data collection system for testif@llowing satisfactory completion of testing, the format is
provided to the data reduction analysts

1.6 Calibration

The purpose of a measurement system is to accurately measure the state of the unit under
test Measurements are accomplished by using a transducer to convert energy from some given
form (such as force, displacement, or acceleration measurements) to an electrical signal that is
conditioned for input to a data collection devitbe transducer usually comes with a transfer
(function) characteristic or sensitivityhe signal conditioner can be set up to receive a signal
with a known input type and range awodcbnvert that signal to a standard required by the data
collection unit Using information provided by the manufacturers of transducers and signal
conditioners, an output could be calculated based on specific inputs.

If a transfer function of the system can be calculated, then the need for calibration might
be challengedThe response is that the need to calibrate is based on the requirements for data
accuracyBecause data accuracy is directly proportional to data acquisition cost, most system
designers try to make the most of the system they have by applying known values to the unit
under test (under specified conditions) and recording the reBhéiee are two types of
calibrations as described below:

a. Unit calibrationsUnit calibrations are done on each piece of equipment to verify they
perform as the transfer function descridéthe results deviate from the transfer
function, a new transfer function may be defined for that unit; in some cases, the device
may be reset to conform to the original transfer function.

b. System calibrationdviany instrumentation engineers stop the calibration process after
performing unit calibrations because the transfer functions have been véaiifeed
transfer functions can then be combined mathematically with stated signal conditioner
characteristics, thereby providing a good idea of what the data will logkbkeever by
performing a system calibration, the system characteristics can be quaSi&ezn
calibrations -toreadal £alThep bréagedoofadss the
system is installed in the test vehiddecalibration source is used to stimulate the
transducer, and if use of a calibration source is not practical, a simulator is used to
stimulate the transducerhe system designer monitors the signal entering the data
collection unit to ensure the calculated value matches the actual system transfer.function
Since the system calibration is performed with the same measurement system (including
wiring, connectors, routing, etc) as will be used during thertemty potential problems
such as phasing and wiring errazan be identified corrected early in the process.
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1.7 Telemetering

The TMmethodis usedor sending information from one place to anotlie@amples of
this method are cable modems, Ethernet, and evenfpeaaint serial communications the
world of instrumentation, a TM system deals with the transmission of test data to some receiving
station The transmission method medium can be air or wire depending on the appli€ation
this handbook, the system shall be defined as everything required to convert data from baseband
to RF and back agaiithe TM actions include nuulation of the baseband data (information
signal), transmission, acquiring, receiviagd demodulation of the signal back into its original
baseband foroOn the test platform side, tAé system includes the information signal, any
required encryption or pmmodulation filtering,TM transmitter, power splitter, and antenna(s)
On the receiving side, theM system includes the reception anteniid, receiver, demodulator,
decrypte, and bit synchronizgreferred to as bit sync)

Modulation is the process of attaching information to a carrier wave that involves the
variation of one of the carridrequency characteristic§raditional systems have used the
method ofcontinuousphasefrequencyshift keying (CPFSK), more commonly referred to as
PCM/FM, to attach the information to the RF carrfamother method utilizes a variation of
guadraturephaseshift keying (QPSK) modulation techniques, which reduces the transmitted
spectrumThe QPSK technique is mainly used in applicatiogsireng higher bit rates.

Many parameters must be considered when designing or analyzing the performance of a
TM link. These parameters include the following:

a. link margin

error probability
pre-modulation filtering
transmitter deviation

antenna location and patterns

-~ ® 20T

power split between antennas
data rate

= Q

antennatracking loops

receiver setp.

Although this handbook does not address all of the above parameters, it will familiarize
youwith some of them and how they affectldl system.

The discussions in the following chapters address each of the TM subsystems, common
design practices, and related pitfalisxamples of typical systems will be presented to kielp
understand how &M system is assembled and functions.

1.8 Recording

The majority of instrumentation systems include some type of recording device to
analyze data after the completion of a.t8&ny types of recorders collect video and data
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information Determining which recorder will be used is normally determined from the required
testing, space availability, power requirements, cost, and supportability.

Determining the requirements for the recording device is an important step in selecting
the correct type and unit for the instrumentation sysWhen selecting a recording device for
an instrumentation system, the following issues must be taken into account:

a. recording time

b. data rate

number of data streams
space availability
environmental conditions

~ ® o o0

availability of funds
playback capabilities of the customer

Q@

This handbook addresses the current types of recording devices and gives the advantages
and disadvantages of each type
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CHAPTER 2

Typical Instrumentation System (broad overview)

2.1  Typical Vehicular System

Though a typicainstrumentation system may not exist, this chapter gives a broad
overview on what constitutes a vehicular and laboratory sy3teenpurpose of this chapter is to
provide an example of the design of a typical instrumentation syAtepreviously described in
Sectionl.2 of the introduction section, a typical instrumentation system is composed of several
elementsReviewFigure1-2 for a description of aational instrumentation system

When a new test is in the planning stages, it is common to have at least a few meetings or
teleconferences before testing begiftse number of meetings and how soon they are held is
usually dictated by the scope and complexity of the Basting the meetings, topics such as time
schedule, test plans, range support, and system operation will be distussehstrumentation
engineer is able to attend the meetings or be given copies of the minutes, then he will be better
able to design and implement iastrumentation system to acquire the necessary data to meet the
test requirement®\ll ranges have at least some of the components that make up the typical
instrumentation systerkarly planning will provide the instrumentation engineer with enough
preparation time to acquire assets the range does not typically have.

The instrumentation engineer needs to know the answers to several key questions as soon
as possible because early planning is the key to the successful deployment of an instrumentation
system Sometimes educatigexperience, and commonsefisse uggest 0 t he ri ght
guestions such as:

a. What measurementseadesired and how often (i.eample rat&)Many times, the
answer may not be known by the program manager or even the lead test engineer

b. How soon does the data need to be available to the cu&tbeeending on the scope of
the test, the data might be needed intiead (immediately), postest (perhaps within a
day), or much later as with a final report (several days to weeks)

Can vehicle power be used for instrumentation purffoses
Where can the instrumentation be moufited
How much space iavailable&

=~ o o o0

Is there a weight limitatidh
In what type of environment will the instrumentation and transducers be e2posed

= Q

Will access to the test item be provided prior to test in order to take measurements, make
drawings, acquire sample data, @tc.

Are interface control documenfiCDs) available pertaining to the test item electronic
systems, in particular any describing datise® These two questions are particularly
important since londead itemgssuch as mechanical fixtures and instrumentation cables
may need to be fabricated addition, if there are any davaseson the test item, we

need to make sure our instrumentation system can interface toTthsnrmay require
some long lead times if new hardware and/or software must be designedpaadired.
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j. Are there any communications systems that will be used on the te8t item
k. Can an instrumentation antenna be mounted on the test item?
I. Is there a redime requirement for system control?

2.1.1 Hypotheticalsystem design

For our example design, we will assume that you were invited to a test planning meeting
to discuss the test roBayaral topeEuescussad durifg thie meeting i t e m
are outlined in the following subparagraphs.

2.1.2 Measurements
The following measurements were noted as desired for the test:

. engine air intake temperatyre
. test item speed (will be available from a system datg bus)

a
b
c. testitem main power supply voltage, #&8ts direct current\(DC);
d. test item vertical acceleration

3

2.1 Video camera output
We also learned that the system has a sighting system with a standbr@ Ri&tional
TelevisionStandards Committe®&TSC) camera installedThe video camera output must be

recorded during the testnd the output will be available from a test jack for this purpose.

2.1.4 |Initial questions
After asking the questions Bubsectior2.1, we were given the following answers and
information.

a. Power Yes, +28VDC vehicle power can be used for instrumentation purpossdong
as it 6s.Reasanable is abvibusly a relative tetmthe context of a classical
voltmeter, we want the instrumentation system to influence or affect the test item to a
minimum So if the test item has several auxiliary power outlets, rated at various load
capacities, it is probably fine to attach to one of them suited for the current required by
the instrumentation systei®n the other hand, if thtest item powebudget is tightind
there is little power to spare, then batteries or some other auxiliary power source may
need to be used to supply part or all of the power required for the instrumentation system.

b. StorageA storage area (approximatelyfe®t ft) x 2 ft x 1 ft) inside the test item can be
used for instrumentation mounting purpod&'® will need to assemble our
instrumentation system components on a bench (or use a three dimensional
representation) to make sure this space is adedtidtis not, can some of the items be
possibly repackaged or combin@Will there be enough air space around the
components for heat dissipatidbAre heat sinks requiréds there any airflow between
our compartmentral the rest of the test itérwVill we need to think of some auxiliary
airflow, perhaps a fahis there enough space for connectors and cables to be?@uted
we need to provide shock mounts for our instrumentation system?

c. Storage weightThe storage weight is not to exceedp@inds (Ibs)We will need to
weigh our instrumentation system components and make sure the total weight does not
exceed 30 lhdf we do exceed 30 Ibs., can the instrumentation enclosures be made of
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lighter weight materials, like aluminum instead of s2étigh-impact plastic instead of
aluminum?

d. Monitoring and displayA parameter thateedto be monitored in redime for test
safety purposeis speedReattime display of the other parameters is not critigdla
minimum, we will need to provide a rei@ine dedicated channel to display the spefed
thetestiteml f t he RF channel bandwi dth permits,
data, even though it will be at a muaduced rate for visual check (perhaps around 2
hertz Hz]). Display can be accomplished via a dedic&®€&M/FM TM package, through
a serial RFmodem, or possibly through an 802.11x wireless Ethernet transcEineer
method of RF connectivityaries depending on the capability of the instrumentation
system and the ground station infrastructure of the test cEntetlesting of aeronautical
systems, telemetered data utiliziRGM/FM methods is preferred.

e. DatarecordingAnRF connectivity, spectrum avail abi
are all factors that need to be considered for data recokfie@lso need to decide if we
need to record all of the data immediately on the ground or if we can record the-data on
board and just transmit twaahéstaemdi@dgr o on &
used here as a relative term and generally refers to the place where the data is received,
viewed, and possibly archived.

The data needs to be recorded at H20When a statement like this is made, people
generally mean that they want to be able to look at dat#stpegsented at a rate of 500

Hz (i.e., every 2milliseconds [ms) With a knowledge of sampling thegmye know this
means weol | have to sample the ae¢tizzandl er omet
probably should consider 200 or even higher, especially if peak acceleration or
spectral information is of interedt only peak information is requiretje will then

employ a Butterworth lovpass filter in our signal conditioner and set it to 520Now,

we also know (or will be told by the local senior technician rather sternly) that recording
the engine intake temperature at $00is ludicrous Except for special circumstances,
temperature is among the least dynamic of all measurements of concern to the
instrumentation enginedf our instrumentation system will accommodate different
sample rates (also sometimes called scan rates or scan groups)dataochannels (and
most will) we will record this temperature atz. If using a PCM encoder, this can be
accomplished with subframes or supercommutation of particular data. WaesdRange
Instrumentation GroudRIG) StandardL06* should be consulted for issues pertaining to
the format and structure of PCM data.

f. Data turnaroundime. All recorded data should be available to the customer within a
week of when it was originally acquiréd/e need to ensure that the data collection
process within our organization can accommodate Hapefully, some of our
instrumentation already has some smarts+milsuch as limit checking, eta time to
quality-check of the data needs to be performed before releasing it to the customer
Hopefully, the qualitycheck will have already been accomplished to some extent by
viewing ©me of the data in reime. Posttest processing to include wijabint (invalid
samples) editing and statistical data validation prior to-dasang should finalize the

4 Range Commanders Coundikelemetry Standard$RIG Standard 10@0. July 2020. May be superseded by
update. Retrieved 10 February 2022. Availabletggs://www.trmc.osd.mil/wiki/x/EoPORg
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guality-check A successful qualitgheck will occur if we plan carefully, calibrate
properly, and encounter any anomalies.

g. Monitoring speedAn ICD is available from the system contractor (who built the test
item) for your useThe test item speed from the vehicle data bus is described in the ICD
along with a test jack where we can monitorgigmal The vehicle data bus is omgth
whichwe are familiar and have interface cards that we can use with our instrumentation
system Since the data bus has inherently digital data, there is no signal conditipging
se,required Instead, the instrumentation system interface carthfe type of data bus
will allow us to monitor (listen to) the data bus and read onlp#rameter we are
interestedn speedAttention must be paid to proper cable and termination impedance as
required

Isolated, transformer coupled bus stubs will sometimes be provided for monitoring
purposes, but notalwayd/e o bvi ously dondét want to disru
monitor. This could have serious implications to both the instrumentation system but

more importantly the item under test.

h. Recording data bus traffi¢here are situations where the complete data bus fraffic
including overhead bits and byt@sust be recorded in its entirety for possible
reconstruction during pogirocessingChapter 8JRIG Standard 10@escibes the
complete capture of data from a MBTD-1553B bus typeThe test requirements will
dictate to what extent the bus traffic is captured.

i. System voltageThe system voltage at the test jack is a direct, unfiltered sigmall
need to be attenuated prior to sampling with our ar@aligital converteADC).
Currently,most ADCson the market are sap for +10 volt(V) input, with 12bit
resolutionTher ef ore, weo6ll need about aVvV3:1 atte
signal to work with ouADC. A 4:1 attenuator may be a better choice to accommodate
any slight overvoltage or transient conditionbBe attenuation is accomplished within our
signal conditioner via a resistor voltage dividRemember theampling criteria when
setting the filters and sampling the voltage.

The test jack connector part number is supplied along with a connectoutdumnctional
descriptionWe can see if these connectors are ones normally stocked by our local supply
room If not, then we need to get these on ortfea national stock number (NSN) is

noted for the connectors, they can be ordered through the government supply I§ystem

no NSN is available, then these connectors will need to be procured from a commercial
vendor Sometimes these can be ldiegdtime items and quite expensjysur local
electronics store will not have these on the shelf

2.1.5 Additional questions
After we initially learn of what measurements are desired for the test, there are still a few
more issues that we need to resolve, such as:

a. What range of temperatures is expeetdte may be able to answer this one ourselves; if
the test will occur at our own test center, we would be familiar with the local climate and
the normal temperature range for specific times of the year.
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b. Letds assume the test item will thee operate
continentalUS in the summertimeA temperature range of 46 to 120°F should cover
the expected rang®ur instrumentation system has interface cards to accommodate K
and Ftype thermocouple or t hi s rather | ow temyeratur e
thermocouple.

c. What is the expected range of vertical acceler&fidns is usually expressed gforces,
referringtoEar t hos gr avi t eohstao(g)af B2featpear setoad (fasf9i8 o n
meterdm] per secont). We aregiva an answer odé dVheavericar e t ha
acceleration of a test item as a whole body is to be measheatieasuremeig usually
done at or as close as possible to the center of gravity (CG) of thé.uekiy, the test
item CG is located within the area approved for us to mount our instrumentation.

For the vertical acceleration channel, we will use a piezoresistive or vacegideitance
type accelerometer from our supply room, rated gydla x i mum, wi th a #Afl at o
response out to >504z.

The piezoresistive or variabt@apacitanceype accelerometer will give usrect current
(DC) response (easy field checkout using earth g flip test) and enough headroom to
accommodate the  maximum stated at the previous meetivMg will need to get the
calibration sheet for the unit to agi the gain and calibration resistors properly within our signal
conditioner The calibration sheet should have a frequency response plot, a sensitivity value
expressed imV per g, and at least one resistor vahat, when placed across two of the output
pins of the accelerometer, will simulate a particular g leMak resistor value can be used in our
signal conditioner during our own instrumentation calibration procedure prior to test to check our
gain setting and establish oMDC sensitivity and offsetvalugs . e. , ADEés® upér and gbo
respectively. These terms are also sometimes referred to as scale factffsaidn
mathematical terms, these are the slope ainteycept of a lineWe are dealing with a linear
transducer and instrumentation system at this paihat follows is a procedure for the agt
and initial calibration of our typical instrumentation system for this chaiihed procedure in
general can be followed for setting up any analog transducer channel.

Letdbs assume for this example thamVigur acc
Recall that ouADC has arange of +10. Al so, | et 6s assume that our
binary(BNR)gainstepgi . e. , 1, 2, )4Thisi8 g fairy Gommadh Rituatiagh2 0 4 8
Unless you want to build custom instrumentation amplifiers for each channel, you will have a
discrete number of gain choiceand filter choices for that mattefrom whichto chooself we
do the math, we can see that the largeist wa can use and not risk clipping would be 64.

150 mV (peak output @ 10g) X 64 =9.6V Eqgn. 21

If we assume for a moment that ADC is perfect over the entire ranged that we are
setup for a 26s c¢ompl 2OdBecaunts/IdVu-2@ .8 tountsd, whicat , t hen
means for a 9.¥ input we should see: 9\ * 204.8 counts/V = 1966 counts

We donét really care t o s eeagineeangunitssscalet s, s o
factor as follows:
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10g /1966 counts =0.0051g/ count Egn. 22

This is our theoreticadDC resolution in terms of engineering units for this channel.

We are off to a g¢goodABCresalutionis fairty dccurate we 6r e |
however theADC is probably not exactly 204.8 countsthe gain is not exactly 64, and the
output from the signal conditioner may not be exactly O volts when there is no accel&wation
what do we d@This is where the cérationresistor comes into plan the cabrationsheet,
the resistor value will be shown representing a particular g level when placed across two pins of
the accelerometerhis may be an actual shunt resistor placed across one leg of a Wheatstone
bridge, or it may be part of an internal circuitloe accelerometer designed specifically for
calibration In either case, we can place this value, using a precision resistor, into our signal
conditioner If the accelerometer is a Wheatstone britdgee device, the bridgehouldbe
balancedhrough thesignal conditioner.

In the past 5 years or so, many signal conditioners incorporate auto balance circuits for
such purposesn either case, the end result is that with zero acceleration, we ideally want to see
zerog displayed Anything other than that will be treated as an off§hts is akin to the y
intercept of a lineThis goes hand in hand with the scale factor we came up with elddier if
we place the resistor across the specified leads of the accelerometer we should see a simulated g
level according to our chrationsheetFor t hi s exampl e, chlibratibns say a
sheet, it is a 50k resistor and it simulates arndésel When we command our signal conditioner
to make this connection, we see @&isplayed If we go back to displaying radDC counts,
we can adjust our scaling factor accordingly to obtagno® our displayWe see 1471 raw
counts Re-scalingyields 8 g1471 = 0.00544 /gount.

Now when we simulate §, we indeed get very close t@8f we now switch our signal
conditioner back to normal operating mode, with the accelerometer at rest, we should gee zero
displayed If not, we can try réalancing, or live with it, and take it into account as an off§et
have now essentially completed a tpwint calibration of our instrumentation system for this
channel using zero g and a simulategl&s our two pointsNVe could also refine our calibration
further by adding a few more caldiion points by either adding one or more calibration
resistors, and/or conductingasimplgl f | i p check by The8igchegkwdlar t hds
only work for accelerometers that have a DC respokise note that the sensitivity will
probably be a little higher at DC than out on the cuBleeck the calibration frequency response
curve for this datarhe majority of transducers that the instrumentation engineer will use do
have a linear respong@ne of the exceptions is the thermocouple.

The T-type thermocouple we have chosen to measure the engine intake air temperature
has a no#inear voltage/temperature respongeermocouples are dealt with in detail in the
Signal Sources section of this documéhtffice it to say that thermocouples have a very low
output level and are ndimear in natureTo account for this, there are specialized thermocouple
signal conditioner modules developed for the vast majority of instrumentation systems available
These modules provide gain, filtering, andh&bimes even linearization prior to tA®C.

There are different modules for the different types of thermocouples and usually several
choices of gain to accommodate various temperature rangewill choose a gain that will
provide a range to cover our 4B to 120°F measurement requiremelieep in mind that there
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probably will not be a gain setting available to exactly match this rdimjgis true for just

about every analog channel we have to setfugur thermocouple conditioner module does not
provide a linearized output, then our engineering unit scaling factors will be comprised of a
series of coefficients, usually 5 to 7 in total, to satisfy thelim@ar function These are
standardized for each type of thermocouple and are readily available.

The instrumentation engineer must choose what is available (or design and/or procure
something new) to best fit the situatidhh e gai n choi ce should provid
the case of an unexpected (but possibly very important) out of range vaduever the tradeoff
is resolution There is no hard and fast rule heg@eganizations tend to develop their own rules of
thumb over timeGenerally, allowing for 20 50% above expected values is typidalwe
exceed the limits of oukDC (in this example +1%) then we willclip the signal and oukDC
output would be saturated at its limit (204741@ 048 counts respectively,
output format; 4095 or O counts respectively, for an oB$&R output format)

To record the video from the test item sig
onboard the test item or telemeter the video wiltivatransmitter We may also have access to
a digital video device, in which we can use a trigger event to capture only a segment of video
about a specific test eveir either case, since the video will be used with the rest of the data
webre recording, weoll want t o.lesI®IGtimeme i nf or
source is available from our instrumentatsystem, we can either insert this into the video
directly, or record it on one of the audio soundtracks for conversion later at plailvaal be
that we use &lobal Positioning SystenGP9 time receiver and use this as our master clock
This will give us synchronization across many test itérhss is particularly useful when
multiple, independent test items are interacting during a given test

Note in the diagram shown for our typical instrumentation system example that there are
several places where arrows point both wayss is because it is becoming more common that
an instrumentation system is networked, and information does not just flow one dir@ction
RF link may not just provide the data we need to view and/or record itimeabut also allows
us to command and control the signal conditioner and the multiplexer configuratitresfiyn
A networked instrumentation system provides most flexibility in this regard

Figure2-1 depicts what we assembled to accomplish this simulated requirement.
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2.2  Typical Laboratory System

Successful testing in a laboratory environment will continue to be a challenge to the
instrumentation enginegduccess depends on adequate technical expertisepfstaeeart
instrumentation, control processes, data acquisition, facilities, and capabilities to plan, conduct,
analyze and report results of developmental, operational, prodycimhevaluation testing of a
wide variety of materialThere is also the requirement to create, as closely as possible, a realistic
situation while simultaneously causing external changes in conditions in order to observe the
responses of the system

2.2.1 Application requirements

Current and new technology has provided the instrumentation engineer with a proven
way of transforming the way test data is collected, displayed, procesgeceported in a
laboratory environmeniNew technologies in communications, process control, test production,
graphical displaysand data acquisition have enabled test data and reports to be collected,
processedand disseminated intanelier manner and with increased assurances of the produced
data These new technologies have also provided thewagle the capability to monitor and
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disseminate this test datargaltime through advancements in the Internet, Intraaed through
the continuing evolution of the wireless Ethernet.

2.2.2 QOperational requirements

Current chemical, biologicgand other laboratory test mission requirements dictate the
real need for testing a wide variety of material to be used by both the Armed Services and
civilian authorities in as near or actual environment as is pos3ihie requires the use of
certified laboratory and chamber infrastructures specifically developed for this type.testing
Procesdogic controllers graphicaluserinterface (GUl)anddataacquisition for these chambers
and laboratories and the test processes is achieved in most cases by utiliziofgtistedet, off-
the-shelf technology already developed and widely used by private industry in ackesrotal
processing, nuclear and fossil feédctrical generating plantand theoil and petroleum
industries A supervisorycontrol anddataacquisition (SCADA) system incorporates new
technological advancements in software control and data acquibiéitaiso utilizes Process
Logic Contol technology These same systems are designed to integrate with advanced
hardware specially designed to mate and communidgtea wide varieg of instrumentation
i nc | umartmagsduter® Because many tests in the laboratory arena are not strictly
Department of Defens®(D)-sponsored, a greater amount of flexibility is required in the data
acquisition, displayand process control method.

2.2.3 Supervisory control and data acquisitr@guirements

The SCADA systems used to perform this type of testing must befarigtion
humanmachineinterface SCADA package capable of industrial process monitoring and control
applications and it must be an event driven system based otogesser client/server
technology This means that individual functions are divided into two subsystems, servers (data
acquisition, data generatiggnd data storage) and clients (data display and presentaanyn)
number of clients and servers can operate independentlyrantiasieously on the same
computer or on several computers linked by a-sigbed networkrhe SCADA systems have
built-in drivers that offer several different types of interfaces to connect teghrtyg
input/output [/O) systems such as OPTZ2, Allen Bradley andMoore Clients also use Active
X controls andDynamic Data Echangeo link data to and from other applicatioi$iey can be
designed for both smaland largescale process monitoring and logic control scheinesistry
SCADA systems are ideal for applications that require several GUI screens and remote terminals
(RTs)for monitoring andnanimachine interfacing.

2.2.4  Software and hardware architecture

Current technologies, both software and hardware, offer a wide range of capabilities and
future technology will greatly increase these capabilities, thereby expandimgthugnentation
engineer6s ability t oDdDandCtiviliemmaterialRrésencandfutueent and
test requirements dictate SCADA systems be capable of comgrtdst environment parameters
such as pressure, temperature, humidity, airflow, motor control, valve control, fluid Ewbls
agent disseminatiomhese same@GADA systems at the same time must provide the capability
to perform complex algorithm formulas and math functions, while simultaneously collecting,
processing, displayin@nd archiving large amounts of test information over extended periods of
time. These SCADA systems often require the ability to manage and collect information from an
excess of 300 instruments/sensors with a processed output in excess of 500 channels of
information In addition, test parameters may dictate other instrumentation, seekdss
instrument control, optical alignment/positioning, higdeed (snapshot) data collection, and
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initiating third party programming routineBhe total instrumentation package also must have
the ability to change program definitions, add or delete instruments, add or delete and modify
channel informatiopand modify test control parameters, all with little or no lead time and
causing no effect to the laboratory or chamber environments.

2.2.5 Components and usability

Present testing standards require Ethernet compatibility with data transfer,
communications, and operability from remote test stati@eattime data monitoring and
viewing large test infrastructure processes with a process controller requiring little or no human
interface for precise control of environmental parameters is also a high pritwetysCADA
system must also provide precise data acquisition for desired data points, the capability of either
remote operability via Ethernet and/or a statwhe @pability, electronic data transfer, data
processing, a data archival ability, security programmability, and communications with a wide
variety of industry standard instrumentation.

System components would include the components listed bEkxi of the components
should be able to be upgraded independently of each other without affecting the other
components as new technologies are developed.

a. Pentiun® desktop or laptop computers with Ethernet capability
b. industrystandard SCADA software

c. industrystandard hardware platforms with standaransmission Control
Protocol/Internet Protocalommunications protocols

d. industrystandard instrumentation

In addition, current and future field laboratory testing standards will require the use of
wireless Ethernetvhich allows reatime monitoring and process control from remote locations,
electronic data transfer, and the ability to merge variatsacquisition systems into a central
command location the same a®eal area networkl(AN). This all allows for tighter control of
the test proces3 hesedataacquisition systems includeeteorological information systems,
video andaudio data collection systes, GPStiming, time, space, and position informatjand
any status information or data channel information contained within the SCADA system.

These SCADA systems, along with their associated hardware and architecture also must
have the added benefit of being reusable for future te€dingce installed, these systems must
have the capability to be easily modified to accommodate the multitude of different test
requirements, parameters, instrumentation, and test deViueg must also be easily relocated
from one test site to another, be installed in a relatively short time panddake up a
minimum of spaceThese enablthe greatest of cosffieiency and use of test resources.

2.2.6 Templates anthdirecttags

Industry SCADA packages are required to have graphical objects that can be used over
and over in an application or copied to another applicaibanging the links in a cell needs to
be fast and very easi addition to smaller graphical objects, entire windows can be used for
multiple purposes by using scripting and indirect thgshe case of an environmental control
for examplepne window can be created and used @®portionatlintegratderivative ID)
tuning window for all the different PID I@s with another window for data monitoring only
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2.2.7 Scripting
In industrystandard SCADA systems, scripting is a powerful tool and is used for

performing calculations or logic functiorfScripting gives more functionality with one button
than just standard linkScripting provides the user withuch more functionality with recipes,
alarms, redundancy, et8ecurity features can also be programmed with scripting.

2.2.8 Communications

In most strictly data acquisition systems, clattkyen communications are uséthese
clock-driven communications tie ugentralprocessingunit (CPU) resources when the display is
in use Multiple display clients read the same data from the CPU multiple times, which further
burdens the system and the controller.

Industry-standard SCAB package drivers are interrugtiven and do not use as much of
the CPU time for communicatiorBy configuring one CPU as a data server, data is read from
the controller more efficiently than most other types of data acquisition systems.

2.2.9 Redundant displays
In a properly configured SCADA systemitkvscripting the user has complete control
over the behavior of redundant stations.

2.2.10 Historical trend data

Within industry SCADA packages, historical trending is accomplished very efficiently,
with smaller files and with little or no loading of the CPIthis efficiency is a prime reason for
the development of the SCADA system by private industry.

2.2.11 Recipes

The SCADA packages have tools and utilities built for creating and using reGipes
recipes are in a comnseparated variable fibatcan be easily edited using ExcEhe SCADA
package recipe files are easier to create and manage than the standard data acquisition systems
With the SCADA package scripting ability, there is a greater control over recipe functionality.

2.2.12 Alarming
The SCADA systen@alarms are generated from data in the database and do not cause an

increase in communications to the CPU or controllBere isgreateralarm functionality in
SCADA packages, more that can be done to display and report the, @achseripting can
access alarm information, so actions can be performed on alarm conditiazns especially
important where testing can cause-tifieeatening situations.
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CHAPTER 3

Signal Sources

3.1 The Starting Point

The initial point in an instrumentation system is usually the signal to be meaBied
signal can be from a transducer, a voltage, a currenf l@csection will introduce a few
common types of signal sources found in both vehicular and laboratory instrumentation.systems

3.2  Strain Gages

Experimental stress analysis has been employed in the development of practically every
mechanical assembly since about 19#s is due to the advent of the bonded wire strain.gage
Today, the vast majority of strain gages are constructed from etched metal(Bafpéls can also
be constructed from doped semiconductor matefi&lsse produce a relatively large output
signal;however they are also sensitive to temperature chalmgasy case, the strain gage is
used to measure mechanical strain from Wwimechanical stress can be calculabe@ddition,
strain gages can be applied in configurations to measure load, torque, pressure, and vibration
This section will act as an introduction to the typical uses and configurations of strain gages that
the instrumentation engineer is likely to encounter and use in the testing of various mechanical
structuresSeveral excellent texts and veities exist with more wdepth coveragélhese are
listedin Appendix A A discussion on the types of stresses and their relationship to strain
follows.

3.2.1 Strain and stress
Strain is the amount of linear deformation of a body in a given direction divided by the
original length in that direction due to an applied force as shoWwigine 31.

Strain=l = L/DL

Figure3-1.  Stress and Strain

Thus, as defined, strain has units of inch/inch, which is mathematically dimensionless
however to maintain the physical significance of strain, thés are written, albeit in a slightly
different fashionFor most metals, the strains measured will be less than about 0.005 inch/inch
Since these values are quite small, they are usually expressed irstragnaor  x10P.

Therefore, 0.005 inch/inch is usually written as 5600 Strain values may be tensile (positive)
or compressive (negative).

As discussed to this point, strain is the fractional change in length and is directly
measurableStrain of this type is also referred to as normal stramother type of strain is
shearing strainfShearing strain is most easily visualized by applying a force to the topside of a
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book laying on a countertop and observing the net change in the position of the top edge with
respect to the bottom edge of the bo&d& shown inFigure 32, theshearing straigis defined

as the angular change in radians between the two line segments that were orthogonat in the un
deformed stateSince this angle is very small for most metals, the tangent of the angle
approximates the shearing strain

F -

Figure3-2.  Shearing Strain

As a material is strained along one axis, another occurs trarigvéise result is that for
a tensile (or compressive) forttetstrains one dimension, the corresponding transverse strain
reduces (or increases) the girth of the material in propoifiois phenomenon is known as
Poisson straifFigure 33). Interestingly, there is no stress associated with Poisson. §thasén
will be explained shortly.

F <+ Dl F
b ‘
Dimensions prior to strain, (LxD) Dimensions after strain, (L+AL x D-AD)

Longitudinal strain= ;= AL /L Transverse or Poisson strain= e, = AD /D

Figure3-3.  Poisson Strain

The amount of this contraction (or expansion) is a basic property of the material being
strained, and is known as the Poisson naiexpressed as=T11 t/ [ 1). The value fon s in
the neighborhood of 0.3 for most metals and is dimensianless

Stress is the term used to compare the loading applied to a material with its inherent
ability to carry that loadSince it is usually desirable to keep parts as small and light as possible,
they should be designed to withstand stress in service to the highest permissible level without
permanent deformatiofror most applications, this would be just short of the yield point of the
material also known as the proportional limit, where further strain will result in a permanent
deformation (or strain) in the raial.

The stressstrain relationship of most metals is showirigure 34. The linear portion
described by Hookeb6s Law is the desired servi
the modulus of elasticity (also known as Youn
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Figure3-4.  StressStrain Relationship

The equation for the linear portionds= E xi where E is the modulus of elasticity for
the material and is stressk ands are usually expressed in units of pounds per square inch
(psi). Most metals have E values in the range of 10,000 to 3@&iONormal stress is defined as
the force per unit area sr= F/A. Normal stress is perpendicular to the crssstional plane of
the material and is tensile (sEgure 35). No stress exists in the orthogonal direction since
there is no force component in that directiOmly Poisson strain exists in that direction

Y
A
—>
—»
F 4— —» X ——» F
—>
—>

Area (A)
o=F/A
Figure3-5.  Normal Stress

Shearstress is a direct result of shear stréfinere normal stress is perpendicular to the
plane of interest, shear stress is parallel and is represented by the symbol

In Figure 36, the plane of interest is no longer perpendicular to the direction of the
applied forceTherefore, the applied force can be broken down into vector components,with F
being normal to the plane of interest antdéing parallel to itThe plane of interest has a cross
sectional area of pand has both normal and shear stresses apphedstress values are:

o =Ful Aandr =Fil A' Eqn. 31
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Figure3-6.  Shearing Stress

It should be noted that tHerce was broken down into vector components, not the
stresses, and that the resulting stresses are a function of the orientation of theteetees
and strains have both magnitude and direction, but are not vectors and hence do not follow the
laws of vector additiorStresses are not directly measurable, but are derived quantities computed
from measurable strains and known intrinsic properties of the material under stress.

The stresses discussed to this point have been the result of uniaxial applied force and
could be computed using standard statics equations (equations of statics) without the need of
measuring strairin the real world, most stresses are biaxial in nakwghermore, the
directions of the applied forces and the resultant stresses are usually unkhewimple
relationship of Hookeds | aw no | onger .applies
Another set of equations must be developed totifydhese stresset the previous stress
strain diagrams, the-x axes are also th@inciple axes Theprincipleaxes are by definition the
axes of maximum and minimum normal str@dse maximum and minimum values of stress will
always be found at right angles to each otlike principle axes also have zero shear stress for
planes that are parallel to thefhe principleaxes are very important in stress analysis since the
magnitudes of the maximum and minimum normal stresses are usually the quaintitiesest
Once theprinciplestresses are known, the normal and shear stresses in any orientation may be
computed.

Fortunately, if the strains are measured in any three directions at a poprintigle
axes p, g) can be determined and hence the normal and shear stFess® case in which the
directions ofprinciplestrain are known, such ashkigure 37 below, two gages will sufficeFor
the least error in determining the directions ofghaciple axes, the gages should be oriented so
that a relatively large angle exists between them; for accomplish this, prefabricateddwo
threegage assemblies, known as rosettes, are Uigpttal examples, shown below, are
magnified for detail.
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Figure3-7.  Bi-Axial Strain

Figure 38 shows a Teeosette(gage elements at@0° orientation, aligned witlprinciple
axes[p, q).

€1, €2 = strain measured by gage elements 1 and 2
= Poisson ratio for the material
E =Young’s Modulus of the material

Figure3-8. Tee Rosette

Note that inFigure 38, the following relationships exist:

|’ p= |'1 Eqn 32
i q= i2 Eqn 33
s, =[e/@- Wi, +vi ) Eqn. 34
Sq= .E/(l' Vz)] (I 2 +vl 1) Eqgn. 35
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Figure 39 shows a rectangular rosette (gage elementst&td®° orientation)for use
when orientation of princlp axes is unknowrilrypical setup is for each gage element to become

an active arm in separate Wheatstone bridge t&r¢Le., a Wheatstone bridge for each gage
element of the rosefte

A
E =Young’s Modulus of the material
1=Poisson ratio for the material

€1,€2,€3= strains measured by gage elements 1,2.3

Figure3-9. Rectangular Rosette

Note that in the above, the following relationships exist:
Maximum &p) and minimum $4) normal stress are calculated from:
P+, f

E €
SPQ:EE 1- v \/(1 2)2 (2 )ZL' Eqgn. 36

1, qné2l,-1,-1,0
foo= =§ nlg%g Eqn. 37
C 1 3 -
Max Shear Stress =T, = ) \/(61 —&,)’ +(g, -’ Eqgn. 38

3.2.2 Bonded resistance strain gage

The term Abonded resistance strain gageo ¢
to the wire or etchedhetallicfoil -type gageThe etchednetallicfoil -type gage will probably be
the one the instrumentation engineer will have to be concerned with and will be referred to as

At he strain gag eéStraimgagesdremmadeyn a printedecircgitacaydeprocess
using conductive metallic foils and base carrier materials

A grid pattern is etched on a patch of foil in a compact fashion to permit higher gage
resistance in a smaller aréagure3-10is a photo of a gage magnified approximately 10 times.
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Grid Alignment
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Tabs

Figure3-10. MagnifiedGage

Gageresistance values range from 30 to 380@vith 350Y being the most commonly
used The carrier material and the adhesive must work together to faithfully transmit the strains
from the test material to the grilhe grid can be made of many different allolise alloy type
of the gage is chosen to match the characteristics of the test m§leal the material is
stressed, a strain occurs, and the strain is sensed by the straifilgaged is also strained and
the net effect is a very small resistance champes change in resistance is due to the eross
sectional area of the grlthe elements changing and hence changing the resistance of the gage
from the static, unstrained conditiofhe amount of resistance change per unit strain is known as
the gage factor (GF), and is calculated as:

GF:(D?RR) /(%) :(D_;) /i Eqn. 39

The GF for most foil gages is around GFFBe exact value of the GF should be
supplied with the gage in its package from the manufactigieslly, the strain gage would only
respond to strain parallel to the grid lines, alondahgitudinal axis of the gag&owever since
the grid is composed of many loops, the ends of the loops respond to strain as well, although
transverse to that of the grid lin€®r this reason, the end loops are made thicker to desensitize
them as much as possiblénis end loop materighowever still gives the gage some amount of
transverse sensitivityrhis amount of transverse sensitivity is specified by the transverse
sensitivity factor K¢) and is usually expressed as a percentage in the rande ©6%:

_ GF(transverse)
" GF(longitudinal)

Eqgn. 310

The value of Kis usually small enough to ignore in most applicatitn®ay be
necessary to consider the value efd¢ shortlength, widegrid gages or in the use of rosette
gages where higtransverse strain fields may exist
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Temperature also adversely affects the strain gage, acting as another source for error
Fortunately, temperature compensation is available by a number of techRigstegages can
be manufactured for most common materials so that differences in thermal expansion
coefficients between the test material and the gage itself are nulibecver the
compensation is only effective over a limited temperature rarigeegage manufacturer should
supply a data sheet with a plot of the apparent strain versperaure with the type of material
it was tested on and the lot number in which the gage was prodditen techniques for
temperature compensation will be covered shortly

3.2.3 Electrial measurement considerations

Since the change in resistance of the gage being strained is on the order Wf at few
most, a sensitive device capable of detecting this small percentage of resistance change is
required Such a technique exists by using the Wheatstone bridge ¢Fayitre 311).

Vo _ GFeg 1
m

EX

| +GFeZ
=

Figure3-11. Wheatstone Bridge

The basic setup is to have the strain gage occupy one arm of the bridge while precision
fixed resistors complete the rest of the bridj@s is known as a quarter bridge arrangement.

The bridge is said to be balanced when all arms have equivalent resibnesults in
Vo =0V. When a strain causes the gage resistance to change, the bridge will become unbalanced
and Vo will now be nonzera The relationship is:

R, 2¢ R, d
(Re+R)g &R, + R,

Egn. 311

Slight variations in the values of the fixed resistors (also known as bridge completion
resistors) as well as the gage resistance can cause the bi@gence unbalanced and therefore
Vo, 0. To adjust and balance the bridge to retusrid/zero, a relativebhigh-resistance
variable resistor (or trim pot as it is commonly known) is typically placed in parallel (shunted)
with Rz. This balance pot will generally reside in the signal conditioning equipifieat
constant voltage dk is usually supplied by a precision voltage source from within the signal
conditioning hardwareTlhe value of ¥x is typically 3, 5 or 10VDC. Higher excitation voltage
will result in a proportionately higher bridge output per unit strhowever adverse selheating
effects can occur if either the gage or the base material has relatively poor heat transfer
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characteristicsPower supply current capacity must also be considered if the same source is used
to excite many bridges, as is often the cagpically, a threewire setup is employed to connect

the strain gage to the signal conditioning equipmeeioiufe 312). This configuration has the

benefit of lead wire temperature compensation

b} Three-Wire Conmsaction

Figure3-12. Bridge Connections

The strain gage may not be located close to the signal conditioning equipheent
location may dictate the use of relatively long lead wires to make the necessary electrical
connections between the gage, the bridge completion resistors, and the signal conditioning
equipmentUnfortunately, the lead wires can adversely affect the strain measurement due to their
own resistance, RThe lead wires are in series with the gage so that the total resistance of the
gage bridge arm ends up being4RR. The overdleffect is to desensitize the briddgeor
example, if 100 feet of 24 gauge copper wire is used to connect¥a §age to the signal
conditioning equipment, and if the lead wire resistance is ignored, there will be¥al6wér
output than expectedhis output may be acceptable depending on the desired overall accuracy
of the measurement, but there are some solutions to the préhifstnthe resistance of the lead
wires can be measured and their values can be used in the strain egBationd, theasistance
of the lead wires can be reduced by using ladigmeter wiresuch asAmerican Wire Gage
(AWG) #22 wire instead of AWG #30 hird, the signal conditioning and/or bridge completion
resistors can be moved closer to the strain glge test item and the location provided for
instrumentation may dictate which of these options, if any, is chdsennstrumentation
engineer must consider the above items when deciding upon a course ofGantidul attention
to proper grounding and shielding tecjues is also critical to maintaining measurement
accuracyRemember, the signal levels are generally in the range/oShielded twisted pair
cable is often used for the lead wiréke shielding is beneficial in keeping out unwanted noise,
but can also be a source for ground loopwtfproperly terminated.

3.2.4 Calibration

Calibration is required to convert theV/ output from the strain gage to microstrain, and
there are direct and indirect methods for accomplishingThis direct method is the most
desirable; however, in the case where the strain gage is part of a transducer such as a load cell,
the direct method is usually impractical if not impossilbleerefore, the indirect method, often
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called shunt calibration, is sometimes the only chdtoe shunt calibration, a known resistance
is placed in parallel (shunted) with the active gégggeby simulating compressive strain by
slightly reducing the resistance in that arm of the bri@gaulated strain values up to about
2000 with shunt resistance values in the range of 50k to 500k are tylpazger strains can
of course be simulated with lower shunt resistor values, but thelneamity inherent to the
Wheatstone bridge becomesissue If larger strains must be simulated, the #ioearity can be
accommodated by using equations in the refereincégpendix A

For strains up to about 200 :

R = é, (R93 106) g_ R
°c g(GF3 N3 sim)a 9 Eqgn. 312

where Rc = value of shunt calibration resistor¥n
Ry = nominal strain gage resistanceyin
GF = gage factor of the strain gage
N = number of active gages
I sim = simulated strain in units of microstrair, .

Tensile (positive) strain can also be simulated in similar fashion by shunting the adjacent
arm of the bridge (Ras shown irkFigure 313), as long as the simulated strain is, once again,
fairly small In this case, the sensitivity to then-linear effects of the Wheatstone bridge is
essentially doubled'here are generalized equations feede nodinear effectsn the references

A
%

Figure3-13. Bridge Calibrations

3.2.5 Strain gage installation
Proper strain gage installation is necessary to obtain accurate experimental stress results
Skilled technicians usually install strain gages after attending a strain gage school or training
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course The decision on locations of the desired stress measurements is usually made by the test
sponsor or mechanical design team of the test itén® instrumentation engineer must then

ensure the following items are address$eilure to proceed in this fashion will result in poor

gage adhesion, faulty data, and engineer frustration

a.

=~ o o o0

= Q

The supplies should be on hand for the technicians to apply the gages when the time
comes.

The type of gage, the material to which the gage is to be mounted, and the environment in
which the gage will be exposed.

Are theprincipleaxes known (many times they are fot)

How long do these gages need to be @sed

Will the gages be submersed in a liquid

Will the gages be exposed to temperature extrdmes

How long will the lead wires need tode

Can the bridge completion resistors at the site of the strain gageldeate®

Once all of the supplies are on hand and the desired locations of the gages known, the

installation process can begirhe following steps should be followed.

a.

3.2.6

Surface preparatio he surfaces to which the gages are to be applied must be free of
paint, oil, grease, et@ he surface preparation usually involves paint stripping, sanding,
and degreasing

Install gage or rosettdhe gage (or rosette) is applied to the surface with an adhesive
Adhesives exist for a variety of environments and desired life§hae times vary from

a few hours to severdhys Cure temperatures can vary from room temperature to
several hundredF. During the curing process, evenly distributed pressure is usually
required on the applied gage(Ehis is accomplished by using clamps, weights, fixtures,
etc

Install bridge The bridge completion resistor assemblies and small wire terminals or
solder tabs may be bonded near the g&geallgauge wire is typically used to connect

the gage to the bridge completion packs and to the wire soldef tabkrgergauge lead
wires are then soldered to these tabs and completion networks (not directly to the gage
itself).

Epoxies and sealantsinally, depending on the test environment, several additional
coatings of specialized epoxies and sealants may be needed to protect the gage(s), bridge
completion packs, and/or wire tabs

Patience and skilBkipping steps or trying to shorten the cure times is a formula for
disaster.

Common strain gageonfigurations as transducers
Strain gages can be used for many purposes as was stated in the introflachen

point, the focus has primarily been finding the stresses at a point on a mhtevever there

311
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may be a need to know the bending or axial load on a column or tension member or to measure
the torque on a propeller shaft or torsion. Bar obtain these quantities, there are several ways

that strain gages can be used and electrically configured in Wheatstone. itgyets is also

possible to obtain temperature compensation concurrent with increased signalfosaipgie

strain gage or quartdaridge arrangement is rarely used to measure loads, torques, pressures, etc
Half- and fultbridge arrangments offer temperature compensation and increased signal.output

If both sides of a beam or column are accessiblepbfidge arrangements should be uddalf-

bridge arrangements are used primarily when only one surface is readily accessible for gage
installation The diagrams and circuit drawings of the most comopufigurationsare

illustrated on the following pages

Note:Valuesof N for shunt calibration resistor calculations and the net output from the
bridge circuits are included with each application.

R,

Ve v

N=2

V,=V,x[(GFx €)/2]

Figure3-14. Bridge Connections, N=2

Note: This haHbridge configuration measures pure bending loads temperature
compensation, anaas twice the out of a single gage arrangemedntaddition, all axial loads
are cancelled.
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N=1+n

Vo = Vex x[(GF xi )L +n)]/ [4 + 2GF xi (1-n)]

Figure3-15. Bridge Connections, 21=1+

Note: This halbridge bending beam configuration (one gage aligned with applied strain;
the other with Poisson strain) provides abo@b2eater output than the singgage
configuration and has temperature compensation.
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Vex

N=4

Vo =Vex x (GF /)

Figure3-16. Bridge Configuration, N=4

Note: The fultbridge bending beam configuration has four times the output of a single
gage and has temperature compensafigial loads are cancelled.
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Vex

N=2(1+n)

Vo=Vexx[GF>i (L+n)]/[2+GF>i (1-n)]

Figure3-17. Load Cell, N=2 (1v)

Note: This fultbridge, axially loaded column has augmented output level with
temperature compensatiddending loads are cancelled.
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Figure3-18. Torsion Load Configuration

3.3  Thermocouples

Thermocouples incorporate two electrical conductors of different materials that are
connected at one enthis end is exposed to the environment to be measured and is called the
measurement junctioifhe other end (usually connected to a measurement device) is called the
reference junction.

When the two junctions are at different temperatunes) potential is formed
Knowing the thermocouple type, th@/ level, and the temperature of the reference junction
allows the user to determine the temperature at the measurement juflcgiorV potential
created is a function of the materials in the conducBome materials create stable, repeatable
potentials and have been given tyf@enes such as Type E, J, K, N, T, B, R, and S
thermocouples.

3-16



Instrumentation Engineers Handbo®CC Document 1222, February 2022

Thermocouples can be broken down into the two categories of base metal and noble
metal Base metal thermocouples are made from copper, nickel, aluminum, iron, chromium, and
silicon (Si) and are known as Types E, J, K, N, dndNoblemetal thermocouples are Types R,

S, and B and are made from platinum and rhodNable metal thermocouples are used when
the environment dictates that base metal thermocouples cannot beeugeetéture, corrosion,
etc.).

Thermocouples can be used to measure a very wide range of temperatures (up to 3100
°F) in very demanding environmental conditioBscause the junction consists of two wires,
case material is not a limiting factor when determining the applicdtiaddition, the
thermocouple can be tailored to provide a very fast responseghtiwevey care must be taken
when routing thermocouple wire from the measurement junction to the reference junction and
measurement device.

When two wires composed of dissimilar metals or alloys are connected together and the
two junctions are exposed to different temperatures, a current will flow due to a thermoelectric
electromotive forcdEMF). This effect is known as the Seebeck effect, named after the German
physicist who discovered it.

The Seebeck effect has been exploited for temperature measurement faCglars
assemblies comprised of two dissimilar conducting metals are produced and available for a wide
range of temperatures and purpo&®hken this cable is stripped of its insulation at one end and
the two conductors are bonded together, we have what is known as a thermaeaipipi(e
3-19 andFigure 320).

Ni |
T1
T2

Fe

T1, T2
Figure3-19. Thermocouple Cable Asselgb

N1

& OF

Fe
Figure3-20. Thermocouple Junction
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To measure the EMF or Seebeck voltage produced by the junction of the dissimilar
metals, we must break the loop and measure the potential of the open ends without affecting the
guantity of interestRigure 320). Taking this measurement turns out to be a-niwal task
since the EMF generated is typically on the order of microvolts, and any dissimilar metal
junctions, not just the one we intend to measure, will generate Seebeck vdltegefore, we
cannot simply use our voltmeter with a length of thermocouple Wwineevey if we provide an
intermediate reference junction of known temperature, we can accomplish thertgsially,
this was done with an ice bathGatC. Today, it is usually accomplished with a semiconductor
integrated circuit block with terminals provided for the thermocouple wire and the measurement
system leadsHigure 321). The device will usually be part of the instrumentation system signal
conditioning and will act as an electronic ice point reference.

Cu Ni
Measurement
System
Cu T
Fe
IceBath @ 0 deg C
Cu Ni
Measurement OdegC
System Reference T
Junction P
Cu Fe /

Figure3-21. Thermocouple Reference Function

The most common thermocouples have been standardized for metal and alloy content by
American National Standards InstitueNSI) and are known as types E, J, K, and T
thermocouplesEach type of thermocouple is composed of different pairs of dissimilar metals
and/or alloys and each type has a useful temperature range and environment in which it is best
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suited Generally, the thermocouple wire, as it is commonly called, is comprised of the two
conductors, generally in the range of AWG #20 to 30, each conductor having its own color coded
insulation surrounded by an overall outer jacket of plastic or Te€Floa referencem Appendix

A containadditional information in detail

Once the voltages are obtained by the measurement system, they neeoneebied
from microvolts to units of temperaturgnfortunately, unless the range of temperatiges
relativelysmall, the relationship is not linedrowever for each type of thermocouple, there are
lookup tables of measured values recorded by the National Institute of Standards and
Technology (NIST)From these tables, coefficients have been determined foraupitdh order
polynomial equation to convert the outputs of the various thermocouple Tygepolynomial
equation is:

T=a,+ax+ax’ +K +ax’ Egn. 313

where x is the measured quantityMrand T is in°C.

Often, the location of the temperature measurement is in a hot or cryogenic caustic fluid
or pressurized ga3o prevent any intermediate thermocouple junctions, (i.e., short circuits)
sheathing material can be used to protect the thermocouple wire insulation from extreme
temperaturedn the case of immersion in a caustic fluid or gas, the thermocouple can be placed
inside of a smaltliameter tube known as a thermow&he thermowell transfers the heat from
the surrounding fluid while protecting the therouple insideThe thermocouple may be
bonded directly to the interior of the thermowell or may be suspended withheitonstruction
technique chosen depends on the intended application

The method to connect the thermocouple ends is also anT$siends may be brazed,
welded, or silvesolderedSoldering is fine if the temperature to be measured is known to be
below the melting point of the solder and the environment in which the thermocouple will be
exposed will not chemically react with the sold&telding provides the highest heat tolerance
but can also cause problems if precautions are not taken to prevent overheating of the
thermocouple wireOverheating and reaction with the welding gas can alter the composition of
the thermocouple and change its characterisktos wire is madeotconform to the NIST tables
Loss of calibration can result from annealing of the thermocouple wire or from cold working
effects caused by streg§is loss of calibration can be especially insidious since the
thermocouple will continue to provide an output, but the output will no longer conform to the
NIST tablesTherefore, preparation and installation of the thermocouple should be done with
care The thermocouple junction can be several feet or more from the signal conditioning
equipmentThe extensionvire used to make the connection between the thermocouple junction
and the signal conditioner needs to be prote@ableroutingshould be made to minimize
stress points and exposure to extreme hot or cold temperaithres such exposure(s) are
unavoidable, protective sheathing composed of metal braiding or ceramic fiber should. be used

Thermocouple wire is manufactured and caloded per the ANSI types aforementioned
whichalwaysusered ol or ed i ns-0| & bin.dhed #awductohcelor i§ type
specifig however it is important to note that other countries have established other color codes
For exampleUnitedKingdom, Brown& Sharpthermocouples use blue for negative while
German Deutschs Institut fir Normung thermocouples use red for positiidese differences
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must be taken into account on test items that may have instrumented components from other
countries

Prefabricated thermocouple assemblies are commercially available for specific tasks
Generalpurpose thermocouples with welded ends are available in all standard ANSITiyipes
foil styles are well suited for surface or skin temperatiBeading cements are available for
different temperature ranges and fluid exposuissher types can be used to get a quick idea of
the temperature of any item with fasteners (screws, nuts,.bolts)

Connectors, contacts, and terminal strips consistent with the-Bdd8Iimetals and alloys
are all commercially available to aid in the layout and installation of thermocouples on a test
vehicle Thermocouples can be connected in parallel to acquire the average temperature over an
area, or connected in series (known as a thermopile) to provide for increased temperature
measurement sensitivity at a location.

As with other lowlevel signals, good signal conditioning prior to sampling is key to
obtaining reliable datadigh-quality instrumentation amplifiers with high common mode
rejection ratio§CMRRs)are especially desirable since the thermocouple junction itself may be
groundedSuch is the case with surface temperature thermocouples

Having advanced knowledge of the expected range of temperatures and the environment
in which the measurement is to be made will also help the instrumentation engineer choose the
best thermocouple typ8everal different types and styles of thermocouples may reside on the
same test vehicl@hermocouples can provide a simple, inexpensive method of temperature
measurement when planned for and utilized properly.

3.4  Resistive Temperature Devices

The RTDsare used as another means of measuring tempefathesge thermocouples
are very good at higher temperatures, RTDs are a good choice for lower temperature
measurement.

The RTDs operate on the inherent fact that when metallic materials are heated and
cooled, their electrical resistances charde resistanceR, is directly proportional to the length
of the metal wirel., and inversely proportional to its arég,as in the following:

R=rL/A Eqgn. 314

wherer is the constant of proportionality (or resistivity of the material).

TheRTDs are manufactured from materials whose resistances increase with temperature
Within a certain temperature range, this relationship is linear:

ry= /’0[1+a(t- t0)] Eqn 315

where rt = resistivity at temperatuite
I'o = resistivity at temperatutte;
a = temperature coefficient
to = temperature at time zero
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t = temperature at time
If the two preceding equations are combined and rearranged, the result is

R/R, =at+1 Eqgn. 316

From the above equation, it is easy to see that resistance versus temperature is linear with
a slope equal ta.

An RTD usually contaisa coil of wire (wirewound element) or a grid of conductive
film (thin-film element) with a conductor pattern cut intoEktension wires are attached to the
sensing element in order to sense the electrical resistance from some external measurement
device TheRTDs can be made of any material but the one most widely accepted is platinum
Platinum is highly corrosiveesistant and very stable over a wide temperature range and can be
made very pure for consistent sensors.

Care must be taken when mounting RTS8sme things to keep in mind are:

a. Wiring configuration Lead wire resistance errors can be induced if the proper wiring
configuration is not selecteds long as the wire resistance stays constant, there are no
measurement errgreowever when the lead wire experiences temperature gradients, the
resistance will change and affect the temperature measurérhergfore, threeand
four-wire RTDs are availabld&refer toSectiond.5for a discussion dfVheatstone
bridges.

b. Selfheating effectsTo measure the resistance of the RTD, a current must be passed
through it When this is done, the RTD heats up and the reading is slightly higher than the
actual temperatur&elf-heating is affected by the amount of current passed through the
RTD and the environmental conditions in which the RTD is placed.

c. Strain considerations fahin-film RTDs Thin-film RTDs act much like strain gageke
resistance of the RTD changes as strain is appfi¢iiis occurs, a measurement error
will result. Care should be taken when choosing a mounting location that is free from
large amounts of strain forthin-film RTD.

d. Accuracy, Stability, Repeatability

(1) Accuracy Accuracy describes the amount of uncertainty in the measurenhene
are normally two classes of RT8lass A and Class.Elass A applies to three
and fourwire RTDs with temperature ranges fra@00°C to 650°C. Class Bis
for all RTDs in the entire temperature rarigen 1 200°C to 650°C.

(2) Stability. Stability is the RTDs ability to maintain a consistent resistance when a
constant temperature is appli@dthe RTDs are normally very stable where drift
rates on the order of 0.0&/year common

(3) RepeatabilityRepeatability is the ability of the RTD to give same resistance value
under repeated identical conditions

e. Response TimeManufactures normally give a response time specification, usually the
time constant of the RT.Orhis specification is the time it takes the RTD to reach 68
its final value when reacting toséep change in temperature.
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35 Hall Effect Devices

Hall-effect devices measure magnetic field strenigfignetic flux lines are generally
viewed as flowing from the north pole of a magnet to the South Plodetotal number of flux
lines flowing through a given area is known as flux densit{d. & gauss (G) is one flux line
passing through one square centiméter). A tesla [T) is 10,000 lines per squaren and,
therefore,T = 10,000G. The force that produces the flux lines is the magnetic field stredgth,
It is then obvious that flux density and magnetic field strength are not equal but.rEreted
characteristics of the magnetic material must be consid@rdy in free space are flux density
and field strength considered equal.

The Halleffect device senses the magnetic field flowing through its sensing material
(usually a thin film of gllium arsenid¢GaAdg, or indium arsenidginAs]) and outputs a voltage
proportional to that magnetic fieldhe output of the Hall device is greatest when the magnetic
flux lines are perpendicular to the seng@onversely, if the magnetic flux lines are parallel to
the device, little or no output is observétiis device can also be used to measure the direction
of flux travel

Ideally, the device would output zevbin the absence of a magnetic field, but in
practice, this is not the cade practical devicegrealworld devices)there is a positive or
negative offset voltage, referred to as the Hall offset voltage, that must be taken into.account
There is a temperature dependency associated with this offset usually specified°@.
addition, the device would ideally have a constant sensitivity over a range of flux density, but in
practical devices, this is not trugpecifications in the range of +96lto +2.0% are the normally
expected range of valueBhe sensitivity is also temperature dependastthe temperature goes
up, sensitivity decreaseand vice versa for both materigi®e., GaAs or InAs) Typical values
range from 0.0% per degree Celsius to Odper degre€elsius

A Hall-effect sensor produces a positive voltage for flux line traveling in one direction
and a negative voltage for flux line traveling in the opposite diredtieally, these voltages
would be equal for fields of equstrength traveling in opposite directions but this is not true for
a practical deviceThis phenomenon is known a reversibility error that causes the voltages to be
slightly different This error, as large a®4, is caused by material inconsistencies and differing
sizes off the electrical connections to the material

3.6  Angular Position Sensors (Synchros and Resolvers)

Angular position as it pertains to a shaft or appendage can be measured by a number of
different techniquesSynchros and resolvers have historically been the most robust and accurate
devices, but their requirement falternating currentXC) power and signal processing can be an
issue Absolute shaft encoders and potentiometers typically use DC powdngattypically do
not have the longevity of the AC powered urks is the case with most measurements, several
transducers can serve the purpddeinstrumentation engineenustdecide which device type
is the best solution for the given situatidnbrief discussion for each device type is provided in
the following paragraphs.

3.6.1 Synchros

Synchros and resolvers come under the general classification of rotary transformers
the case of the synchro used for instrumentation purposes, it is usually in the form of a synchro
transmitter as illustrated ipigure 322.
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Figure3-22. Synchro Transmitter

The three stator windingbkatform the secondary ption of the rotary transformere

mechanically located 12@&part T h e

stator windings

can

be

fashion An AC carrier or reference (typically 11®lts AC [VAC] or 26 VAC, 60 Hz or 400
Hz) is supplied through leads Bnd R to the rotor coil that forms the primary portion of the
rotary transformerThe rotor is mechanically linked by a flexible coupling, belt, chain, or other

device to the item for which the angular measuent is to be acquiredhe induced AC voltage

conne

outputs from the stator windingsi(&», and S) are in time phase with the applied rotor winding

input, but will vary in amplitude with respect to rotor positibherefore, there is only one set of

S1, S, S output amplitudes for a given rotor positidiese outputs can be connected to another
synchro in the form of a synchro receiver for direct display fspare 323).

S2

- Analog meter

display
Rotor
Stator
R1 R2
R2
Error Voltage
.......................... > <« S3
S1

Figure3-23. Synchro Receiver
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The receiver synchro stator windings induce a torque on the receiver rotor until the
position matches that of the transmitter rofdre windings on the receiver rotor will have an

induced output Aerroro voltage that wil!/ go

transmitting synchroAn arm attached to the receiver rotor can then be used as a pointer for a
traditional analog meter or as a mechanical link for some other process

The instrumentation engineer will want to record a time history of the transmitting rotor
position rather than providing a remote analog meter display S1, S2, S3 synchro transmitter
outputs are sent to the synchro to digital (S/D) converter along with the rotor AC supply voltage
(seeFigure 324). The S/D converter knowtbe unique rotor position for the given set of input
amplitudes and outputs the angular value in a parallel digital word foFimabutput resolution
(12-, 14, 16-bit) in degrees or radians is determined by simply dividing the desired engineering
units of measurement for a complete circle (3@ radians, etc.) by the total number of output
counts available 2, 2'4, 21° etc.)

S
Synchro
Dn (MSB)
>
To 121016
Rotor Stator . typical
Digital
Rl o
Rl R2
s, (SO |—» p,
AC S,
Supply > Converte |~ p, (LSB)
»  AsIC

f A

AC Reference

Figure3-24. Synchro Transmitter

3.6.2 Resolvers

Resolvers differ fronsynchros in that they have a pair of output wires from two isolated
stator windings that are mechanically locatetl &@art Eigure 325). As with the synchro, the
rotor winding is excited with a reference AC supply voltdggch pair of stator windings has
induced voltages in time phase with the input referefice amplitudes of these induced
voltages are proportional to the sine and cosine of the rotor angle with respect to the stator
windings Resolvers have historically been used in systems to perform electrical computations
These computations have historically been used to perform coordinate system transformation
between polar and rectangular coordirgtstemsResolverto-digital applicationspecific
integratectircuits are commercially available to convert the resolver outputs to an absolute
angular measuremer8imilar to the S/D converter, the output resolution is typically on the order
of 12 to 16 bits.
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Figure3-25. Resolver

3.6.3 Absolute shaft encoders

Absolute shaft encoders use an optmlalctronic method of measuring angular position
(seeFigure 326). The absolute shaft encoder is constructed with an input shaft to which a disc is
attachedThe disc is etched with encoded strips of transparent and opaque.Sdwtaramber
of concentric strips determines the outpagolution of the device (i,ehe number of bits)The
encoded strips pass between light soymash adight-emitting diodesl(EDs) and photodiodes
or phototransistor’he encoded pattern on the disc can be arranged in various sciibmes
most basic scheme is binary coded decimal (B@iYers such as Gray cogémit the number
of bits that can change state simultaneauslyray code, only one bit at a time changes state as
the input shaft is rotatedhe output, then, is a parallel digital word, typically 12 to 16 bits wide,
that directly represents the shaft andlee zero position is set at the factory when the device is
constructedPower supply requirements range from +5 to VE&C.
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Figure3-26. Shaft Encoders

3.6.4 Linearvariable diferential transformer

A linear variable differential transformdr\(DT) is a common type of electromechanical
transducer that can convert the linear motion of an object to which it is mechanically coupled
into a corresponding electrical signgldure 327). There are LVDEreadily available that can
measure movements as small as a few millioofts inch up to several inchéhereare also
LVDTs capable of measuring positions up to £.20

<A«

e
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d

POSITION

-~ CO-C

Core

/!

Coil

Figure3-27. Linear Variable Differential Transformer

Mowvement
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The physical construction of a typical LVDT consists of a movable core of magnetic
material and three coils comprising the static transforfigufe 328). One of the three coils is
the primary coil and the other two are secondary cbile moving element of the LVDT is a
separate tubular armature of magnetically permeable material called tlbat® déree to move
axially within the coilsd holl ow bore and mec
being measured his bore is typically large enough to provide substantial radial clearance
between the core and bore, with no physical contact between it and the coil.

Inside a Transforme

Primary Coil
Figure3-28. Linear Variable Differential Transformer Construction

During operation, the primary winding of the LVDT is energizedAty of appropriate
amplitude and frequency, known as the primexgitatonThe LVDTO0s el ectri cal
is the differential AC voltage between the two secondary windings, which varies with the axial
position of the core within the LVDT colUsually, this AC output voltage is converted by
suitable integral electronic circuitry to higével DC voltage or current that is more convenient
to use

Figure329i | l ustrates what happens when the LVD
The LVDT6s primary coi l i's ener gThemagnebcy a con

flux developed is coupled by the core to the adjacent secondary windings, S1 HrdeS&@re

is located midway between S1 and S2, equal flux is coupled to each secondary so the voltages,
E1l and E2, induced in each winding are egiiathis midway core position, referred to as the

null point, the differential voltage output, (EER), is effectively zeroAs shown here, if the core

is moved closer to S1 than to $2pre flux is coupled to S1 and less to S2, so the induced

voltage E1 is increased while E2 is decreased, resulting in the differential voltag&)(E1
Conversely, if the core is moved closer to S2, more flux is coupled to S2 and less to S1 and E2 is
increased as EL1 is decreased, resulting in the differential voltagel)E2
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Figure3-29. Linear Variable Differential Transformer

Supplying this excitation power for an LVDT is ookseveral functions of the support
electronics, which is also sometimes known as LVDT signal conditi@gngpmentBecause
the LVDT is an electrical transformer, it is designed for AC power of specific amplitude and
frequency (typically 3/ root mean squar&]MS] at 2.5kHz). The output of an LVDT is an AC
waveform The magnitude of the output of the transducer rises regardless of the direction of
movement from the electrical zero posititmorder to know in which half of the displacement
transducer dbthe center of the armature is located, one must consider the phase of the output as
well as the magnitud&he output phase of the position sensor is compared with the excitation
phase and it can be either in or out of phase with the excitation, depending upon which half of
the coil containing the center of the armature

One of the most important features of an LVDT is its low friction operaltonormal
use, there is no mechanical contact baet ween t
minimal source®f friction, such as rubbing, dragging, or bindifidnis feature is particularly
useful in materials testing, vibration displacement measurements, arckbajition
dimensional gauging systenBecause there is normally no cont
and coil structure, no parts can rub together or weaiTbig means that an LVDT features
unlimited mechanical lifeThis factor is especially important in higaliability applications
such as aircraft, satellites, space vehicles, and nuclear installétisredso highly desirable in
many industrial process control and factory automation systeaaktionally, since an LVDT
operates on electromagnetic coupling principles in a fridtiea structure, it measures
infinitesimally small changes in core positidhhi s Ai nfinited resoaly uti on
by an LVDTOs sThgse samme factors also give anL¥DT its outstanding
repeatability

The LVDT has only one axis of sensitivity other words, the LVDT responds to motion
of the core along the coi | 6 saximmoiios qfthédcoréoritss gen
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radial positionThus, an LVDT can usually function without adverse effect in applications
involving misaligned or floating moving membe
a precisely straight line.

3.6.5 Rotational variable ffierential transformer

The rotational variable differential transform&\DT) is used to measure rotational
angles and operates under the same principles as the LVDT.34hgoeas the LVDT uses a
cylindrical linear core, the RVDT uses dary core (se€igure 330).

Rotory
Ferromagnetic
Core

OA%} |
.

Figure3-30. Typical Rdational Variable Differential Transformer

3.6.6 Potentiometers

Figure 331 contains a circuit descriptiandFigure 332 contains a potentiometer photo
Potentiometers are probably the simplest, cheapest way to acquire angular;jusierer
theyare not as durable and generally not as accurate as the devices discussed previously
Temperature drift, for example, is a large error source for potentiometeSe(=em3.4). For
shortterm measurements where high accuracy is not of paramount importance, the potentiometer
is a good economic solutioRotentiomedrs with linear taper are used; in other woedgiven
displacement of wiper position is proportional to a change in resistance between the wiper and
the end terminalsThe electrical configuration is also simplée potentiometer winding can be
excited with virtually any level DC voltage within the current capacity of the dd¥ice
necessary, the voltage at the wiper can then be directly input to analog signal conditioning
equipment for gain and filterin@ften, this signal will be a higlkevel analog signal that will not
require any amplificatiorin cases where the range of angular displacement is very small, the
potentiometer can be wired into a Wheatstone bridge configuration to increase sensitivity
however the number of turns of wire used to construct the potentiometer will ultimately
determine the resolution that can be obtaifed this reason, potentiometers are better suited for
measuring relatively large angular displacemdptdéentiometers have historically been
constructed wth turns of wire with a maximum shaft rotational range of about.3afay,
additional construction techniques are availableh as thidilm deposition Such developments
also pernti full 360° measurement ranges without the need for end .stops
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DC excitation R
Vo

Figure3-31. Potentiometer Circuit Diagram

Figure3-32. Typical Potentiometer

3.7 Rotational Speed

Some of the methods for sensing rotational or angular speed are discussed hetawv
methods include magnetic pickup and optical methods.

3.7.1 Magneticpickups

One of the most common transducers for measuring the angular speed of a rotating
member (gear, shaft, pulley, etc.) is the magnetic pickoe magnetic pickup is comprised of a
permanent magnet with a coil of wire wrapped arounthié coil ends are then attached to
connector pinsThe entire assembly is usually hermetically sealed because it is often located in
environmentally challenged surroundings

3.7.1.1 Basic operation

The basic theory of magnetic pickup operation is as folléwsil of wire is
magnetically coupled to a permanent magnet around which it is wrapesh a ferrous
material disturbs the magnetic field, the coil senses a change of flux and-insimadid voltage
appears at the coil output wirdhe rate of change of the flux (the speed of the rotating
member ), the Astrengthod of the magnet, and
amplitude The frequency of the output signal will be directlygpodional to the rotational speed
of the memberTypically, the air gap is on the order of a few millimet&itse shell of the
magnetic pickup is often threaded so that it can be mounted and adjusted as needed

The output from the magnetic pickup is usually processed one of two ways

a. The first method is to convert the ldevel AC output from the magnetic pickup to a
high-level DC analog signaThis is done by a frequency to voltage conveitbese
devices are readily available from a number of vendors intagrated componeiikC)
packageThe frequency to voltage converter will be specified by the maximum frequency
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input in Hz, the minimum input level mV, and the corresponding higével voltage
output per Hz

b. The second method results in a digital value representing pulses per minute or second
This is described as an event or pulse couMarmum trigger levels may need to be
determined for what constitutes a valid pulBeere are also pulssonditioning modules
thatmay be empl oyed for ficleani nghiswiio the si ¢
usually prevent random noise spikes from being counted as valid.polsey case, the
output can becaled to revolutions per minute or secpratlians or milliraghns per
second, etc

An example application is to acquire engine speed on a vehicle by mounting a magnetic
pickup in the bell housing he teeth on the flywheel for the starter serve as the stimulus for the
pickup. Assuming the number of teeth on the flywheel is known, the number of pulses per
revolution can be determinetihe number of pulses or cycles per unit time can then be acquired
as described earlier to obtain rotational speed

The mounting position of the magnetic pickup is important to obtain reliable rdJudts
pole piece of the pickup must usually be located within a couple millimeters of the gear teeth to
obtain an acceptable output lev@F course, if the pickup is too close, gradual bearing wear of
the rotating member or small foreign objects temporarily lodged in the gear teeth can result in
damage to the pole piece of the pickitps safe to start out with a gaghatis too wide and
adjust accordingly thato startwith a gap that isoo narrow Since the output level at low speeds
can be on the order of a fewV, shielding of the output wires may be required in the presence of
high electromagnetic interferencENil) sourcesThe basic magnetic pickup design and
operation is illustrated iRigure 333.
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Figure3-33. Typical Magnetic Pickup Design

3.7.2 Opticalmethods

In addition to magnetic pickuptjere are a few optical methods used to obtain rotational
or angular speedVith the use of. EDs and photodiodes, necontact optical speed sensing
transducers can be constructeight-reflective tape or paint can be applied to a portion of a
rotating item If a light sourcesuch as a lamp or LEs positioned to illuminate the marked
section and coincidentally, a revetsi@ased photodiode is aimed at the same section, then each
time the reflective portion of the rotatiitgm is aligned with the light source and the
photodiode, the photodiode will be forwasthsed This change in bias can be detected by
measuring the voltage drop across a resistor placed in series with the photodiode as illustrated

Figure 334 below.
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Figure3-34. Optical Rotational Speed Measurement

Prepackaged assemblies with LEDs and photodiodes are commercially available in a
number of sizes and shafes example i Figure3-35). They are often grouped under the

heading Aproxi mity

S e n s o.The oper&tiog rangelironctline

transducer to the rotating item can typically be from adevup to a few mThe physical

constraints of available mounting locations and the surrounding environment usually dictates a
r a n g e.sThewidth &nd mumbehoéreflscéve strps tdobe |

few operating

t hey

placed on the rotating item can be determined to set the duty cycle and frequency of the sensor

output These can be adjusted to optimize the measurement resolution within the bounds of the

detectorand the rest of the instrumentation systéire minimum and maximum anticipated
speeds to be measured should be known to help make these choices.
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. «— Reflected light entrance lens
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A

LED light exit lens

LED and photo-detector unit assembly Reflective Tape strip
Figure3-35. Typical Optical Sensor

Whether the output will be converted to an analog voltage by a freqtenocitage
converter or totalized overperiod is a consideratioihe capabilities of the instrumentation
system to which the transducer is to be connected will detenvhich method is employed.

Another optical device for acquiring rotational or angular speed is an incremental shaft
encoder(Figure 336). In this case, however, the optical components are entirely housed within
an enclosure and a shaft or coupling is provided to attach the device to the rotating item to be
measuredA disc within the device etched with alternating opaque and transparent sectors passes
between a light source and a detector (photodiode or phototrandisiidevice is usually
excited with +5VDC and outputs &ransistostransistodogic-compatible pulse train with a duty
cycle of 500 when the shaft is rotatedlhese devices are commercially available with a typical
range of 1 to 1000 pulses per revolutibhe incremental shaft encoder is also available with an
additional output that will allow theser to determine which direction the item is rotatiag
second set of alternating transparent/opaque sectors is etched on the rotating digaf0
phase with the original sethis second pattern g&nsed by another photodetector and output as
another pulse traimhis technique is known as quadrature encad®udse counter/timer circuit
modules are available to acquire this quadrature output and provide speed and direction
(velocity) information The minimum and maximum speed of interest, the mechanical linkage
required between the transducer and the rotating item, and directional information if desired must
all be taken into account when choosing this type of transducer
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Figure3-36. Optical Shaft Encoder

3.8 Photodetectors/Photodiodes

By generating charge carriers in response to photons, semiconductor structures yield
robust, highly linear soligtate photodetectors for a variety of applications.

The purpose of any photodetector is to convert electromagnetic radiation into an
electronic signaildeally one that is proportional to incident light intensigcause they are
compact, versatile, and can be produced economically in high vohasiéyeintrinsic-negative
(PIN) diodes have become the detector of choice in applications from biomedical and vehicular
instrumentation to telecommunications.

3.8.1 Construction

Photodio@s are constructdtbom semiconductor material§he most popular choices are
Si or GaAs These materials absorb light over a characteristic wavelength rangear®nfeters
(nm) to 1100 nm foiSi, and 800 nm to 2.Gicrometerdor GaAs When a proton of light is
absorbed, it excites an electron and produces a single pair of charge carriers (an electron and a
hole) The hole is simply the absence of an electron in the semiconductor. I&tircent passes
through a semiconductor when the charge®ar separate and move in opposite directibhe
trick in a photodiode is to collect photamduced charge carriers as current or voltage at the
electrodes, before they have a chance to recombmeis achieved usingsitive-channel,
negativechannel PN) or PIN diode junction structure, hence the t&N photodiode.
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An n-type semiconductor material is doped to produce an excess of electrons, whereas a
p-type material has an excess of holes, or an electron deficighthye PN junction, this
disparity creates a concentration gradient that causes electrons to diffuse jRlaytreand
holes to diffuse into the-layer. This diffusion results in an opposing electrical potential, often
referred to as an internal bids a region spanning both sides of the junction, this electrical force
causes any charge carriers ®rhpidly swept to the appropriate layBecause charge carriers
cannot reside in this region, it is termed the depletion region.

In a generidIN photodiode, light enters the device through the priype layer
Absorption causes light intensity to drop exponentially with penetration.depyrphotons
absorbed in the depletion region produce charge carriers that are immediately separated and
swept across the junction by the natural internal. i@asrge carriers created outside the
depletion region will move randomly, many of them eventually entering the depletion region to
be swept rapidly across the juncti®@me of them will reombine and disappear without ever
reaching the depletion regiohhis movement of charge carriers across the junction upsets the
electrical balance and produces a small photocutihahtan be detected at the electrodes.

The thickness of the depletion region can be modified by varying the semiconductor
doping levelshowever the easiest way to expand this layer is to apply an external electrical bias
(voltage) This is referred to as photoconductive operation, since the signal is detected as a
current Conventional unbiased operation is referred to as photovoltaic operation, because the
signal is detected as a voltagée latter is preferable for applications requiring high linearity of
response and/or low dark noise.

3.8.2 Device optimization

It is very important that thenstrumentatiorengineer have a complete understanding of
requirements because manufacturers produce photodiodes in a wide range of shapes and sizes,
with each design optimized to meet the specified paramé&teesmost important performance
characteristics are response speed, quantum efficiency at the wavelength of interest, size and
shape of the active area, response linearity, spatial uniformity of response, and dark noise or
other noise sources that impaca gensitivity Photodiode sensitivity is very important in low
light applications and is typically quantified by neesguivalent power (NEP), defined as the
optical power that produces a sigib@noise ratio of unity at the detector outplibe NEP is
usually specified at a given wavelength and over a frequency bandwidthzairid is therefore

expressed in units @b O

Because the various performance parameters are interrelated, device design often
involves careful tradeoffs to achieve optimum performaRoe example, an application based
on the detection of an unfocused sourckgbit may require a detector with a large active aifea
this application also requires high speed, then some compromise will have to be made because
increasing device area raises capacitance, thereby increasingtheR constant, which slows
device responsds a result, the majority of successtuiginal equipment manufacturer
applications use applicatiespecific photodiodes.

Most performance parameters, particularly speed and noise, also are strongly influenced
by the design of the sigrptocessing electronic¥he electrical characteristics of even a simple
photodiode can be remarkably complex, however, so engineers often represent the photodiode
with an equivalent circuifThis is a virtual circuit consisting of multiple components whose
overall behavior matches that of the photodidgiertain photodiodes can be represented as a
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current source in parallel with a diode, a capacitor, and shunt resistance, in addition to series
resistance, for examplel more complex devices, the various noise sources (shot noise, Johnson
noise, and 1/f noise) can be represented as additional current sources in parallel to the signal
current source.

Thereare severdlypes of signal processing electronics regularly used with photodiodes,
but by far the most common is the tramgpedance amplifier (TIA)Normally, generating a
highly amplified voltage from a given input current requires high input imped&hee
downside of high input impedance is that it increases tletifie constanfThe TIA uses an
operational amplifier to circumvent this problem and to deliver high effective input impedance
while maintaining a circuit time constant several oraémsmagnitude lower than a conventional
amplifier with the same impedanddoreover, a weldesigned TIA delivers several orders of
magnitude of linear response and therefore does not compromise the inherent high linearity of a
photodiode Some assemblies also include sophisticated signal processing to ratio or normalize
signals from a mulelement photodiode, for examplehey may also incorporate optical
elements to condition the light before it reaches the photodiode active area.

3.9 PiezoelectricTransducers

Transducers utilizing the piezoelectric (PE) effect include accelerometers, force
transducers, and pressure transdudédrsy are used in numerous applicaticngh as
environmental stress screening, vibration control, active vibration reduction, flight testing, wind
tunnel testing, structural testing, modal analysis, seismic vibration, package testing, shock,
motion, and attitude detection and stabilization, ride quality response and simulation, acoustic
testing and noise, harshngasd vibration testingrhe PE transducers play a significant role in
numerous military and commercial applicatioMeasurements of dynamic oscillating forces,
impact or highrspeed compression/tension under varying conditions may require sensors with
special capabilitied-ast response, ruggedness, high stiffness, extended range, and the ability to
also measure quastatic forces are standard features associated with PE sdrsmesis ample
technical information to assist the instrumentation engineer on the proper Us&ahgiucers
for vibration, acoustics, and force measurem@atirces include numerous technical papers and
articles along with application notes and catalogs from the various PE transducer manufacturers.

3.9.1 Description of operation

ThePEeffect causes a realignment and accumulation of positively and negatively
charged electrical particles, or ions, at the opposed surfaces of a crystal lattice, when that lattice
undergoes stresshe number of ions that accumulate is directly proportional to the amplitude of
the imposed stress or forGehe PE transducers use a spAmM@ss system to generate a force
proportional to the amplitude and frequency of the input measuraedorce applied to a PE
element produces a charge on its terminal thatdportional to the mechanical motidrhe
stress imposed upon tR& material is the direct result of a physical inmutch as acceleration,
force, or pressurd o accomplish this, a mass is attached to the criysttilwhen accelerated,
causes force to act upon the crystdle mass, also known as a seismic mass, creates a force
directly proportional to accel &mafThinonetallcc cor di
electrodes collect the accumulated idBall lead wiresnterconnect the electrodes to an
electrical connector or feetirough, to which cabling is attachekh advantage of PE materials
is that they are setfenerating and require no external power soura® categories oPE
material used in transducer designs are quartz and polycrystalline ceramics.
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Quartz crystals are naturaBEwhen properly cut, but they have low sensitiviuartz
is a naturally occurring crystal; however, the quartz used in sensors today is produced by a
process that creates material free from impurit@sartz is known for its ability to perform
accurate measurement tasksch as time and frequen@nd is therefore used in products like
wristwatches, radios, computers, and home appliaficassducers benefit from several
characteristics of quartBecause quartz is natusaPE, it has no tendency to relax to an
alternative state and is considered the most stable BEafiaterials Therefore, quartbased
sensors make consistent, repeatable measurements and continue to do so over longlperiods
guartz has no output occurring from temperature fluctuations; this fact provides a formidable
advantage when placing sensors in thermally active environnBadsuse quartz has a low
capacitance value, the voltage sensitivity is relatively high compared to most ceramiclsnateria
making it ideal for use in voltagemplified systemsConversely, the charge sensitivity of quartz
is low, limiting its usefulness in charganplified systems, where low noise is an inherent
feature The useful temperature range of quastimited to approximately 60T (315°C).

Ferroelectric materials are more commonly u3éay are marmade ceramics that are
givenPEproperties by a process of artificial polarizatidhrough the art of ceramics
formulation, much higher charge sensitivity and operating temperature are attaihable
material shape can be easily configured to achieve special transducer charac&pesties
attention is given to output stabilitifferent specific ingredients yield ceramic materials that
possess certain desired sensor propefi@sh mategl offers distinct benefits, and material
choice depends on the particular desired performance feadunede variety of ceramic
materials is used for transducers, and selecting material to use depends on the requirements of
the particular applicatiorCeramic materials are manmade to bec®Béy a polarization
processThi s process, known as 0 p oihténsitgeleotrical fieo s es t
thataligns the electric dipoles, causing the material to bed®E# ceramic is exposed to
temperatures exceeding its range or to electric fields approaching the poling voltdgfe, the
properties may be drastically altered or destropedumulation of high levels of static charge
also can have this effect on tR& output Several classifications of ceramics existst, there
are highvoltagesensitivity ceramicsised for accelerometers with buiilt, voltageamplified
circuits There are higlthargesensitivity ceramics used for charge mode sensors with
temperature ranges to 400 (205°C). This same type of crystal is used in accelerometers
containing buikin, chargeamplified circuits to achieve high output signals and high resalut
Finally, there are highemperature ceramics used for charge mode accelerometers with
temperature ranges to 60 (315°C); these are useful for the monitoring of engine manifolds
and superheated turbines.

3.9.2 Piezoelectridorce transducersonstruction

Most PE force transducers feature similar mechanical construktast are designed
with thin quartz crystal discs that are sandwicbetiveen upper and lower base plates as shown
in Figure 337. An elastic, berylliunacopper stud holds the plates togathnd preloads the
crystals Preloading assures parts are in intimate contact to ensure linearity and provide the
capability for tensile (forcemeasurementy hi s fisensing el ement o confi
packaged into a rigid, stainless steel housing and welded to assure the internal components are
sealed against contaminatidfhen force is applied to this sensor, the quartz crystals generate an
electrostatic charge that is proportional to the input fdrhés charge output is collected on
electrodes that are sandwiched betweertitstals It is then either routed directly to an external
charge amplifier or converted to a low impedance voltage signal within the sensor.
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Figure3-37. Typical Compression/Tension Force Transducer (courtesy of PCB Inc.)

3.9.3

Piezoelectriaccelerometers

The construction and function of PE accelerometers are discussedahaweng

subparagraph§&ome information from this section is gleaned from the PCB Piezotronics

corporate website.
3.9.3.1 Construction

A variety of mechanical structures is available to perform the transduction principles
required of @PEaccelerometeThese configurations are defined by the nature in which the
inertial force of an accelerated mass acts upoRPEmaterial A variety of designs is available

The singlee n d e d

compression

designbs

hi gh

sensi

suitable for genergburpose useSome designs minimize the effects of basapled input and
yield a more suitable device for lelevel meaarement, or those involving strain at the mount
surface, or possible thermal transieisear designs permit miniature size and low mass for
measuring shock and for testing lightweight panels and small compoBeotaise the sensing
element is well isolated from the base, shear accelerometers provide the best protection against
pickupfrom base bending and acoustic noiEee shear excitation of the sensing element
significantly reduces sensitivity to pyroelectric effects from temperature trandiaetsewer
shear designs allow use of a broad rangeExnaterials, thereby enabling optimization for
temperature extremes, exceptional stabilitye newer designs also offer extremely high signal
to-noise ratio in all kinds of operating environmer8ach terms as compression mode, flexural
mode and shear mode describe the nature of the stress acting uftiarttegerial Current

designs of PE accelerometers utilize, almost exclusively, the shear mode of operation for their
sensing element$herefore, theriformation provided herein is limited to that pertaining to shear

mode accelerometefseeFigure 338). Shear mode accelerometer designs feature sensing
crystals attached between a center post and a seismicAr@sapression ring or stud applies a
pre-load force to the element assembly to insure a rigid structure and linear beadier
acceleration, the mass causes a shear stress to be applied to the sensind bigsaisss

results in a proportional electrical output by Bfematerial The output is collected by

electrodes and transmitted by lightweight lead wires either to theitbgiljnal conditioning
circuitry of integrated circuiPE sensors, or directly to the electrical connector for chamgdem
types By having the sensing crystals isolated from the base and housing, shear mode
accelerometers excel rejecting thermal transient anddmas#ing effectsin addition, the shear

geometry lends itself to small size, which promotes high frequency response while minimizing

5 PCB Piezotronics corporate webs

:/lpcb.com
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mass loading effects on the test structWeh this combination of ideal characteristics, shear
mode accelerometers offer optimum performance
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Figure3-38. Typical Shear Mode Accelerometer (courtesy of PCB Inc)

For comparison, a typical compression accelerometer is simogure 3-39.
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Figure3-39. Typical Compression Accelerometer (courtesy of PCB Inc)

3.9.3.2 Funcion

Almost all mechanical systems and structures are subjected to vibfdtisvibration
has numerous sources, and ranges in its effects from minor nuisance to harmful or even
dangerouslin order to deal with the effects of vibration its amplitude and frequencies must be
measuredOne of the most common ways to measure vibration is to use accelerometers, and one
of the most popular is tHeE accelerometeiSome other means for measuring vibration are
piezoresistive accelerometers, capacitive acceleromsteas) gage accelerometers, servo
accelerometers, optical devices, motion picture, interferometryl le¢¢®E accelerometer is so

3-40



Instrumentation Engineers Handbo®CC Document 1222, February 2022

useful because it has a good combination of desirable characteimsfieding a choice of high
or low sensitivity, broad and flat frequency response, wide temperature tolerance, good linearity,
ruggedness, small size, lightweight, and reasonable cost.

ThePEaccelerometer is a devideatwhen it is subjected to acceleration produces an
electrical signallt contains a sensing element made BEanaterial Such a material has the
unusual property that when force is applied to it, the material is slightly distorted, and opposing
faces become negatively or positively chargéds property is known as theE effect(Figure
3-40). The PEmaterials used in accelerometers are crystals or ceraguatsas quartz, barium
titanate, lead titanate, ium niobate, and other€eramictype materials are most often used

Force ApppliedJ:|7
NN 7
The - Al— \V[
Piezoelectric EEN 72 BN Electrical
Effect Material / | Output
Compression /j'_—_—_“_ —————————— 7
\ s A L2 Piezoelectric
- T~ // Material

Force Appplied u

Figure3-40. The Piezoelectric Effect

3.10 Electric Current Transducers

Electric current measurements are made fargety of reasons and there are several
transducer types, and hence several output signal types, for the instrumentation engineer to deal
with. Current measurements can be made in conjunction with voltage measurements to
determine electrical power consumption of a device or a series of @@ausnt measurements
can also be made at or near the typical sources of powerasuichtteries, generators,
alternators, or utility power line3ransducers of botAC and DC existSome types of current
transducers can be used to measure both.

3.10.1 Current shunts

Current shunts are nothing more than-ealue precision resistors placed in a series
connection in the conductor path of which we are interested in meagkidoge 341). They
traditionally have been constructed of a copper plate cut to a particular shape and thickness to
yield a small voltage (IR drop) across their terminals when a specific current flows through them
Shunts are usually specified by their maximum current rating and corresponding voltage output
Such an example would be a 3@@p (A)shunt with a 60nV output The output (V) is linear
such that 15@ would then yield 3GnV, etc Large current shunts may require provisions for
adequate airflow for heat dissipation YJRn any case, the signal that we obtain from the current
shunt is a lowlevel voltage in direct proportion to the amount of current flokis low-level
voltage can be dealt with in arslar fashion to other lovlevel voltage signals with signal
conditioning(i.e., gain, filtering, etg. Measurement of ACan also belonewith shunts, but
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oftenthere are additional electronics to condition the output to a DC voltage level to represent a

= oo
‘ Vo ) Motor

Figure3-41. Current Measurement

3.10.2 Current transformers

Another type of current transducer is the current transfofrigure 342). As the name
implies, this device is only useful for measuring AC currgdtsrent transformers (or current
loops as they are sometimes called) are usually constructed fromgbepdd coreShe
primary coil is connected in series with the curteatrying conductor and is constructed of a
few turns of relatively larggauge wireConversely, theecondary coil is constructed of a high
number of turns of relatively smajlauge wireThe primary coil is usually deleted in the case
where the conductor current exceedA7 this case, the curresarrying conductor passes
directly through the toroid core and creates in essence a-fimglprimary The turns ratio is set
to provide a specified secondary coil output voltage given a particular primary coil current
Clampon types are available for temporary applicati@rsce again, rectification elgonics
and filtering are usually employed before digitizing the signal.
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Figure3-42. CurrentTransformer

3.10.3 Hall effect-type currenttransducer

Hall effecttype current transducers are useful for measuring both AC and DC currents
(Figure 343). The current passing through the conductor of interest is made to affect the
magnetic field in which a Hall device is presehtisturbance of the magnetic field causes an
output voltage change to occur from the Hall devides device is a semiconductor with a high
Hall constantlt produces an electric field that is transverse to both the magnetic field it is
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exposed to, and the excitation current passing throubfaliteffect current transducers are
usually constructed of a ferromagnetic core with an air gap and the current carrying conductor
passed through the middlEhe Hall device is supplied with a constant excitation voltage and is
located in the air gap of the cofiéhe presence of a current flow in the conductor alters the
electric field generated by the Hall device, and a corresponding voltage potential is Tugput
AC currents will generate progarnal output AC voltages-our connection points will be
provided:two for the excitation voltage, two for the output voltafyavide range of these
transducers is available to suit laboratory and military environm@ptxiloop and closedbop
devices existThe operAooptypes are economical and consume the least p&iesedloop

types are used when accuracy of the measurement is paramaititer case, the output is
generally higHevel and types are available with split cores to ease installation
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Figure3-43. Hall Effect Current Transducer (Open Loop)

3.11 Anemometers

Several types of anemometers are discussed in the following subpara§@pbs
information for this secti on %apsbliogtioreby @reega f r o m
Engineering.

3.11.1 Sonic anemometer/thermometer

The sonic anemometer/thermometeférred to asonic) is capable of simultaneously
measuring wind velocity components and sonic temperature at high dat&caiies consist of
pairs of transmitters and receivers spaced 10 m2&partthatsend and/or receive sound pulses
at a rate that is on the order of 182 The fundamental unit of measure for these instruments is
time. These instruments operate on the principle that the time between transmission and
reception of a sound pulse is a function & $peed of sound plus the wind speed component
along the transmittereceiver axisA time differential is found by subtracting the time taken for

0O0mega Engineering. ATransactionsd Vol ume 4. Retrieved
https://www.omega.co.uk/about/transactions/Transactions Vol_IV.pdf
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travel in one direction from time of travel in the other direct®ecause the speed of sound does
not change appreciably in the fraction of a second between each transmission, the time
differential is assumed to be due to the wind component along the transeutier axisThe
horizontal wind vector can be resolved by a sonic with two axes and thelthmeesional wind
vector can be resolved by one with three aBgssumming rather than differencing pairs of

inverse transit times, the sonic simubiansly provides speed of sound measurements that can be
converted to sonic temperatures.

Unlike mechanical wind sensors, the sonic does not gain or shed energy with the
environment for measurement purpoddserefore, sonics can produce wind component and
temperature measurements at fast data rates without inertia, damping, overshoot, or threshold
complicationsinstrument response is bounded by the rate of acoustic wave front propagation
between transducers (several hundred microsedps)s and t he i nstrumentos
algorithms however the advantages offered by sonic anemometnyad@ome without penalty
Sonic electronics equipment is complex, and therefore requiring the services of a skilled
technician for operations and maintenamfdesolute calibration is possible with the use of a zero
wind tube in a controlled atmosphefée major remaining difficulties are flow distortion and
flow separation due to the physical presence of the sonic array, although streamlined transducer
designs and software corrections have minimized these prol$emed transducers permit
operation in avet environment where the performance of mechanical and thermal sensors is
degradedPrecise array axis orientation is required for sonic anemometers to eliminate>a¢soss
signal contamination, and valid wind data can be collected only when flow is within the
i nstrument 0s .Saulstardig sofavare is neadeditd cenvert measurements made
along a fixed axis of orientation to alemgnd and crosswind componentsdgxis and yaxis
components), or to wind speed and direction.

The typcal sonic sampling rate is Hz or greaterBecause of their highccuracy time
resolution, sonics are recommended when-gjighlity wind and turbulence measurements are
neededSonic wind component and temperature measurements can also be used to compute the
vertical flux of sensible heat (or momentum) using the eddy correlation méthisdlux is
derived from the covariance of vertical velocity and temperature (or-alorgcomponent)
fluctuations Additionally, sonic vertical wind componenta@surements can be paired with
high-resolution humidity measurements to compute the vertical flux of latent heat from the
covariance of vertical velocity and humidity fluctuatiombe fluxes of sensible heat, latent heat,
andmomentum characterize the micrometeorological state of the surface boundary layer

3.11.2 Constanttemperature anemometers

Constanttemperature anemometer (CTA) systems consist of amplifiers, a data
acquisition system, arahotwire or hotfilm element mounted in a Wheatstone bridge that is
balanced to maintain the sensor at a control temperature well above the ambient tempserature
wind blowing across the sensor cools the heated element, the bridge network responds by
sending current through the element until balance is rest®ystem electronics sense and
record the resulting voltage changes across the brfdhgeheatdss experienced by the element
(parameterized by the Nusselt number, Nu) is related to the flow velocity (parameterized by
Reynolds numbeRe) across the element by the following equation:

N =A4A+BRe?") Eqn. 317
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3.11.3 Hot-wire anemometers

The term anemometer was derived from the Greek words anemos (wind), and metron
(measure)Mechanical anemometers were first developed back in the 15th centneasure
wind speed.

A hot-wire anemometer consists of an electricallytbdafinewire element (0.000X6n
diameter and 0.@Hong) supported by needles at its e(geFigure 344). Tungsten is used as
the wire material because of its strength and high temperature coefficient of resiAtaece
placed in a moving stream of gas, the wire cools; the rate of cooling corresponds to the mass
flow rate.

Holdes
Needle .-~/ o
flor - | '
L \ /
L \ ‘ /
4 e, S
Hot Wire
Element

Gas Strsam

Figure3-44. Hot Wire Anemometer

The circuitry of the heated sensing element is controlled by one of two types of solid
state electronic circuits: constaemperature or constapbwer The constanrtemperature
sensor maintains a constant temperature differential between a heated sensor and a reference
sensor; the amount of power required to maintain the differential is measured as an indication of
the mass flow rate

The CTAsare popular because of their hiffequency response, low electronic noise
level, immunity from sensor burnout when airflow suddenly drops, compatibility withlimot
sensors, and applicability to liquid or gas flows

Constanipower anemometers do not have a feedback syStmperature is simply
proportional to flow rateThey are less popular because their #Ew reading is not stable,
temperature and velocity response is slow, and temperature compensation is limited

3.11.4 Air duct traversing

Anemometers are widely used for air duct balancligs is accomplished by placing
multiple anemometers in a cressction of the duct or gas pipe and manually recording the
velocity readings at numerous pointsie mass flow rate is obtained by calculating the mean
velocity and multiplying this by the density and by the cissstionalarea measurement of the
duct.

For cylindrical ducts, the letinear method of traversing provides the highest accuracy
because it takes into account the effects of friction along the walls of thé3duaatise of the
number of measurement&gure 345, air duct traversing is a tirmmnsuming task
Microprocessobased anemometers are available to automate this procedure
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Figure3-45. Anemometer Measuring Station

Because of the small size and fragility of the wire;\nive anemometers are susceptible
to dirt buildup and breakagé positiveconsequence of their small mass is fast speed of
responseThey are widely used ineating, ventilation, and air conditioning\(AC) and
ventilation applicationd_arger and more rugged anemometers are also available for more
demanding industrial applicatioriBo ensure the proper formation of the velocity profile, a
straight duct section is usually provided upstream of the anemometer station (usually 10
diameters long)A conditioning nozzle is used to eliminate boundary layer effédtsere is no
roomfor the straight pipe section, a honeycomb flow straightener can be incorporated into the
sensor assemhly

A hot-wire anemometer consists of a thim{s or 12mm) tungsten wire array
consisting of one or more wires, each of which is mounted in a Wheatstone bridge connected
through a series of amplifier@/ire resistance varies with its temperature; air blowing over the
heated wire reduces wire temperatédastacting bridge circuit maintains the wire at constant
overheat temperature (well above ambient temperature) by sending varying amounts of electrical
current through t he wiolingeffactTheresult is a measirerheat oft h e
wind flow across the axis of the wir&n array of multiple wires can resolve multiple wind
velocity componentBecause of the small size and fast response of the probesiréot
anemometers are used for high frequency (~H¥)Wrelocity fluctuation measurementsot-
wire anemometry should be used to characterizesiia¢e turbulence withitheroughness sub
layer. Because of the need for frequent calibration, theali@ anemometers should be operated
on asampling basis over ifinute periods.

3.12 Actinometers

Actinometers provide measurements of solar and terrestrial radiatiese
measurements can be used to define the incoming and outgoingdeergand shonvave
radiation and radiative baland&yranometers are used to obtain hemispheric incoming and
outgoing shoriwvave radiation (wavelengths of 0.3 to m@limeters jmm]), and pyrgeometers
are used to obtain hemispheric incoming and outgoing\mge radiation (wavelengths of 4.0
to 50 mm) Pyranometers consist of thermopiles, a series of thermoelgcicitorns between
two dissimilar metalsovered by a Schott glass dome that passes radiation in the visible part of
the spectrumA temperature gradient is created by placing one set of junctions in thermal contact
with a nonwavelengthselective black surface, while isolating the other Be¢ temperature
gradient produces a voltage that is proportional to the temperature difference and hence to the
intensity of incident radiatiarPyrgeometers are of similar design except that the covering dome
acts as bandpass filter for longwave radiation.
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3.13 Pitot-Static Systems

ThePitotstatic system ithe classic method for measurement of aircraft and airflow
velocity. The following subparagraphs descriot-static systems, their basic theory of
operation, properties, characteristics, and transducers used in conjunction with them.

3.13.1 Basic theory of operation

The simplest version of the system is composed of a source of moving air collected in the
Pitottube, a streamlined, hollow probe located forward on the aircraft in undisturbed air, and a
source of ambient .dhempressuaselcleaed bytmowng dirscalladtdynamicp o r t
air pressure (from theitottube or probe), and the static air pressure caused by the weight of the
earthdés atmosphere (from the stati &igupeort), ar
3-46). The airspeed indicator uses the dynamic pressure and static pressure to indicate the
aircraft horizontal velocity through the air magke altimeter measures the static pressure to
provide aircraft altitude above sea levighe vertical speed indicator uses changes in the static
air pressure over time to determine the aircraft upward and downward velocity

. wertical =pead Airspeed
Alti meter indicator [vS1)  indicator

Static port=s

Pitot tube

TTT]

Fitot-heat elerment

Figure3-46. Basic PitotStatic System and Aircraft Instrumentation

The static port is often located on the side of the aircraft fuselage to receive only outside
air pressure unaffected by aircraft movem@&ht static port is sometimes combined with the
Pitottube as openings along the side offitet probe to provide greater accuracy for higher
speed aircraft, or for airframes where there are no acceptable locations for a separate static port.

In more complex systems, a transducer is used to measure the difference in dynamic and
static air pressure arid convert the pressure difference into an electrical signal that is more
easily transmitted throughout the aircrdite electrical signal is used by an air data computer to
measure the aircraft motion and altitude based on the static pressure and the difference signal
between the dynamic and static pressitine results of computations are used by a variety of
aircraft instruments beyond the baaitimeter and vertical speed indicatsuich as autopilots,
altitude alerters, flight management systems, electronic displays, and navigation systems.

The transducers use a variety of sensors to perform pressure measyleciedisg
vibrating elements, capacitive variation, and the relative newcomers ossaidsensors
includingmicro-electremechanicabndSi integrateekcircuit types.
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A diagram of thePitot-static system operation is showrFajure 347. In the diagram,
the static port is combined with tRetotin the same assemblyhe transducer utilizes the
difference between static pressure (simply the ambient air pressure surrounding the aircraft and
Pitot probe assembly) and dynamic pressure created from the air in motion as it rams into the
open end of th@itott u b e ( n &iguee 347V The dymamic presse is created by the
velocity V of the airflow as it enters the tubEhe air entering the tube has both dynamic pressure
from movement, and static pressulrThesedwoe t o t he
components are summed togetheP@®r totalpressureAs shown infFigure 347, the dynamic
pressure is proportional to the density of theraimultiplied times the air velocity squared
and divided by 2By subtracting the static portion of the total air pressure, and using the formula
shown, the velocity of the airflow, and thus the aircraft, can be computed.

Glenn
Pitot Tube Research
Canter
— r = Density
] V = Velocity

p = Pressure

Total pressure] P Static pressure

Pressure Transducer —
Measure difference in total and static pressure
Bernoulli's Eqguation -
static pressure + dynamic pressure = total pressure
2
P_+ rx v =
(P = )= py
Solve for Velocity: 2 _ 2(p - pJ) < |
r
Figure3-47. Pitot-Static System Operation

3.13.2 Properties and characteristics

The properties and characteristicdabt-static systems discussed below include the
Mach number range, yaw and pitch angle range, boundary effects, Reynolds number range,
turbulence errors, andtimeconstanhi s i nf or mati on i s gl eaned fr
webpage about Pitatatic probes.

3.13.2.1 Mach number range

The lower usable limit foPitot-static probes depends on the sensitivity of the readout
device used with the prob€he lower limit is approximately at a Madamber of 0.06 or
velocity of 70fpsfor air at standard atmospheric conditions since a differential pre&ieof

" United Sensor Corp. Pit@tatic- Properties and Characteristibstp://www.unitedsensorcorp.com/pitot
properties.htmlLast viewed 10 February 2022.
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160 of water, for exampl e i s ab ®uatcurachvath mi ni mu m
ordinary slant gage3dVhile there is no minimum Mach number for the probe itself, there are

viscous drag effects that should be considered when using a probe hveldoity fluid field

(See Reynolds Number Rang®ction3.13.2.5. The upper limit is at about Mach 0.95 for the

total pressure reading and 0.70 for the static as shofigume 348. The static reading is

accurate to 1% up to Mach 0.70 and to @%&to Mach 0.50Due to the formation of local shock

waves on and around the tip of the probe at this point the calibration becomes erratic and the

reading can vary as much a4 ith little changes in flow conditions or proximity to solid
boundariesAbove Mach 1.0, both the total and static readings vary considerably from true

stream values but they can be corrected theoretically.
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Figure3-48. Mach Number Range

P Total pressure (impact / stagnation pressure)
Ps Static pressure (ambient / stream pressure)
Peo Indicated total pressure

Psp  Indicated static pressure

3.13.2.2 Yaw and pitch angle range

If the fluid stream is not parallel to the probe head, errors occur in both total and static
readingsThese are the most important errors in this type of instrument since they cannot be
corrected without taking independent readings with another type of [Boibeekheadprobes
are used on helicopters amerticaland short takeoff and landiragycraftto reduce these effects
and for safety purposeBigure 349 andFigure 350 show theerrorsin total and static pressure,
velocity, and weight flow at various yaw and pitch angles
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Figure3-49. Yaw and Pitch Angle Error

VP:  Indicated velocity calculated from Ptp and Psp using standard equations.
W:  Weight flow rate — Ibs. sec x ft?
Wp: Indicated weight flow rate from Ptp and Psp

Figure3-50. Yaw and Pitch Angle Error

Note that yaw and pitch angles have exactly the same effects on the reladiraygyles
of attack higher than°5the errors in total and static pressin@ease quite rapidjynowever
they tend to compensate each other such that the probe yields velocity and weight flow readings
accurate to % up to angles of attack of 30This is the main advantage of tR&ot design over
other types

3.13.2.3 Typical yaw andpitch measuring device
A photo of a typical yaw and pitch measuring device for aeronautical applications is
shownin Figure 351.
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Figure3-51. Swivel Head Probes

3.13.2.4 Boundary effects

The static pressure indication is sensitive to distance from solid boundarigisown in

Figure 352 this error increases the indicated velocity pressure at a Mach numhbertge25

probe andoundary form a venturi passage thatelerates the flow and decreases the static

pressure on one sid&ccording to the curve the static readings should not be taken any closer

than five tube diameters from a boundary fd®aaccuracyA distance of ten tube diameters is

even safer.
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Figure3-52. Boundary Effects

3.13.2.5 Reynolds number range

Pitot-static probes are not directly affected by Reynaldsber (except at very low

velocities) Therefore, in liquids where compressibility effects are absent, their calibration is

substantially constant at all velociti@$e minimumReynolds numbefior the total pressure

measurement is about 30 where the characteristic length is the diameter of the impact hole

Below this value, the indicated impact pressure becomes higher than the stream impact pressure
due to viscosity effect§ his error is only notieable in air under standard atmospheric
conditions for velocities under Xgswi t h i

3.13.2.6 Turbulence errors
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Pitot-static tubes appear to be insensitive to isotropic turbulence, whichnsoiste

common typeUnder some conditions of high intensity and lasgale turbulence, the angle of
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attack at a probe can vary over a wide rafigs probe would presumably have an error
corresponding to the average yaw or pitch angle produced by the turbulence.

3.13.2.7 Time constant
The speed of reading depends on the size of the pressure tubes to the manometer, the
length and diameter of the pressure passages inside the probe, and the displacement volume of
the manometeFor any of the standard tubes down to 1
short; but it increases rapidly for smaller diametére r t hi s reason 1/ 1606 OD
recommended size for ordinary ugleis will take 15 to 60 seconds to reach equilibrium pressure
with ordinary manometer hoakps These tubesdhv e b een made oassde smal | as
diameter OD), but their time constant is as long as 15 minutes and they clog up very easily with
fine dirt in the flowstream If very small tubes are required, it is preferable to use separate total
and static tubes rather than the combined-gitic type Where reinforcing stems are specified
on small sizes, the inner tubes are enlarged at the same point to ensure minimum time constant

The following tables and figures are offered your understanding.

Table 3-1. Standard Pitot-Static Models (Part 1 of 3)
. Reinforcament Tig Joining Compound hdounting Chuck
Sensing . = . Pressure - o o
A Frobe |Diameter|Length| _ wletal Filler |Maxirmum|  Waterial Thread
Ordenng Part Stemn e Take-Odf S
y ; Lengih il b ; Lperating
Murmber Lhameter Lhameter iy
B 4 2 Termnp.
PAd"g kL 116" 532"
P&B-"a" kL 3 Swaged PR
158" down to | Microbraz | 1500°F e NE
316" | Standard 178"
w  |Lengths are i | . LIET
I |
Bt i | W e [ | | N
1”EI J 12" 18" &3 SR 18" NPT
EEr R 18" g | Swaged E——
PBC-"a"-G-"b"kL | 18" 247 : ' dowen to | Microbeaz | 1500°F :
144 t " 144" NPT
PEC-"a*-G-p"kL [ 316" ﬂ” L
PBE-"a"-H-"b-i i ‘ " o
1 ! 107
PEE oAb A " Weld | Z000°F | 3
Table 3-2. Standard Pitot-Static Models (Part 2 of 3)
| Sansin | Reinforcement | Brasatic Tip Jaining Compouwnd
¢ {28150 | Drobe Diametar|Langth) TBSSUME [ fetal Filler|Manimum| Removeabls i
Ordering Part | Stam Lanint Tak g o el Farrule
2 i angth m b o | Operating|  Take - OfF I
Mumber | Diarnetet 3 Diarmater T 3 Type
El 2mp. o ztenal
d @
PCA A KL | 116" ' | &=
PCE-"a"KL | 32" Swaged
POl | e dewn b | Microbtaz | 1500°F
PCO-"aKL | 316" | Standard 148"
PCE-"g"-h | 4 Lengths are | e —_l
PCE-"a™Wy | g | | | Weld | 2000°F | Stainless Taflan
PDA-"a"-F-"b*+L 1.__'1“15; 12* 148" el i o
PDE-'a"-F-"b"kd | /" 18" 3 g | Swaged
PDC-"aGbkl | 18" 24 g | g | downto | Ricrobraz [ 1500°F
POC"a- bl | 315" I B 14"
PDE-"aH-"b"M | .. " 5 .
ERTErrvEr L | 38 1 Weld | 2000°F
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Table 3-3. Standard Pitot-Static Models (Part 3 of 3)

. Reinforcament Tiex Joining Compound hounting Chuck
Senzing = . Pressure - - ~ - =
Frote  [Diameler|Langth| _ Wetal Filler|Maximum| Material Thread
COrdenng Part Stern I ! Take-CHf
, Lengih m il Cperating
Mumber Chiameter Drameter -
4 a = Emp.

PSA-"a" 141e"

PSB-"a" =75 £

PSC-"a" 18" Standard

F=0-"a" AME"  |Lengths are

pSE_llai .-”- il Hu SEITIE 45
—rerem o e B Dptional the Probe | Micrabraz | 1500°F Cptroral
PTA-"a 1716 12 Disrnater

T = e

PTC-"a" 18" 24"

PiD-"a" IE"

PTE-"a" 104"

o Airflow
P
l4d. Mounting Chuck
d Y ) Taotal —
Bl — (| | e
- = S N O el
G B
: .
Static

Figure3-53. Type PA Probe

Airflow

Mounting Chuck

Reinforcement Total

|

a L

Static

Figure3-54. Type PB Probe
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=)
1]
|

-
I

d. U .;__l»| ru[;jr—_ﬁj

Removable Take-Off ' »
| Total -

(8

Static

Figure3-55. Type PC Probe

f———— b

— Reinforcing

m I ﬂ][—bj:'

Removable 'I’aLc-Oﬂ - Total +

\l’lllt

Figure3-56. Type PD Probe

I
|

Static

—d

Figure3-57. Type PS Probe

]4

Total

Figure3-58. Type PT Probe

3.13.3 Transducers foPitot-staticsystems

As mentioned before, pressure transducers are used to translate bafnoe¢static air
pressures into electrical signasessure transducers typically are of two familiferential
and absoluteDifferential transducers accept two pressure inputs via separate ports applied to
both sides of the pressure sensor, and provide an output proportional to the difference of the two

3-54



Instrumentation Engineers Handbo®CC Document 1222, February 2022

pressuresAbsolute sensors compare the sampled pressure to an aremnadacuated or
nitrogenfilled sealed containmenDifferential transducers are used to provide a difference

signal between the dynamic and static sources for airspeed calculations, while absolute sensors
are used for altimeters and vertical speed calculations

3.13.3.1 Vibrating Element or Resonant Type

This type of transduceypically takestwo forms(seeFigure 359). The first form is a
vibrating wire driven by an electromagnetic souréde second form can laaesonant type
such as &E ceramic ora quartzelementattached to a diaphragihe diaphragm can be
located either between the two pressure sources for differential sensors or between an aneroid
andanexternal pressure sourde pressuresensitive element (diaphragm or bellows) develops a
force against a tensioned wiequartz crystalor ceramic element whose natural mechanical
frequency of vibration depends on the stress due to the fss@eresult, the frequency is a
function of pressurelhe vibrations are maintained by a feedback loop with an amplifier in the
loop.

AR

Figure3-59. Vibrating Element Pressure Sensor C¢Ssstional Diagram

Pressure upon the vibrating element alters the resonant frequency of an oscillator, which
is then used to provide an output signal proportional to therdiifial or absolute pressure.

Vibrating-element pressure transducers with pressarsitive element changing strain in
vibrating wire (a) or quartz crystal (i} = pressure, 1 = presstgensitive element,
2 =tensioned wire, 3 = pickup coil, 4 = driving magnetic system, 5 = quartz crystal or ceramic
element

The Rosemourdir datatransducer (ADT) measures static and impact pressures and
provides digital outputs for static pressure, impact pressure, dynamic pressure, indicated
airspeed, pressure altitude, and indicafexth The Rosemount ADT contains two high
accuracy digital sensor modules with each module utiliaimtprating elemeniThe outputs are
digitized and digitally corrected to minimize temperature effects before pressure altitude,
indicated airspeed, aMach are calculated

3.13.3.2 CapacitiveType

Capacitive sensors (no diagram available, but similar to the vibrating element
construction) utilize the variation in capacitance caused by the flexure of thin diaphragms
arranged as the plates of a capaciltve capacitance changesthe spacing between the plates
is altered by applied pressufgplied pressure can be either differential (both sides of the
diaphragm) or absolute (pressure applied to one side while the other side is $baled)iable
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capacitance is again used as part of a frequency determining circuitn® ahose frequency
output is proportional to pressure.

3.13.3.3 Solid-State Type

The solidstate type of pressure sens@fgiure 360) use a diffuse®i resistance element
connected to a fully active measuring bridgke Si element is combined with signal
conditioning circuitry, often on the same integrated cirdthe piezoresistive effect causes
element resistance to change proportionally with measuesgure, and the unbalanced bridge
produces a differential output voltage that indicates system pre$herexternal pressure can
be applied to the passivat8ddirectly, or theSi-measuring cell is housed in an-tiled
chamber for hostile environmenss stainless steel diaphragm separates and protects the sensor
from the medium.

Figure3-60. Solid-State Element Pressure Sensor Gfsstional Diagram

3.13.3.4 Encoders

Encoders are absolute pressure sensors integrated with signal conditioramglagtb-
digital conversionThe pressure sensor signals are calibrated to display altitude above sea level
derived from the static pressure pdirthe output is not displayed directly, these are often called
Abl i nd .odmedigittked pressure output is supplied to-dorct display applications
such as navigation and flight management systimsertical navigation guidance, altitude
alerts for altitude determinatip autopilots for altitude hold functions, and transponders for
telemetering of altitude to the air traffic control secondary radar tracking systems

3.14 Aeronautical Radio, Incorporated 429

This section provides background, specifications, and other operational information
relating to theAeronautical Radiplncorporated ARINC) 429 waveformThis information is
gl eaned from i ARI 3pablished By SBSTeanwlodgiea.r y 0

8SBS Technologies, | nc. iARIWIGbleal2RTCC @amiversevithtPavaty Potdtal Re s ci n d
access dtttps://www.trmc.osd.mil/wiki/x/YIVyBQ
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3.14.1 Background

ARINC itself is not a standard nor is it a piece of equipmieme ARINC organizations
the technical, publishingind administrative support arm for the Airlines Electronic Engineering
Committee (AEEC) group3he AEEC was formed in 1949 and is considered the leading
international organization in the standardization of air transport avionics equipment and
telecommunication systemStandards from\EEC define avionics form, fit, function, and
interfacesThe AEEC is comprised of 27 airline and related organizat®egresentatives have
engineering, operational, and maintenance experieithan their organization

ARINC specifications are divided into four numbering systems and two basic Tyyges
numbering systems include the 400, 500,,@0@ 700 series he groups are divided into
general design requirements and terminal design standards (characte@stiesaldesign
requirements include the 400 and 600 series of docungpesific terminal design and testing
criteria (characteristics) are set forth in the 500 and 700 s€heg100 series documents are
considered the general design and supporting docsrfarihe 500 series avionics equipment
characteristicsThe ARINC specificationsdefine design and implementation of everything from
testing requirements toavigationsystemso in-flight entertainmentSome of the newer
specifications cover digital systems, testiagd developmerdnd simulation criterigGenerally,
three specifications define the characteristics of avionics blisese are ARINC 413ARINC
4291%and ARINC6291112

ARINC 419 is the oldest and is considered obsoldte vast majority of avionics
terminals employ the usage of ARINC 429 for thaiionics busThe predecessaf ARINC
419 is a collection of the various avionics buses in use at its creBtierARINC 419
specification was the firgtigital communications specification for commercial aviatibims
specification was developed in 1966 and last updated in TO@RRINC 419specificatiorwas
created to provide a central point of reference for the different variations of buses, providing both
electrical and protocol declaratio#dthough the 419 specification declares four different wire
topologies and clock rates between transmitter and receiver, all buses use a shout bus topology
(simplex) and théabelidentification method for dataords(seeTable 34).

Table 3-4. ARINC 419 Topologies
Topology Description
Parallel One Wire peBit
Six Wire One Clock, One Data, One Sync
Serial One Twisted Pair

9 Aeronautical Radio, Incorporatedigital Data System CompendiuRINC Report 4198. November 1984.
Retrieved 10 February 2022. Available for purchadetas://www.aviationia.com/products/413-digital-data
systemcompendiurd2.

10 Aeronautical Radio, Incorporatedigital Information Transfer System (DITS) Partg1JARINC Specification
429P1P4. Retrieved 10 Februay 2022. Available for purchabétgd://www.sae.org/standards/content/arinc429p1
18/.

11 Aeronautical Radio, Incorporateillulti-Transmitter Data Bus Part.JARINC Specification 629R5. Retrieved
10 February 2022. Available for purchasé&ips://www.aviationia.com/products/62@art 1-5-multi-transmittes
databuspart1-technicaldescription2.

2 Aeronautical Radio, IncorporateMlulti-Transmitter Data Bus Part. ARINC Specification 629R2. Retrieved
10 February 2022. Available for purchasé&ips://www.aviationia.com/products/62part 2-2-multi-transmitter
databuspart2-applicationguide-2.
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| Serial | Coaxial Cable H

Among the four, the most widely known implementation of 419 is the Senealtwisted
shielded pair topology used by tBeital Air Data SystemIPADS [known as ARINC 57
followed by the sixwire (three twisted shielded pairg)ithough ARINC 419 is no longer used
in terminal design and is considered obsolete, the DADSV@g8ed shielded pair bus served as
the model for the ARINC 429 topology

ARI NC 429 defines the Air Transport I ndust
between avionics systemEhne ARINC 429specifications formally known as the MARK 33
Digital Information Transfer System (DITS) specificatidime current release of the
specification is known as ARINC 421% and is divided into three parts showiTable 35).

Table 3-5. ARINC Specification Parts

Part ARINC Specification | Description

1 429P118 Functional Description, Electrical Interface,
Label Assignments, and Word formats

2 429P216 Discrete Word Data Formats

3 429P319 File Data Transfer Techniques

The ARINC 429 specification deribes the avionics bus as@yenloop transmission
model Typically, this type of bus is described as a simplex bus with multiple recedites
terminol ogy would refer t Whenlbokiegsatad29iushtheut 06 or
transmittingline-replaceablenit (LRU) is known as the source whileckareceiving LRU is
known as aink. Any particular LRU may have multiple sources and/or siAkisvisted shielded
pair carries the ARINC 429 signal and the sets of informatiotramemitted at periodic
intervals The periodic interval of data transmission must be sufficient to provide a minimal rate
of change in the data, so that if a data set were lost, the loss would be of little conséiquence
detect errors, the specification prescribes the use of odd parity indication and optional error
checking

Typically, a data set is composed of one word and consists of either BNRoBCD
alphanumeric data encoded per ISO Alphabetd\N®he ARINC 429 specificatioralso provides
for file data transferthatuse more than one wordhe transfer of graphic text and symbols used
for CRT maps and other displays has not been defideciments foARINC 429are not
standards; they are specifications developed to provide a high degree of interchangeability
between common functional units

3.14.2 ARINC 42%P1-15 Specification

The ARINC 429 specification provides the electrical, timing, and protocol requirements
necessary to implement design and proper communication on the MARK 33 DITEhbus
ARINC 429topologyis implemented as a simplex broadcast e ARINC429 wiring
topology is based upon a ¥8 unbalanced, twisted shielded pa#in LRU is typically connected
to the bus in a star or bus drop configuration (see below).

Each bus has only one transmitter and up to 20 receivers; however, one terminal may
have many transmitters or receivers on different bugestransmitter sends out the-Bi2 word,
least significant bitl(SB) first, over the wire pair in a tstate clockingreturnto-zero (RZ2)
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methodology The actual transmission rate may be at the low or high speed of operation: Low
speed of 12.%Hz (12.5kHz to 14.5kHz) approximately 390 to 453 words per second and high
speed of 10@Hz (£1%) approximately 3125 words per secoAdreceiver is not allowed to ever
respond on the same bus where a transmission has o¢dunneer, since an LRU may have

one or more transmitters and/or receivers (each being on a separate bus), an LRU may respond
over another bus\n LRU on the ARINC 429 bus does not have an addiéssLRUs hae

equipment numbeitthatare then further grouped into equipment/system typggipment and

system identification numbers are used for system management and are not typically encoded
into the ARINC WordAn LRU is programmed to listen on the bus for ARINC data words
Remember the data word begins witlalaelidentifying data of interest.

Transmission of information occurs from a port on the LRU that is designated for
transmission onlySimilarly, receive ports are used for receive ofiijormation cannot flow
into a port designated for transmissidhis is the basic definition of a simplex bli® obtain
bi-directional dataflow between LRUs you must use at least two ARINC 429 buses.

3.14.3 Cabling )
The transmission media for the ARINC 429 bus is & #&isted shielded paiA
schematic illustration of a twisted pair appeaarkigure 361.

Ground

- B

/WV\/\/\

+

Figure3-61. 429 Twisted Pair

One end of the twisted pair should terminate into the data source and the other end should
terminate into the data sink(3)he shields should be grounded at both ends and at all production
breaks irthe cableOnly a single source is permitted per bus and a maximum number of 20 sinks
may be connectedtither a star or line drop topology is permittédsource must be capable of
handling a maximum load of 4@D. A receiver sink must have minimum effective input
impedance of & with noparticular bus lengths specified, partially due to the direct connect
nature of bus and that each sink acts like an electrical. didast systems are designed for less
than 175 feet.

The two types of topologies are ttar andbusdrop (Figure 362 andFigure 363,
respectively)In earlier designs, especially, the star topology was implemévitady consider
star topology safe since each LRU has its own connection to the ;sivrefore any break
along the bus length results in loss of only one listélfes star topologyhoweveryequires
much more wire, which adds @0 me swei gwitt ha md htae
It is for this reason thahany argue effectively for tHausdrop topology The same number of
connections is stifpresent and there is a significant reduction in weight from dropping each
LRU off a central bus.
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Figure3-62. Star Topology

Transmitter
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T
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LRU

LRU

LRU

Receiver

Receiver

Receiver

Figure3-63. Bus Drop Topology

ARINC 429 has two speeds of operation: 1&# (12.5kHz to 14.5kHz) and 10kHz
(+/- 1%). The 32bit word is transmitted LSB first over the wire pair with astiate clocking, RZ
methodology Separate words are identified by having an imessage (or inteword) gap time
of at least 4 bit times, from end of cycle to beginning of nextrise or fallAmeAi one 0 i s
by the transmitter when a rising edge goes from zero W40V, plateausthen drops down to

0V, which is known as the null ar¢aull level +0.5V). A

~

fzer oo

i s

created

when a falling edge drops from\M0down to-10V +1 V, plateaus then rises up to return to the
null area This is considered a completgcle only when followed by a null area plateBuery
plateau should be of equal length.

The signal waveform generated rsRZ bipolar tristate modulationThe three states are
i H I. Bigure 86K depicts @actastaand TathleB@identifies

identi fied

as

the output signal tolerances
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X

Voltage

HI
HI 10v +/- 1v — a—
NULLOv+-05v | ) % — NULL
LOW -10v +/- 1v \ /
LOW
Figure3-64. ARINC 429 Waveform
Table 3-6. Output Signal Tolerances
LTR Parameter High Speed Low Speed
. 100thousandits per

- Bit Rate second Kbpg +1% 12-14.5kbps
A 1st Half Pulse 5 us+5% B/2 £5%
B Full Pulse Cycle 1 | O us+2.5% Z* us+2.5%
C** Pulse Rise Time 1.5 £0.5us 10 +5us
D** Pulse Fall Time 1.5 £0.5us 10 +5us
Notes:
* Z = 1/Bit Rate; Bit Rate is the selected rate of transmission &f 12.5
kbps
** The Pulse Ris€C) and Pulse Fall (D) times are measured between 1(
and90% amplitude.

3.14.4 Transmitter

The ARINC 429waveform shows boundaries for batansmitter and receiver
conditions In order to create the wave, the transmitter needs to generate a differential output
signal across the twisted paif$e transmitter needs to be balanced to ground and should emit a
differential signal as depicted on the {eéind side of the ARINC 429 waveforithe voltages
depicted are when the transmitter line is at open cirthé voltage scale on the left is the values
that transmitters are expected to geneg¢en though a valid signal should not excee¥ 18
either direction, a transmitter should be designed to prevent a voltage transmission in excess of
30VAC across the wire pair and £2@DC from either wire to groundransmitters should be
able to withstand indefinite shorts across the wire goailor to groundviost ARINC 429
transmitters are designed usingeaistorcapacitor(RC) circuit to control the rise timé& his
implementation is preferred in order to minimize overshoot ringing, typically associated with
rapid rise timesThe rise and fall times for the kBiz rate is 1.51s £0.5 us while the rise and
fall times for the 12.%Hz bus is 1Qus £5 ps. The transmitter should exhibit continuous output

impedanceof 76 5 i n a balanced fashion b.€ableeen each
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impedance should be selected to matchthg 75t r a n s mi t t; bowever,edualivaluesme n t
from6080q fall within the expected characteristi

3.14.5 Receiwer
The voltage scalen the right of the ARINC 429 aveformin Figure 364 is the values
for which receivers are expected to decdtleen though the receiver should not see amplitude
any greater than 13DC, each receiver should be designewiihstand steadgtate voltages
of 30VAC RMS across the wire pair and +2®DC from either wire to groundn proper
decoding operations, the 429 specificuwC,jion de
it is not uncommon to have receivers that have a null area up t&B&%nd will not decode a
Aoneodo or fAzerood until tVvb@or-4.5UPEG, adspedivelpThdsd ude r e
adjusted thresholds are typically implemented to overcome noise problems on tba thes
other hand, thepecification encourages designers to try\aseparation between decoding
values Most ARINC 429 receivers are designed around an operational amplifier matrix, which
typically includes a clock speed identifier to establish timing requirements for differentiating
high- and lowspeed signald he differential input resistance and resistance to ground of a
receiver should be nolessthankl2y, wi th a total i nkaThe resi st an:
differential input capacitance and capacitance to groundéghotibe greater than ficofarad

3.14.6 Word overview

Each sink is programmed to look for only data relevant for its oper&edavant data is
identified by the first eight bits of the ARINC word, known asldieel Each ARINC 429 word
(Table 37) consists of 32 bits with the first 8 bits (label) octally encoded to represent the type of
information contained within the 3@t word. A typical 32bit word has five parts:-8it label,
data areapdd parity bit,sourceflestinationidentifier (SDI),and $gn/statusmatrix (SSM).

Table 3-7. ARINC 429 Word
P | SSM| Most Significant Datal9 bits SDI E;I?gé?ctal
32 |13130(29282726252423222120191817161514131109|87654321
MSB ARINC 429 Word LS

3.14.7 Informationidentifier

Theinformationidentifier (Table 38) is a term used in the specification to associate two
different types of informatiorgbelandequipmenidentifier). The ARINC 429 specification
defines these two together as admaracter label that provides distinct designation for any type
of ARINC 429 dataThis sixcharacter label consists of a thha®aracter octal identifier known
as thdabeland a threeharacter hexadecimal identifier known aseheipmenidentifier.
Table38i s an exampl e of .Thelabelitdntids¢he typ€ of thiersnationt a b | e
contained within BNR and BCD numeric and the word application for discrete, maintenance, and
file transfer methods (also described in ARINC 429P2 andLRBgls can have system
instruction or data reporting functionalifffhe structure for assigningbelnumbers appears in
ARI NC 429P1 Appendi x 5, fi G uTheBHER represestatibnofrthe L a b e |
octallabelinformation and its bit position within the ARINC 429 data word is seen under the
fiTransmission Order Bit Position h e a dable 88. Thd most significant bitMSB) of the
octal word is located in the least significant ARINC 429 bit and is transmitted first out onto the
bus Since the LSB of the ARINC word is transmitted first, this in effect causes the label to be
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bit word and each word begins witliadel A labelis always transmitted in the first 8 bits of the
ARINC 429 word.

Table 3-8. Information Identifier
Code # | Eqpt ID | Transmission Order Parameters Data
(Octal) | (Hex) Bit Position in 429 Word
BNR | BCD
12 345 6738
374 005 1 1/11 1[10 0 |E-W Velocityd Mag | X

3.14.8 Eqguipmentidentifier

The equipmenidentifier (Egpt.ID) identifies the ARINC 429 bus source, is for

administrative use, and must be associated with the setmceombinationEach bus source
may have up to 255 of thabek, as defined above, assigned for its us&gee each type of

equipment (black box) has its own setdadieks (and data) and a distinct equipment identity, the

ARINC designer can use the combination ofli®landequipmenidentifierto prevent the
conflict of unlike parameters having the sdatgel Many times thissquipmenidenifier code
identi fies
equipmenidentifieris not transmitted out onto a bus unlesslabel377 is usedin association

a

system on the aircraft, Thsuch

with that label, the number is encoded just following the SDI.

3.14.9 Sourcédestinationidentifier

The SDI is optional andvhen used, occupies bits 9 and 10 of the ARINC wbné SDI
is considered

to

add an |abetandcARBNC systems arée o
expected to decode thebelSDI combination as a different label than an ARINC word with the
samedabeland no SDI implementation.

The SDI has two functions as follows:

t he

a. to identify which source of a mullystem installation is transmitting the data contgined

b. to direct which sinks (destination) on a miiktener bus (known as a muflystem

installation) should recognize the data contained within the ARINC word.

When used in the destination function, subsystems are given an installation number: 01,
10 or 11 BNR). A zero in both bits 9 and 10 (00) conveys that all sinks on the bus should

decode the data or can be used as the address for a fourth listener onAkestaied, the use of
the SDI is optional and is not available if transmitting ISO Alphabet #5 alphanumeric data words
or when additional bit resolution is needed for BNR or BCD numeric data (data requiring a
higher resolution than typically providedttvithe 19 data bits).

3.14.10 Signktatusmatrix

The SSMfield may be used to report equipment conditions or the sign iterth, south,
east, west, etc.Bits 30 and 31 are typically assigned to the SSM with bit position 29 also used

for BNR words In the status function, the SSM field repdresdware equipment conditions

(fault/normal), operation mode (functional test) or validity of data word content (verified/no
computed data).
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TheSSM is used for two purposes:
a. to provide a sign or direction indicator for data contained within the ARINC 429 word

b. to provide source equipment status information as related to the data word for the sinks
Eachlabelhas its own unique implementation of 88Mfunction.

When used to provide equipment status information the SSM reports three general
conditions:

a. report hardware equipment condition (fault/normal)
b. operational Mode (functional test)
c. validity of data word contents (verified/no computed data).

Other bit settings within the data word or data within the ARINC word indicating the
type of status or related values may also accompany status infornfai@additional
information would be specific for each systérhe following is valid for BCD, BNRand
discrete data word$unctionalteststatus encoding is used with instructlabek and data
reportinglabek. When an ARINC word has an instructitateland is accompanied by the
functionaltestbeing set, the decoding sink should interpret thieingon as a command to
exercise a functional ted/hen the ARINC word has a dateportinglabeland thefunctional
testis set, the data contained within are the resultsfofietionaltest Typical BCD test report
data has values of 1/8th of full sc@kS), unless otherwise defined

3.14.11 Protocol

Most ARINC 429 data is transmitted integrally as part of the labeled (ver(BNR,
BCD, andalphanumerig¢; however, a combination of 32it words may also be used in a block
transfer (i.e.AIM) mode. The AIM block transfer protocol (now discontinued) was the original
manner defined for data blottansfer, being replaced with the Williamsburg file transfer
protocol, as introduced in ARINC 422. Each LRU has a transmit bus and a receive bus and a
control protocol is implemented to manage the data trarisfaddition, these buses are petiot
point and are typically designed with the ability to perform under typical 429 svuyk
transfer formatAn ARINC 429 data word has a predefined rate at which it must be
retransmittedThe exact data may or may not be repediabt systems require datalie
transmitted at the predefined transmission repeat interval whether the data has changed or not
Each label has a minimum and maximum transmit interval that has been predefineda b e | 6 s
rate and interval are defined in the ARINC 429 specification or in a specification by another
governing body (i.e General Avation Manufacturers Associatipar by a particular avionics
system supplier.

3.15 Military Standard 1553

TheMIL-STD-1553 is a military standard that defines the electrical, mechanical, and
timing specifications for a communication network that interconnects cooperating digital units in
a systemThis communication network, also referred to as a data bus, is typically used in
military and commercial platforms utilizing an avionics syst€he MIL -STD-1553 is a highly
reliable bus, both because of its extremely low error rate (one word fault per 10 million words),
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and because of its implemented dredundant architectur&@he bus operates atniegabit per
second 1bps).

TheMIL-STD-1 553, A Ai r cr division Cammeand/Resdonsd Nuligex
Data Bus, 0 has bEeML-$TD1658 Bsncef é&Piv8d to as
appropriate revision letter (A or B) as a suffbhe basic difference between the 1553A and the
1553B is that in the 1553B, the options are defined rather than being left for the user to define as
required It was found that when the standard did not define an item, there was no coordination
in its use Hardware and software had to be regeed for each new applicatichhe primary
goal of the 1553B was to provide flexibility without creating new designs for each new user
This was accomplished by specifying the electrical interfaces explicitly so that compatibility
between designs by different manufacturers could be electrically interchanJdedNéL -

STD-1553B was widely adopted in 19748should be noted that 1553 bus wiring and bus
coupling will differ between 1553A and 1553B specificatimses Subsectior8.15.3containsa
review ofthe 1553A vs. 1553B specification hardware differences

TheDoD chose 1553 multiplexing because of the following advantages:
weight reduction

simplicity;

standardization;

o o T p

flexibility.

Some 1553 applications utilize more than one data bus on a véides often done,
for example, to isolate a weapons store bus from a communications bus or to construct a bus
system capable of interconnecting more terminals thsimgde bus could accommodat&hen
multiple buses are used, some terminals may connect to both buses allowing for communication
between them.

3.15.1 Specifics
The MIL-STD-1553B data bus interconnects up toRBls controlled by a single
controller unit referred to as teiscontroller (BC) The RTs and the BC are connected using
two separate buses of twistslielded pairs of wires to maintain message integrigse are
named the Primary Bus (or bu.dessalydspretmansterredh e Se
on both the primary and secondaryseswith equal probabilitylf a message fails to be
transferred over one bus, the transfer is retried on the lmikdvlessages will continue to be
transferred on this bus until a message failure océuithis time, the other bus is used for
signaling.

There are only three functional modes of terminals allowed on the data bus: the BC, the
bus monitor (BM), and the RThese devices, which may be capable of more than one function,
are described belaw

a. Bus controllerThe BC is the only terminal that initiates information transfers on the data
bus It sends commands to tR's, which reply with a responsghe bus will support
multiple controllers, but only one may be active at a ti@tber requirements, according
to 1553, are: (1) it is Athe key part of t
information transmission on t hleerdlewsthes hal |
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BC is typically assigned to one of the more powerful units on the bus (e.g., the mission
computer)In a typical MIL-STD-1553 bus, the BC has a predefined sequence of
messages that it repeats indefinitdlilis sequence of messages is referred to as a Bus
List. The bus list is planned in such a way that it will cause each message to be
transferred over the bus at a rate that is appropriate for the information that it Eamries
example, a message that carries information about wing vibrations is tranafeared
significantly larger number dfiz, than a message that carries information about fuel
quantity.

b. Busmonitor1 553 defines the bus monitor as #fAthe
bus traffic and extracting selBasnomtdrs i nf or m
are frequently used for capturing the entire bus or selected information for
instrumentation purposes

c. Remote terminalAny terminal not operating in either tB& or bus monitor mode is
operating in the RT mod&he RTsare the largest group of bus componeAtsRT is
usually a singléox thathas some information to send out, and needs other information
to be sent in(A sensory unit, for example, would only need to send data out, while a fuel
control unit would need to transfer data in and oAn)RT can send out up to 30
different messages (humbered 1 through 30), and receive up to 30 other medsages (
numbered 1 through 30yhe number of the message in an RT is referred teals a
addressEach message can hold between 1 and 32 data words, 16 bits peknvBiT
sends or receives data only when instructed to do so by the BC.

The BC can transfer four basic kinds of messages over th&igusg 365).
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CONTROLLER 10 |kgce1ve | DA\'A T DATA J wm | I 3(‘)":‘1"”5 ¢ 300'-‘““”
RT TRANSFER } { WORD .
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MODE COMMAND  [Yyopz | ‘mfl N Tl ;, lcomasn:
NITH DATA WORD | COMMAND | WORD. E)ﬂﬂ | worD |
(RECEIVE) =

Figure3-65. Information Tansfer Formats

The kinds of messages used by the BC include RT to RT, RT to BC, BG atm&T
Mode commandsEach type is described below

a. RT to RT messagé@he BC instructs one RT to be prepared to receive a certain number
of words into one of its sub addresses, and then instructs another RT to send that number

3-66



Instrumentation Engineers Handbo®CC Document 1222, February 2022

of data words from one of its sub addresE&@&h RT is independent of the oth&l
they concern themselves with are commands from the BC

b. RT to BC messagdhe BC instructs an RT to transmit a certain number of data words
from one of its sub addresses, and then reads the data words that the RT transmits

c. BCto RT messagdhe BC instructs an RT to be prepared to receive a certain number of
data words, and then transmits that number of data words to the RT

(1) A unique subset to the BC to RT message is the Broadcast Med#agethe BC
sends out a command word with RT 31, then all RTs become prepared to receive

the data words that folloviNone of the RTs responds with a status word to avoid
collisions.

(2) Mode Command messages are used for management of tidbysnclude a
variety of messages, including, for example, requests from an RT to shut down its
transmitter, or to send the results of the last fiitest that it performediode
command messages are short, and contain one or no data words.

These signals are transferred over the data bus using serial digitaltR€&hcoded as
Manchester Il bphasewhich breaks down as shownhkigure3-66.

ONE BIT TIME

-~ -

| LI

* -

1Miz L
CLOCK (0) ~

o | ] {
DATA (0) =~ e ~

11 0 1 1 0 0 0
) - : : TS T
MANCHESTER : l ||
i (0 - :
BI-PHASE L : } [
) - Lol 3 . |
Notes:

1. Alogic one (1) is transmitted as a bipolar coded signal 1/0 (in other
words, a positive pulse followed by a negative pulse).

2. Alogic zero (0) is a bipolar coded signal 0/1 (a negative pulse followed
by a positive pulse).

3. A transition through zero occurs at the midpoint of each bit, whether
the rate is a logic one or a logic zero.

Figure3-66. Data Encoding
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There are three types of words in MBTD-1553:Command, Statysnd Datgsee
Figure 367). A word is a sequence of 20 bits consisting oftat3yndironizerwaveform, 16
bits of data, and 1 parity check.bithis is the word as it is transmitted on the bus; 1553 terminals
add the sync and parity before transmission and remove them during reCEpeiceiore, the
nominal word size is 16 bits, with the MSB fir§his sync pattern distinguishes between data
words (words that carry pure data) and command and status worddataowords)The bit
transmission rate on the bus is MBpswith a combined accuracy and leteym stability of
+0.1%. The shorterm stability is less than 0.9d There are 20,-£ s timestallocated for each
word.

5

BIT TINES I 1 I 23] I s|el7]s l 9 llo Ill 12 {ll !lk 15 [16 ]ll Iln il9 Iaol
COMMAND WORD e — —p ———~
= 5 |1 5 5 11 !
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S = : ND
DATA WORD I L P e e At e S )
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e—my ————— - > $5 T Y —
STATUS HORD ‘_[j 5 —]’:l ol 2 aha lllil xI
|

\ SYNG | REMOTE TERKINAL | | & | RESERVED |

ADDRESS

¥O¥¥3 ZOVSSIN
NOTLVANZKMELSNT
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Figure3-67. Word Formats

Command words are only transmitted by B@and they always consist of:
3 bit-time sync pattern;

5 bit RT address field,;

1 Transmit/Receive field

5 bit subaddress/mode field;

5 bit word count/mode code field;

-~ 0 o0 o p

1 parity check bit
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Data words are transmitted either by the BC or by the RT in response to a BC.request
The standard allows a maximum of 32 data words to be sent in a packet with a command word
before a status response must be retuldath words always consist of:

a. 3 bit-time sync pattern (opposite in polarity from command and status words)
b. 16 bit data field;
c. 1 parity check bit.

Status words are transmitted by the RT, in response to command messages from the BC,
and consist of:

3 bit-time sync pattern (same as for a command word)
5 hit address of the responding RT,;

11 bit status field,;

1 parity check bit

o o T p

The 11 bits in the status field are used to notify the BC of the operating condition of the
RT and subsystem

Many different kinds oérrors might occur on a MHISTD-1553 busSome are related to
electrical or magnetic conditions, and some relate to functional conditions of units on.tlme bus
general, there are two main groups of errors:

a. errors reported by an RT,;
b. errors detected by the BC

An RT can report an error by setting the Message Error bit in the status word that it sends
back to the BCOther kinds of errors involve bieével errors and wortevel errorsBit-level
errors relate to the bit pattern transmitted on the Blus BC flags an error if it detects an illegal
sync pattern, or when it detects a parity erntaalso flags an error if it detects that a transmitted
word contains too few or too many bi¥¥ord-level errors relate to the transmission of complete
words on the bus'he BC flags an error if it detects an illegal gap between successive words, or
if too many or too few data words are transmitted (according to the number of words indicated in
the command wordJinally, there are RTevel errorsThe BC might detect that an RT is not
responding at all, or that whenever the RT responds it causes corruption of the bus (The BC has
the option of shutting off transmission of an RT, by sending the RT a Selected Transmitter Shut
Down mode command.).

Because MILSTD-1553 can be implemented as a duwalundant bus, the occurrence of
errors is when redundancy comes into pRgpending on the strategy that the designer of the
BC has defined, whenever the BC detects an error during a message transfer, the BC has the
following options:

a. to try to retransmit the message on the sameprumsgrybus or ;bus O6AG6)
b. to try to retransmit the message on the otherdreofidanbu s or ;bus 0B6)
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c. toignore the error and move on to the next message

Typically, there would be a limit tthe number of retriedt is undesirable to retry more
than just a few times, as this would stretch the bus list and cause delays in the transmission of
other messages.

TheMIL -STD-1553 does not specify the internal formatting of data in transferred
messagedn MIL-STD-1553, data in each message is dependent on the system archifdeture
various RT numbers and salddresses that are used are specific to the test plafkatefining
document normally exists to provide detailed information at a system level on all tR8TWH.
1553 bus traffic managed by tB€. This document defines every message that the BC should
transfer over the bu3he precise contents of a messagd each data field in the message are
defined It also identifies where each data field resides, {newvhich word and bjs]), the nature
of data in the field, and other information used to convert the data into an enginegting
value Each RT will have a dedicated ICD that defines all the interfaces to the RT including the
detailed 1553 informatian

3.15.2 Physical connection to tHE53 bus
When connecting to the 1553 bus, you MUST ensure the instrumentation system is
properly isolated from the aircraft production 1553.bus

3.15.2.1 Transformer coupled stubs
The length of the 1553 cable from the pigk point to the instrumentation system shall
not exceed 2@ (Figure 368).
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Figure3-68. Transformer Bus Coupling

3.15.2.2 Direct coupled stubs
The length of the 1553 cable from the pigk point to the instrumentation system should
not exceed 1 ftFigure 369).
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Figure3-69. Direct Bus Coupling

3.15.3 1553A versus 153B specification differences

It is important to note that most 1553 applications used today utiliZE&&2B
specification however, some older test platforms utilize a mix of 1553A and 1553B
specificationgseeTable 39). It is very important that the specification being used is known
when selecting 1553 cable and bus couplgsing the wrong bus cable or bus coupler will result
in reflections on the transmission lirkéhe signal distortion will cause the bus to operate
intermittently or cease operation

Table 3-9. Specification Differences

Parameter 1553A Spec 1553 Spec
Cable Characteristic | 70Y 707 85Y
Impedance (Zo)
Fault Isolation Resistors 0.75 Zotypically use 54Y | 0.75 Zq typically use 5%
Transformer Turns Ratiq 1:1 1:1.41

3.16 Serial Communications

Serial communication is a very common device communication protocol stansard
on almost every personal computer (P@dst computers include two R&E32 (originally
adopted in 1960 by the &dtronic Industries Associatiphased serial portSerial is also a
common communication protocol that is used by many devices for instrumentatioerous
generalpurpose nterfacebuscompatible devices also come with an-B® port Furthermore,
serial communication can be used for data acquisition in conjunction with a remote sampling
device Because of improvements in line drivers and cables, applications often increase the
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performance of R&32 beyond the distance and speed listed in the staiRia2B82 is limited to
point-to-point connections between PC serial ports and devk®8232 hardware can be used
for serial communication up to distances of 50 feet.

3.16.1 Conceptbehind serial communications

The concept behind serial communications is that data is transferred from sender to
receiver one bit at a time through a single line or cirduné serial port takes 8, 16r 32 parallel
bits from your computer bus and converts it as-ad@®, or 32bit serial streamThe name serial
communications comes from this fact; each bit of information is transferred in series from one
location to anotheAlthough this is slower than parallel communication, which allows the
transmission of an entire byte at end is simpler and can be used over longer distahtes
theory, a serial link would only need two wires, a signal line and a ground, to move the serial
signal from one location to anothé&owever, in practice this theory does not really work, some
bits might get lost in the signal and thus altering the ending résuitte bit is missing at the
receiving end, all succeeding bits are shiftedulting in incorrect data when converted back to a
parallel signalSo to establish reliable serial communigas you must overcome these bit errors
that can emerge in many different forms

3.16.2 Serialbit error correction methods
Two serial transmission methods are used that correct serial bit errors are briefly
described below

3.16.2.1 Synchronous communication

The sending and receiving ends of the communication are synchronized using a clock
that precisely times the period separating eactBithecking the clock, the receiving end can
determine if a bit is missing or if an extra bit (usually electrically induced) has been introduced
in the stream.

3.16.2.2 Asynchronous communication

This method (used in PCs) is to add markers within the bit stream to help track of each
data bit By introducing a start bithatindicates the start of a short data stream, the position of
each bit can be determined by timing the bits at regular inteByksending start bits in front of
each 8 bit stream, the two systemsThadoanw 6t have
important issue is that both systems must be set at the same porVg¢peedhe receiving end
of the communication receiveset start bit, it starts a shagrm timer By keeping streams short,
there is not enough time for the timer to get out of synchronizattoa method is known as
asynchronous communication because the sending and receiving ends of the communication are
not precisely synchronized with a signal line.

Each stream of bits is broken up in 5 to 8 bits called wdids PC environment usually
includes7-bit or &bit words The #bit word is to accommodate all uppand lowercase text
characters imerican Standard Code for Information Interchacgges (the 127 characters)
The 8bit word is used to exactly correspond to one dgyeconvention, thé.SB of the word is
sent first and th&ISB is sent lastWhen communicating the sender encodes each word by
adding a start bit in front and 1 or 2 stop bitthetend Sometimes, as a dat#egrity check, a
parity bit is added between the last bit and the first stop bit of the Woislis often referred to
as a data frame.

Parity bits are not required, thereby eliminating 1 bit in each frame; this type of frame is
often referred to as a nguarity bit frame however, there are four other parity bit options
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available for useThe mark parity bit is always set at a logical'he space parity bit is always
set at a logical Orhe even parity bit is set to logical 1 whenever the total number of bits in the
data word plus the odd parity bit is ev&he odd parity bit is set to logical 1 whenever the total
number of bits in the data word plus the odd parity bit is ©td latter two methods offer a
means of detecting bliével transmission errars

In Figure 370, you can see how the data frame is composed of and synchronized with the
clock signal This example uses anlft word with even parity and 1 stop Jaiso referred to as
an 8E1 setting.

BATA WORD aIT
START ¢ y STOP
BIT 1 1 o 1 u] a 1 1 BIT 1

DATA LINE

ook | 414 414144 a A 4T 8

Figure3-70. Asynchronous Serial Data Frame (8E1)

3.16.3 Communications Terminology
Some of the common terms are defined below.

a. Simplex Simplex conrmunications can be viewed as@eway streetData only flows in
one directionThat is to say, a device can be a receiver or a transmitter exclugively
simplex device is not a transceivArgood example of simplex communications is an
FM radio station and your car radlaformation flows only in one direction where the
radio station is the transmitter and the receiver is your car radio.

b. Duplex Duplex communications overcome the limits of Simplex communications by
allowing the devices to act as transceivBrgplex communication data flows in both
directions, thereby allowing verification and control of data reception/transmission
Exactly when data flows directionally further defineduplex communications.

c. Full Duplex Full duplex devices can transmit and receive data at the samdri8282
is a fine example dull duplex communications'here are separate transmit and receive
signal lines that allow data to flow in both directions simultaneo&$#422 devices also
operatefull duplex.

d. Half duplex Half duplex devices have the dubious honor of allowing both transmission
and receiving, but not at the same tifassentially only one device can transmit at a time
while all other half duplex devices receilevices operate as transceivers, but not
simultaneous transmit and receil®S-485 operates in a half duplex manner.

e. Baud rateBaud rate is a measure of the number of tisshsecond a signal in a
communications channel varies, or makes a transition between states (states being
frequencies, voltage levels, or phase ang@sg baud is one such changbus, a 300
baud modemds si g tinekeachlsexond, wisleasthOat @ DO e md s
signal changes state 600 tineeghsecondThis does not necessarily mean that a 300
baud and a 66B6aud modem transmit 300 and 600 bits per se(ioos)
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3.17 RS422

RS422 is an industry standard specifying the electrical characteristics of a balanced
interface circuitThe RS422 standard was developed to overcome limitations with sergled
communicationssuch as R&32 Advantages include increased cable length, higher data rates,
and improved noise reductioRS-422 is ideal for noisy environments due to its commade
noise rejection capability.

RS-422 can be used for poitd-point (one driver, one receiver) or mudhiop (one
driver, multiple receivers) operatiar’s daisy chain interface is recommended for mdibp
configurationsA receiver has a unit load of a maximum df ¥. An RS-422 driver can drive
up to ten unit loadsThe maximum cable length is 4000 feet and the maximum data rate is 10
Mb/s, although not simultaneousigable length and data rate have an inverse affect on each
other SeeFigure 371 for a graph of cable length versus data.rébee operating region for RS
232 is included to show a comparison of the two standards.

Operational Region
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Figure3-71. Cable Length Versus Data Rate

At long distances or high data rates, termination is recommended to reduce reflections
caused by a mismatch in the impedance of the cable and the impedance of the receiver's input
Care should be taken when terminating a system because it may affect the network's failsafe
capability. Failsafe is the ability to output a known value for an open, terminated, or shorted
input Any circuitry added to the network for termination may diminish the failsafe capability of
the system

Of course, an unterminated network is the mostefisttive solutionBecause the
driver's worsicase load is the receiver's minimum input resistan&®\f4the driver is only
required to source a minimal amount of current in order to drive a signal to the receiver,
diminishing the driver's on chip power dissipati®he higher driver output swing increases the
DC noise margin, diminishing the possibility that system noise will improperly switch the
receiver The receiver output is in a known logic state when the transmission line is in the idle or
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open stateThe most significant disadvantage with an unterminated cable is the introduction of
signal reflections onto the transmission lifie limit the effect of these reflections, unterminated
signals should only be used in applications with low data rates and short driving distances.

If termination is required due to longer cable lengths or higher data rates, several
techniques can be usddne of the most popular techniques is parallel termination because
transmission line effects are minimiz&arallel termination uses a resistor (Rt) across the
differential lines at the receiver end of the transmission line to eliminate all refledtimns
termination resistor is typically chosen to be equal to the characteristic impedance (Zo) of the
transmission lineThe cable impedance can bdetained from the cable manufacturer or may be
measured usingme domainreflectoméer techniques.

3.18 Gyroscopes

Gyroscopes have been used for decades to determine pitch, roll, and yaw angles and
angular rates of test articldsistorically, simple attitude gyroscopes were predominantly

constructed as illustrated kgure 372.

Case

Rotor

Gimbat
axis

Spin axis

Figure3-72. Basic Gyroscope

The spinning mass (rotor) will tend to keep the rotating frame (gimbal) to which it is
attached fixed in place as the outside case is royeputting a transduction element (such as a
potentiometer or synchro) between the gimbal shaft and outside case, angular displacement can
be determined from this single degi@efreedom gyroscopédt can be mounted in any
orientation to yield pitch, roll, or yaw anglehesec a | | e d
of-freedom unit that is constructed with twiondpal assemblies, inner and outer, to yield pitch
and roll angles from a single gyroscope assembly

Averti cadegregyr osco

With the addition of restraining springs on the gimbal assemlilgs@rate gyroscope
can be constructeas shown irkigure 373. The angular deflection of the gimbal shaft with
respect to the rest (or zero rate input) state is directly proportional to the angular rate input

perpendicular to the spin axis of the rotor
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Figure3-73. Basic Rate Gyroscope

The angular momentum of the gyroscope rotor directly relates to the stability of the
gyroscopeAngular momentum is the product of rotor angular velocity and the moment of inertia
of the rotor Therefore, a stable gyroscope should have a fairly massive rotor that can spin at a
relatively high velocity These are design criteria that dictate characteristics such as size, weight,
and spin motor characteristigsdlthough some are still in use, these devices tend to be rather
| arge and heav ys Inagditibnpsohee thése aresetearanteehandtal devices,
with bearings, springs, etc., they do require periodic maintenance and have a limited operating
life. These devices require 28C or 400Hz 115VAC, primarily for the spin motorg heir
outputs are usually Hevel analog for the Dgpowered types; synchro output is typical for the
AC-powered versions.

Around 1970, the ring laser gyro was developed as an attempt to overcome the
limitations of the electromechanical gyrosc@pa&ure 374). The spinning mass rotor is
replaced by a pair of laser light beathattravel in a ring internally in opposite directioi@ver
time, this design evolved into a triangular configuration with three mirkostight frequency
shift occurs between the two traveling light beams in proportion to an input rate perpendicular to
the light path traveledrhis frequency difference is sensed by a photodetector as a series of
interferometric light fringesThe resulting fringe count impligbatthe output of a ring laser
gyroscope is inherently digital in natuhost were designefibr using a 28/DC power supply.
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photodetector
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Figure3-74. Ring Laser Gyroscope

In the 1988, the fiber optic gyroscope was inventikavorks in a similar fashion to the
ring laser gyroscope, but is smaller, lighter, and requires less pawery long coil of optical
fiber (1-5 km) provides thenedia through which two countpropagating light beams travéls
the gyroscope is subjected to an angular rate, a slight change in path length occurs between the
two light beamsOne beam travels a slightihorter distangeand the other travessslightly
longerdistance A beam splitter puts the two beams initially 1@t of phase with each other
Therefore, at rest, when the two beams impinge upon the photodetector, they cancel each other
so that the output is zerd/hen the path length changes, finase difference will change and the
photodetector output will be nerera The maximum output is achieved when the input angular
rate results in the path change being equal to half the wavelength of the lighTheasatput is
inherently analogThe power supply requirement is typically ¥8C at 10 watts or less.

Since about the mid 1990micro-electromechanicabystems (MEMS) technology has
been incorporated into gyroscope developniEitiure 375). The new MEMS attitude and rate
gyroscopes require very little power, are very durable, and are very small compared to their
predecessordlicro-machined tuning fork structures are electrostatically driven to resanance
These structures measure angular rate by using the Coriolis force, which can be expressed as:

F =2mwv/ Eqgn. 318

A Coriolis acceleration is generated in the device by the angular rotation of the vibrating
MEMS structure The Coriolis force is converted to a voltage by the detector element and
associated signal conditioning circuitBince the mass of the structure is known, as well as the
vibration velocity, the angular ratecan be derived and output accordingly.
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Figure3-75. Micro-ElectroMechanical Systersyroscope

These chipsize devices are often used in conjunction with MEMS accelerometers to
produce small, lightweight sidegreeof-freedom motion sensors (pitch, roll, yaw rated
acceleration in orthogonal directions: X, y, and/¥hen located at or near ti of a test item,
the whole body motion during a test maneuver can be measured and charadtieeizednotion
sensors, also known as inertial measurement units, are available in a variety of rate and
acceleration range¥hese sensors typically producemut of highlevel analog and require +15
VDC or 28VDC power at 10 watts or less.
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CHAPTER 4

Signal Conditioning

41 Introduction

Signal conditioning transforms a signal, typically from a transducer, into another form of
that signal The reason for doing this is simplehe original signal is not suitable to be used as an
input that is normally sent to a data acquisition sysfiém original signal might not be suitable
because the voltage level is too low, there is some inherenfreigirency noise on the signal, or
a transformation of the signal must occur before being time sampled

In general, signal conditioning is used to make an optimal match between signal source
and the data acquisition system

4.2  Analog Signal Conditioning

Wheninstrumentatiorngineers discuss signal conditioning, they are usually talking
about analog signal conditioningraditionally, data acquisition systems have acquired analog
data in the form of temperatures, accelerations, strains, positionBhisttype of data has
always required analog signal conditioning in order for the data system to accept it as an input
source For example, th&S output of a transducer may be in the range-20@VDC where the
input range to the data system {8 WDC. In this case, it is obvious that voltage amplification is
required to take advantage of the dynamic range of the instrumentation.steher example
could be the case where the output of the transducer is-delrigltsignal in the range of®
VDC and the data system input is +¥BC. For this case, the signebnditioning required
would be a zero shift

Analogsignalconditioning types can be lumped into several categories: amplification
(and its opposite attenuation), signal conversion (frequemBC, AC-DC, etc.), and zero
shifting. Filtering can also be lumped into this category but a separate section has been dedicated
for this topic

Amplifiers are by far the most common piece of signal conditioning because of the wide
range of uses, such as amplification, attenuationsbiffing, impedance matching, common
mode rejection, isolation, and othevéany operational amplifiers exist for very specific
requirementssuch as voltag@/voltageout, currendin/voltageout, and charge/voltageout
(commonl vy r ef eramgifierdo )Determising the tiipe of amplifieation is the key
in providing accurate measurements through the aequisition system.

Voltage amplifiers suitable for instrumentation system use typically provide high input
impedance, low output impedance, appropriate frequency response for the parameter, stable gain
over temperature, and sufficient output drive capabilityrder to provide an accurate
measurement, the transducerds out pulhthepasst not
this was not a trivial exercise ut f o r tinputimpedasce dperatibnal amplifiers this is
accomplished by the amplifier requiringry little current from the transducer and insuring
minimal intrusion into the measured quantifiis minimizes source loading thus increasing
measurement accuracy and insuring minimal intrusion into the measured qUdnisitg true
for transducer signals referenced to ground (stegled) and transducers that output difference
signals (differential)Because the transducers (such as in Wheatstone bridge implementations) in
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this second group are very common, an operational amplifier was optimized for this type of
signalThe amplifier is called -amg. 6 nstrumentati o

The instrumentation amplifier amplifies the difference between two sigiaks
difference is usually in thenVV range When this number is compared to the common mode
voltage, (the voltage on each terminal of the instrumentatigpiifier referenced to ground) it is
obvious that these instrumentation amps must have very large common mode rejection values
This value is the CRRR, which indecibel ¢(B) is defined as:

G,V
CMRR(dB) = 201%%} Eqgn.4-1

out

where Gqirt is the differential gain of the amplifier
Vemis the common mode voltage at the input of tharimg
Voutis the output resulting from the presenc&/ef at the input

This is a very important concept in the world of measurem€@otsimon mode voltages
commonly exist in an instrumentation systénshould also be noted that G is tied directly
to frequency with less common mode rejection occurring at higher frequehtogegraphn
Figure 41 illustrates this fact

CMR vs FREQUENCY

120

G = 100, 1000 | | ‘ ] ‘ [

e ||

100 *F;=10 ‘ ‘ | | ‘ | ‘
L[]

CMR (dB)

N,

60 |-

1 10 100 1k 10k
Frequency (Hz)

Figure4-1. CMR Versus Frequency

Errors due to stray common mode voltages are very common in every instrumentation
system Any common mode noise not rejected will be amplified and introduced as measurement
error. Relying strictly on the instrumentatiamplified s r ej ecti on capability
practice Pay close attention to cable routing and cable shielding to minimize stray common
mode voltages

Isolation or buffer amplifiers also play a key role in an instrumentation sy$igoically,
these amplifiers are characterized by a high isolation resistanceé M10ery high input
impedance, high CMRR, and gains on the order frelf. These are commonly used to isolate
critical system parameters, such as flight control signals, from the instrumentation §)stem



Instrumentation Engineers Handbo®CC Document 1222, February 2022

isolators also provide a level of isolation and provide another means of isolating signals from the
data system.

Sometimes the transducer output is at a level too high for the data system to accurately
capture When this is the case, attenuation of the signal must .dgoaretimes this is as simple
as providing a resistor dividing network provided the transducer has the drive capability so the
impedance of the network does not load the ougreFigure 42).

Figure4-2.  Resistor Divider Network

Another methodshownin Figure 43, is to use an amplifier configured to provide a
fractional gain.

Figure4-3.  Fractional Gain Inverting Amplifier

Current amplifiers also exist and most commonly are the cuwerdltage amplifiers
(which usually reside near the data acquisition system infbther method used is to pass the
current through a precision resistor and amplify the voltage across the resistor with a common
voltageto-voltage amplifier These will be discussed below

If there are accelerometers in the test article, chances are some RHyyee
transducersThe PEtransducers are operated in two modé® PEtransducers rely on the self
generatingPE effect of either quartz crystals or ceramic materials to produce an electrical output
signal proportional to the physical inp&ome of these transducers have Bailtnicroelectronic
amplifiers, which convert the higimpedance charge signal from the crystals into a low
impedance voltage output signéihe PEtransduers that do not contain additional circuitry are
known as chargenode or higaimpedanceoutput transduceysherefore requiring a chge
in/voltageout amplifier orcharge amplifier (seEigure 44). The PEtransducers output a high
impedance level of charge based upon a dynamic,ispcih as shock or vibratiomhe charge
amplifier senses this by charging a highly stable capacitor in its feedbackMa&mg a few
assumptions, mainly that the op@op gain of the amplifier is very large, the low impedance
output of the amplifier can be expressed as:

Vou @ —+ Eqn.4-2
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where ga is the charge sensitivity of the accelerometggiaocoulombs per unit of gravity
(pC/g) (in this example)
Ct is the feedback capacitor

Figure4-4.  Simplified Charge Amplifier

Figure 45 shows a typical charge mode sensor system including sensor, low noise cable,
and charge amplifieA PEtransducer has a high output impedance and can be modeled as a
signal source and a capacitbhe PEsensing element generates an electrical charge sfgnal
charge amplifier or iiine charge converter (explained abouglizes highinputimpedance,
low-outputimpedance inverting amplifiers with capacitive feedb@akusting the value of the
feedback capacitor alters the transfer function or gain of the charge amplifierally, charge
mode transducers are used when fighperature survivability is requireld the measurement
signal must be transmitted over long distances, use-lareicharge converter near the
transducerThis minimizes the chance of noise and prevéminsducer sensitivity loss.

Perzaebecing: Crgsial |_ __|_|_|E _|
N l 1t
'\.‘_x | a | 1 - |
l"“q__ | l | |
I = | = Loy !
| !I [ 2 a ub)
| 1 I J |
I_ _'__ My -:{__. - ._____:_I—_
Charge Tygpe Cabls Charga
Sensar Aampldiar
q = charge signal
Cy = BEnsorcapaciance
C5 = cable capacitance
C, = amplifier input capacitance
Cy = amplifier feedback capacdiior

Figure4-5.  Typical Piezoelectric Transducer, Cable, and Chargelifier

Because of the higimpedance nature of the output signal generated by charge mode
transducers, several important precautionary measures should be follisgexpecial lownoise
coaxial cable between the transducer and the charge amgflifisrcable is specially treated to
reduce triboelectric (motiemduced) noise effecté\lso, always maintain high insulation
resistance of the transducer, cabling, and connedtonsisure high insulation resistance, all
components must be kept dry and clean.

The last type of signal conditioning to be discussed in this section is zero shifting,
commonly referred to as offsdthis involves providing a DC bias, either positive or negative,
usually along with amplification, to the transducer sigAalsimplistic as this method is, it is
used throughout the instrumentation community to optimize the transducer signal for data
acquisition



Instrumentation Engineers Handbo®CC Document 1222, February 2022

4.3  Filtering

Entire textbooks and courses have been dedicated to this vasEtiers in this context
are used as frequensglective signal conditionerBiltering isused to transmit wanted and
attenuate unwanted frequency content in the measurement Sigexalreduce the amount of
noise outside of the data lwhwmidth and can also be usedsilect certain bands of frequencies
Filtering is always used for analog signals when digitization is.d@neature, instrumentation
systems are bardnited. Filtering contols where the band limiting occurs

In any instrumentation system, there are two distinct and separate reasons for capturing
the dataEither you want the frequency content of the waveform or you want the waveform
itself. Filtering for frequency content is muelasier The instrumentation engineer must satisfy
two requirements:

a. All frequencies of interest must lie in the flat portion of the filter transfer function (flat
amplitude responsg)

b. All amplitudes must lie in the linear range ofthem st r ument at i on syst e m¢
function (/O linearity),

c. In order to reproduce the waveform, a third crgris addedall frequencies must lie in
the |Iinear phase portion of the instrument
response).

Improper filter selection can corrupt an otherwise well designed instrumentation .system
Make filter choices wisely.

There are four main types of filters:

a. Low-passAs their name suggests, lguass filters pass frequencieslowtheir cutoff
value

b. High-passHigh-pass filters pass frequencesovetheir cutoff frequency.
BandpassBandpass filterpassfrequencies within a given band.
Bandreject Bandreject filtersrejectfrequencies within a given band.

There are ideal filters, which are nice to talk about, and there are practical filters that we
have to usePractical filters will provide attenuation in the stiband but will subject the signal
to attenuation, ripple, phashift, or delay in the pagdsand There are two general guidelines
when dealing with practical filters:

a. The closer the practical filterds amplitud
amplitude response, the | ess I|linear wil/ b
b. Conversely, a practical filter with an optimized linear phase response will have a less
than idealnot flat) amplitude response.

Therefore, we have two major categories of fitténere are filters with optimized
amplitude response and there are filters with optimized phase response
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Filters lumped in the amplitude category include Butterworth, Bessel, &r@bgand
Cauer(or elliptical filters. Butterworth filters exhibit no padsand ripple but have a rediff
characteristic (expressed in dB/decade of frequency) that is not as steep as other filters
Chebyshev filters do have a steeper roff characteristic than Butterworth filters but they do
introduce paskand ripple For steep rotbff characteristics, elliptical filters are the choice at the
expense of padsand ripple and sp-band ripple Bessel filters are considered to provide linear
phase response and little delay distortion in the-pasd In the end, the characteristic of the
signal to be filtered will determine which type of filter to use.

4.4  Sampling Theory

This section will discuss sampling theory and the limitations in applying it to the typical
instrumentation system.

4.4.1 Nyquist sampling theem
In 1928, Nyquist first put forth his sampling thephpwever it was not until 1949 that a
true legend in communications theoBlaude EShannonproved it!Consequently, the
sampling theory is referred to as both the Nyquist Sampling Theorem and the Shannon Sampling
TheoremMost literature seems to refer to it as the Nyquist Sampliepremso we will use
this convention in this handbook

The Nyquist Sampling Theorem is a very useful tool in understanding sampling rates
however the application of it, without considering the readrld limitations of a modern
instrumentation system and the reconstruction technique to be used, can result in very poor
signal reconstructiarThe Nyquist Sampling Theorem states that the information of a signal can
be recovered if the signal is sampled at a minimum of twice the highest frequency (also called
the Nyquist frequency) contained in the sigfidde Nyquist Samplig Theorem is depicted in

Figure 46.
\/\ Hsignul...

/—A_\‘\ sump|ed taice per q,rde
| | ‘ heis eneugh infarmation

il e

to be reconstruded

R

Figure4-6.  Waveform Sampling

The proof of theNyquist Sampling Theorem is a somewhat cumbersome mathematical
exercise that assumes rather ideal conditiBegerring to thd=igure 46, notice that to take the
samples (pulse train) on the third line and reconstruct the signal as intlheeuéer must do
some precise smoothing (filterin@)ypically, data acquired by instrumentation systems receives
no output smoothing or filtering his is a severe limiting factor in applying the Nyquist
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SamplingTheorento the typical instrumentation system many respects, the instrumentation
system designer operates in much less than ideal conditions required for the theorem to be valid
These less than ideal conditions (imperfectgample filters, no reconstruction filters in the

ground station, etc.) result in significant amplitude inaccuracies in the reconstruction of a signal
sampled at or near the Nyquist sampling.riatehe typical instrumentation system, if amplitude
accuracy is required, swling data at the Nyquist sampling rate is woefully inadeqiten

the limitations inherent in the typical instrumentation system and ground station, if amplitude
accuracy is required, it is common to sampleigitto tentimes the highest frequency of
interest On the other hand, even given these limitations (imperfeetqrele filters, no
reconstruction filters in the ground station, etc.), it is possible to accurately determine frequency
content (without regard to amplitude) of a signal sampésd the Nyquist sampling rate

The ability to accurately reconstruct the frequency content (without regard to amplitude)
of a signal sampled near the dlyst sampling rate is crucial to the prevention of aliasing
Aliasing will be discussed in the next section

The advent of digital data acquisition systems presented the instrumentation designer
with several new challengg8ar amount among these is fAAt what
signal to allow reconstr uct Aspginted butim thissectiom, r e q u
the answer to this question requires in depth knowledge of the reconstruction technique to be
used in addition to the instrumentation systéhre derivation of a mathematically rigorous
answer is situationalependent and requires@ranalysis that is beyond the scope of this
handbook Appendix Acontaingextsthat providetools to definitively answer this question

4.4.2 Aliasing
Aliasing is a fascinating and often misunderstood contepiaily life, most of us have

seen several examples of aliasiAg aircraft propeller othe spokes of a wheel appéaturn

very slowly when in actuality the propeller or wheels are turning veryM#ste watching
television you noticée he computer monitors in the backgrol
slow update ratesThe rapid frequency of rotation of the turning propeller or spokes of a wheel is
being fisampledd at a much | . Bywndersdmplieagyauchavey by
artificially created a frequency of rotation so that the spokes or propeller appear to turn very

slowly. The computer monitors, in the back of the television studios, are no doubt updated at a
comfortableto-the-eye 60 or 7(Hz rate, although they are displayed on your television at a rate

of about 3(Hz. This undersamplirg gives the impression of an artificially low frequency of

update rate on the computer monitdnseither case, aliasing has distorted your perception

Similar to these examples, in the field of instrumentation, sampling a signal at too low a
rate can produce aliasingjliasing distorts the reconstruction of the original sighéhen
aliasing conditions are met, the reconstruction of a sampled waveform can contain frequency
components thatid notexist in the original wavefornuch artifacts areugt likethose in the
examples othe aircraft propeller, the spokes of the wheel, or the computer monitor
Unfortunately, it is often never discovered andliscovered, canndite cured via post
processing of the sampled dada instrumentation designer must be knowledgeable and ever
vigilant against this silent destroyer of dadtiasing is graphically illustrated beloww Figure
4-7.
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Figure4-7.  Waveform Reconstruction

Aliasing is a frequency phenomendys pointed out in the previous section, even given
the typical limitations of the instrumentation system and ground station, the frequency content of
a signal can be accurately reproduced if the signal is sampled at greater than the Nyquist rate
Consequently, sampling at the Nyquist rate will prevent the frequency phenomenon known as
aliasing If the signal is sampled at a lower rate, aliasing will occur and distort the reconstructed
waveform To illustrate this pointle 6 s e x ami ne wh #&zsindsaidalsignalsshen o a 9
sampled at less than the Nyquist r&tdhen aliasing occurs, any frequencies alibeeNyquist
frequency will bealiased to a lower frequency in the reconstructed wavefeomexample, if
the 900Hz (Nyquist frequency) sinusoid is sampled &z, the alias frequency in the
reconstructed waveform would be atHz-900kHz = 100Hz. To accurately acquire frequency
information, and prevent aliasing, requieddeasta sampling rate of 1.18Hz.

If you have knowledge of the frequency content of the signal, the prevention of aliasing
simply involves using a sampling rate that is at least twice the highest frequency present in the
signal In many cases, the instrumentation engineer does not have knowledge of the frequency
content of the signal or does not have the ability to sample at-@haylgh rateln these cases,
the instrumentation engineer needs to limit the frequency content of the signal prior to sampling
This is accomplished via an aatiiasing filter (sometimes referred to as a presample filter).

4.4.3 Anti-aliasing filters

With the advent of higilspeed ADG and their applications in data acquisition systems,
anti-aliasing filters play a major ralénti-aliasing filters filter out unwanted highequency
content of the signal before digitizatiorhis places the burden upon the instrumentation
engineer to determine the highest frequency required for the measurement

There are rulesf thumb for selecting antiliasing filters All ADCs convert the analog
signal to a digital representationnrbit words where is the number of bits of the converter
The amplitude of any frequency component above the Nyfjaciency should be no higher
than the LSBTherefore, fon=12 ADC, there should bedB*n=72dB of attenuationReal
world attenuation numbers are in the range e5@@dB. The combination of required Nyquist
frequency and attenuation numbers give the instrumentation engineer an idea of the required
antraliasing filter requiredRemember, once aliasing occurs, the original information in the
signal is lostTherefore, it is very important to sample at the proper rate and to select the proper
low-pass antaliasing filter
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45 Wheatstone Bridge

Because the Wheatstone bridge is such an important topic in an instrumentation system, a
section will be dedicated to the topithere is no other measurement component used so widely
Wheatstone bridges are normally associated with strain gages but are also used as bridge
completion networks for resistive transdu¢stgh as RTDs.

45.1 Wheatstonebridge configurations

The Wheatstone bridge consists of four resistariReRy, and a voltage sourdéfor
exciting the bridg€Figure 48). The transducer is placed in one arm of the bridge with a steady
state resistance equal to the other three resistances (this is known as a quarter bridge
configuraton)Ther ef ore, there is only an out-gtatet of
resistance changebhere can be two elements in two arms or all four resistances can be
transducersThese are known as hdifidge and fulbridge configurations.

» "

Figure4-8.  Wheatstone Bridge

Two additional resistances have been added for complet&3ésshe source resistance
of the excitation source lookingbk into its terminalandRn is the input impedance of the
measurement devicB is the input impedance of the bridge &uds the output impedance of
the bridgeWhat follows is a derivation of the output voltageof the bridge The voltage
between points C and D and poi@tsindB are

=£_?1 g/ Eqn.4-3

i gl Eqn.4-4

vO QJO

Therefore, the voltage between poibDtandB is:

a
VDB :VCB - VCD = %

RR - RR, )8/ Eqn.4-5

+R, R+R2§/ HR+R)R *R,
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If the balanced bridge is useshich is commonly done, this meaR&R:=R2R4, which
also means in a steagyate condition/o=0. Now, definea=R./Ri1= Ra/Ru. If the bridge
nonlinearity termyz is included, the total equation for the bridge circuit becomes

aéle1%1&@16@ DR, DR, DR,
v, =v&E - +—=2- —41- h Eqn.4-6
TR, &%m) Fr R )| E

This isthetotal Wheatstone bridge equatidhRn is assumed to be large (>LDN), then
thethird termapproaches.1f Rsis assumed to be small (<0.93, thenthe second term
approaches.]As was stated, most bridge circuits h&e R>= R3=R4, which makes théurth
termequal¥. This leaves thequation in the familiar form

14D Dl DR, §
Vo _1gPR DR DR g( Eqn.4-7

One very important point should be made h&hee input is in terms dWW, which is
normallym Y/Y . This makes the output in termsmai//V, notmV!

4.5.2 Wheadstonebridge (some guidance)
Someimportant notes on the Wheatstone bridge are shown below.

a. The Wheatstone bridge is very sensitive, on the order of one part per million.

b. The bridge, if mechanically configured properly, allows yo measure what you want
andthrowsout a number of noise levels (temperature changes, drifts of transducer,
magnetic field effects, etc.)

c. For some applications whebDR is small, the nonlinearity terms can be neglected,
sometimes not.

d. Use precision resistors when completing the bridge and place them in the same
environment as the transducer when possible to neglect the effects of item 5.

e. The bridge will measurBR/R changes no matter where they came fiotna-bridge
wiring is usually the culprit as is longire runs between the bridge and the signal
conditioning.

4.5.3 Constant current loop

Constarvcurrent excitation, sometimes referred to as the Andersonitoap
measurement circuit topology alternative to the Wheatstone biitigeoutput voltage of the
loop is inherently linear and twice the level available from a bridge for the same power
dissipation in the sensing elementke loop topology is immune to many lead wire effects,
especially unknown levels of and even random variations in lead wire impe8atice
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topologies provide a differential output signal that represents the algebraic sum of two or more
electrical impedance$he bridge topology accomplishes signal subtraction passively with the
primary disadvantages of inherent nonlinearity and sensitivity to lead wire effeettoop

topology accomplishes signal subtraction actively by means of eithedifieaéntial or
Atriferential 0 subtraction circuit functions
complexity and the small but measurable nanbeerent in active circuitry.

Use of the Wheatstone bridge is indicated whenever it can perform adequately in a
measurement applicatiodse of the Anderson loop is indicated when its several advantages
make some added complexity

4.6 Digital Signal Conditioning

Digital signal conditioning can be considered as changing one form of digital data to
another formAn example would be the seria-parallel or paralleto-serial conversionrSome
even consider the analag-digital conversion as digital signal conditionidgnother example
would be orboard processing of digital data before recording or transmisEns processing
could be as simple as adding two measurements together or as computationally intensive as
performing a Digital Fourier Transform on a vibost measurement

Digital multiplexing can also be considered as digital signal conditioning, one type of
digital data is transformed into another tyfemetimes it is not practical to place an ADC on
each parameter so one central ADC is used and inputs are multiplexetfherit multiplexing
analog signals, it is critical to keep noise levels at an absolute minimum as well as utilizing high
quality multiplexer and ADC

Another form of digital signal conditioning related to instrumentation systems is digital
filtering. As with analog filtering, there have been books dedicated to this @ipien two
comparable filters, digital filters can vastly out perform their analog counterparts in terms of
impulse responsdany analog filters can be approximated with digital implementations

There aretwo forms of digtal filters. Theyare the finite impulse response (FIR) filters
and the infinite impulse response (lIR) filtefhe FIRfilters canperformfar better thanhellR
filters, buttheyexecute much more slowlyhelIR filters havethe advantage of perfoing
exactly like the analog filters discussed above (Butterworth, Chebyshev, elliptical) and are easier
to design howeverthe phase response is nonlinddR filters take more computational power
to design and implement but are much more flexible in terms of frequency respotiseyand
have linear phase characteristithetestrequirement drivewhich type of filter ischosen butit
must be remembered that-front digitization must occur first

The last type of digital signal conditioning to be discussed is-$MD-1553 bus capture
Upon initial review, most engineers would not consider this to be signal conditioning; hpwever
MIL -STD-1553 bus capture is a type of signal conditionkrgm the definition, this is turning
one type of digital data (MHSTD-1553) to another type (PCMJheMIL-STD-1553 is a
command/response bus that makes the captured data asynchfdmoloigs is controlled by a
BC talking to R B operating at a bus rate oMbps There are command words, status words,
and data words on the hul of which can be capture@he digital signal conditioner must
monitor the bus and condition the M&TD-1553 word into something usable for an
instrumentation systerfror a formal definition of MIESTD-1553 bus capture refer BIG
Standard 106Chapter 8.
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4.6.1 Signalconditioning for transducers

There is a wide variety of signal sources that need signal conditioning before being
sampled by a data systeBome transducers are sgénerating (thermocouples) and some are
not (RTDs) Some have higlevel outputs, some are lelgvel. Information can be contained in
resistance, voltage, current, charge, €his section presents information on different types of
signals annstrumentation engineer can expec¢necounterThe signal conditioning for these
signals is no different from what has previously been discu$seisection was meant to cover
common signals and s hioclusive isbrherebwdl alwagsrbs a sgeeial e d
case in any instrumentation design.

4.6.2 Understanding signapecific signal conditioning

A voltage source can come directly from sgdinerating transducers or resisttype
transducers supplied with voltage or current excitaixeitation is a voltage or current
providing a means for the transducer to output a sigméhe case of voltage excitation, the
output of a resistive transducer is a smaller version of the excitation voltage modulated by the
information being measureds you may notice, a stable excitation source over temperature,
shock, vibration, etcis required and in someses, the excitation can be the limiting factor in an
accurate measuremeiihe voltage signal conditioner must not influence or load the source,
must provide isolatiorand transform the input signal into a suitable signal for the
instrumentation systenthis transformation is in the form of amplification, attenuation, and
zeroshifting.

There are various ways to acquire Havel current measuremengsd the signal
conditioning for each varie$he most common method is to use a kpgécision resistor and
measure the voltage across the residtoe two methodfor current measuremerasehigh-side
(Figure 49) andlow-side(Figure 410). High-side measurement involves the use of a differential
amplifier to measure the voltage across the resistor and report that measurement as a ground
referenced signal

| S

Figure4-9.  High-Side Current Measumaent
.
'

Figure4-10. Low-Side Curent Measurementith Op-Amp

I

Most inramps will perform this measurement but care must be taken when selecting this
differential amplifier Low-side measurement involves measuring the current flowing to ground

The voltage at the ungrounded terminal is used for the measurement so a differential amplifier is

not requiredinreatwor | d scenari os, Agroundo can somet i m
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performing highside measurement even with the resistor referenced to ground is the preferred
method For both cases, the output voltage can be expressed as

V, =AIR Eqn.4-8

whereA. is the gain of the ocpmp.

Some items to be considered for sources of error are voltage drop across the resistor
interfering with the system under test, power dissipation of the resistor, parasitic series and
parallel resistance biasing the measurementhealfing and dynamic effects on the precision
resistor Another method of current sensing is curfgnvoltage conversion using an operational
amplifier. These are normally used for very ld@vel currentsA simplistic example is shown in
Figure 411.

TF

-
R
B \\\\

1Y

Figure4-11. Simplistic FV Converter

For this example, the output voltage ¢enexpressed dke following equation.

, = - IR; Eqn.4-9

For higher values of current to be measured, these methods are not pidetceagdtic
current sensing and current transformers are used for these applicEtiengsis a magnetic field
produced around every conductor giverthy following:

B :ﬁl Eqn.4-10
2pr

where B is the magnetic field
m is the permeability of free space (1.26X1&Enrymete;
r is the distance from the center of the condyctor
| is the current flowing through the conductor

Magnetic current sensors measure the magnetic field around.&iviea this quantity,
the current flowing through the wire is knowurrenttransformers are normally used for
sensing higher levels of AC curreiihe current through the windings can be expressed as

1Ny =i,N, Eqgn.4-11
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where idipis the current through the secondary and primary wingings
Ns/Np is the number of secondary and primary windings

As with all transformers, as the frequency increasesl (3#81z) mutual coupling effects
and secondary reactance must be taken into consideration.

The first method commonly used for temperature measurement is the ndeTd.arhe
RTDs are very common due to the fact they are easy to workMidRTDs are manufactured
from metals whose resistance increases with temperature that follow the equation

ro=ry+alt-t,)] Eqn.4-12

where ro is the resistivity at a standard temperatyre t
riis the resistivity at temperature t
a is the temperature coefficieri@ ).

If this equation is rearranged, we get the familiar form

R —at+1 Eqn.4-13
I n.4-
R, q

Therefore, the sign&onditioning requirement is nothing new from what has already
been discussedxcitation must be supplied to the RTD and based upon the type and level of
excitation, whether or not a bridge configuration is used, and knowing the properties of the metal
used in the RTD, the signal conditioning requirement is known.

The second method commonly used to measure temperature is the use of a thermocouple
Thermocouples are normally used to measure high temperatures but if the material is chosen
correctly any temperature in the rangé &85°C to +1650°C can be measureds was stated
in the Signal Source section, a thermocouple is nothing more than two dissimilar metals joined to
form a junction When two wires are used, the output is defined as

T
E..= f& - &t Eqn.4-14
To

where Enetis the net output voltage
a is the total thermoelectric power of matedakthe summation of the Thomson
coefficient and the temperature derivative of the Peltier coefficient
e is the total thermoelectric power of material 2
To is the beginning temperatyre
Ti is the ending temperature

This junction is placed where the measurement is to be.t@kenvery important
concept must be remembered when measuring temperatures and signal conditioning
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thermocouple circuitsThe thermocouple wire is assumed homogendobissvery important that

each thermocouple wire is exposed to the exact same environment and any disconnects are at the
same temperatur@erforming a thermocouple measurement also requires a reference
temperatureThis temperature must be uniforAny deviations from these requirementi

cause a measurement error.

Thermocouple voltage varies with the type of material used for the thermoddaste
thermocouple voltage tables are referenced to apatteConstructing an ice bath in a test
vehicle is usually not practical; but a reference temperature must be k\@emmon approach
is to either provide a zone of constant, uniform temperature at the measurement point or to
monitor and record the temperature with the data system using anTR&ast part is not a
requirement but a good check to verify how constant and uniform the temperature was during the
test By knowing the type of thermocouple material and the reference temperature, the voltage
signal conditioning will be defined.

Sources of errors are numerous in thermocouple measurements, the main one being a
temperature gradient in the thermocouple wiecific types of thermocouples generate
voltages in proportion to strain and vibratidinis is a concern because thermocouples are
normally mounted directly to a structufiéhe second peculiar thermocouple error is galvanic
EMF generationSince thermocouple wires are indeed wires, commode voltages are
common as are inducted currents along the wires due to the fact thepheowoes usually are
not shielded and appropriately twisted

Simply stated, #Eaccelerometer outputs charge based upon an acceleration along its
measurement axi®©f the few materials exhibiting this phenomenon, quartz is the most common
Quartz is highly directionameaning it will only react to stress along its measurement axis
making it almost the perfect transducer material.

It should be clear that a charge amplifier is used in this applic&mne accelerometers
have internal signal conditioninghe characteristics of internal conditioning need to be
determined, characterized, and verified so that no internal event affects the measurement
accuracyOutput of the accelerometer will be in pC/g or can be specifietVify with an
external specified capacitandéere are numerous sources of errors when workingRth
accelerometerd he output will vary with temperature, ttransducer is mounted incorrectly, the
wrong accelerometer is used for the measurement; aighlowfrequency response are not
taken into consideratigand transverse sensitivity and special averaging are not thought about
All of these lead to measurement error.

Lastly, weol |.Astlewane suggestsathese trgnsdgcers measure strain
in a given directionThey can be used by themselves or as part of another transducer, a pressure
transducer for exampl@ strain gage has a nominal resistance vVRI(@0Nis common),
which change®R due to applied straiMhis can be expressed as

—=ke, Eqn.4-15

where ks theGF;
a_is the applied strain
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Strain gages are most often used in a Wheatstone bridge, discussed bboyare
guarter, half, and fulkbridge configurationsRegardless of theonfiguration, an excitation
voltage (or current) must be present and the output of the bridge must be signal condfitioned
the excitation source was ungrounded, it would be possible to use a standard tgpprovide
gain and offset for the sign@ince this is usually not the case and since the output from the
bridge is in thenV range, common mode voltages can have a significant €flaistdictates the
use of an instrumentati@amplifierto reduce the common mode effeé&aother common
practice ido filter these signals to eliminate aatiasing effectsin this case, filtering is
accomplished after the instrumentataimplifier due to the differential nature of the signal
Differential filters existsput are not normally used.

4.7 Conclusion

This section has tried to cover general analog and digital signal conditioning concepts
These basic concepts are used throughoungtrumentation communitand the knowledge is
necessary for anybody working within the figkdltering was covered to present why there is a
need to filter and where to filtdcastly, specific types of signals from transducers were
introduced, mainly to highlight that the basic concepts previously mentioned covered the signal
conditioning needs of these speciixamples.

For more indepth analysis of these concepts, refer to the referéatazsin Appendix A
These references are presented to aid in search of more detailed information on each topic
presented
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CHAPTER 5

Flow and Level Measurement

5.1 The Flow Pioneers

Some information for this section is glean
cited.

A major milestone in the understanding of flow was reached in 1783 when the Swiss
physicistDaniel Bernoullipublished hidook, Hydrodynamicaln this book, Bernoulli
introduced the concept of the conservation of energy for fluid flBemoulli determined that
an increase in the velocity of a flowing fluid increases its kinetic energy while decreasing its
static energyThereforea flow restrictionwill causean increase in the flowing velocity and also
adecreasén the static pressure of the flowingifl.

The permanent pressure loss through a flowmeter is expressed either as a percentage of
the total pressure drop or in units of velocity heads, calculated2ag Mvhere V is the flowing
velocity and g is th& a r tgrhvidasional acceleratioror example, if the velocity of a flowing
fluid is 10fps, the velocity head ihen100/64.4 = 1.55 fiif the fluid is water, the velocity head
corresponds to 1.55 ft of water (or 0.67 psi)he fluid is air, the velocity head corresponds to
the weight of a 1.5% column of air

The permanent pressure loss through various flow elements can be expressed as a
percentage of the total pressure drop, or it can be &qutén terms of velocity heads as follows:

Flow element Number ofvelocity heads
Orifice 4

Vortex shedding sensor 2

Positive displacement and turbine meters 1 (approximately
Throughflow venturis <0.5

Therefore, if an orifice plate with a beta ratio of 0.3 (diameter of the orifice to that of the
pipe) has an unrecovered pressure loss oiriddOwater columnifH20), a venturi flow tube
could reduce that pressure loss to abouh#20 for the same measuremehigure 51 and
Figure 52 contain graphical representations of the concept of the conservation of energy for
fluid flows described above.
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Orifice Plata

ASME Flow
Nozzle

Standard
Yenturi
Leng Form
Wenturi

Law LO?\_—_—
WVentur ——

Fropristary Flaw Tube

Figure5-1.  Pressure Loss Versus Orifice

Figure5-2.  Pressure Versus Energy

In 1831, the English scientistichael Faradaygliscovered the dynamo when he noted
that, if a copper disk is rotated between the poles of a permanent naagglettric currentill
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begeneratedFar adaydés | aw of electromagnetic inductd.i
magnetic flowmeterAs shown inFigure5-3, when a liquid conductor moves in a pipe having a

diameter (D) and travels with an average velocity (V) through a magnetic field of B intensity, it

will induce a voltage, E, according to the relationship:

E =BVDC Egn. 51

where C is the constant for unitdés conversion

Figure5-3.  Faraday's Law

In recent years, performance of magnetic flowmeters has improved signifi@gtiye
5-4). Thoughimprovements include probe and ceramisert designs and pulsed magnetic
fields, the basic principle of Faradayés | aw

Figure5-4. Magmeter Accuracy
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In 1883, the British mechanical engin€zsborne Reynoldgroposed a single,
dimensionless ratio to describe the velocity profile of flowing fluids:

DVr
R=—+ Eqgn. 52

where D is the pipe diameter
Vis the fluid velocity

} Is tdénsity f | ui

U

e is the f1 Vi scosity

Reynolds noted that, at low Reynolds numbers (below 2G08)ire 55), flow is
dominated by viscous forces and the velocity profile is (elongated) parakidhigh Reynolds
numbers (above 20,000), the flow is dominated by inertial forces, resulting in a more uniform
axial velocity across the flowing stream and a flat velocity profile

Concentric
Square-Edged
DrIfIEE Ma gnefi.c
Flowmeter

Eccentric
_._r Orifice

ntegral
Target Meter rifice A .
(Best Case) // Flow Venturi Tube
MNeozzle

Target Meter
(‘-"r'::rrst':ase} Quadrant-Edged
e F Qrifice

Figure5-5. Reynolds Numbers

Until 1970 or so, it was believed that the transition between laminar and turbulent flows
is gradual, but increased understanding of turbulence through supercomputer modeling has
shown that the onset of turbulence is ahbrupt

When flow is turbulent, the pressure drop through a restriction is proportional to the
square of the flow rat& herefore, flow can be measured by taking the square rodd/ eell
output When the flow is laminar, a linear relationship exists between flow and pressure drop
Laminar flowmeters are used at very low flow rates (capillary flowmeters) or when the viscosity
of the process fluid is high

5-4



Instrumentation Engineers Handbo®&®CC Document 1222, February 2022

In the case of some flowmeter technologies, more than a century elapsed between the
discovery of a scientific principle angsing the principlen building a flowmeterTwo
examples, discussed below, #re Doppler ultrasonic and the Coridliswmeters

In 1842, Austrian physicisthristian Dopplerdiscovered that a sound source were
approaching a receiver (such as a train moving toward a stationary listener), the frequency of the
sound would appear highéfthe source and the recipient are moving away from each other, the
pitch will drop {.e., the wavelength of the sound will appear to decre&sat) it was more than
a century later that the first ultrasonic Doppler flowméEegure 56) was seen in the
marketplaceThis first ultrasonic Doppler flowmetg@rojected a 0.51Hz beam into a flowing
streamthatcontainedeflectors such as bubblaad/orparticles The shift in the reflected
frequency wasletermined to ba function of the average traveling velocity of the reflectone
velocity, in turn, could be used to calculate a flow rate

Figure5-6.  Ultrasonic Flowmeter

The historyof the Coriolis flowmeter is similao that of the ultrasonic Dqper
flowmeter In 1843, he French civil engineer Gaspard Coriolis discovered that the wind, ocean
currents, and even airborne artillery shel/l
rotation In the northern hemisphere, the deflection is to the right of the motion; in the southern
hemispheredeflection is to théeft of the motion Similarly, a body traveling toward either pole
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will veer eastward, because it retains the greater eastward rotational speed of the lower altitudes
as it passes over the more slowly rotating earth surface near theBsmlagsesvolution of

sensors and electroniess slow, théirst commercial Coriolis mass flowmeteas not

developed until the 1980

The HungariamAmericanaeronautical enginediheodore Wn Karmamoticed that
stationary rocks causertices in flowing water ad that the distandeetween théraveling
vortices are constanfhe distance between the vortices remains constam@atier how fast or
slow the water runsn his subsequent work, Von Karmalso observed that, when a flag flutters
in the wind, the wavelength of the flutter is independent of wind velaeitkier, the wavelength
depends solely on the diameter of the flagpbhese observations formed the theory behind the
vortex flowmeter, which determines flow velocity by counting the number of vortices passing a
sensorVon Karmanpublished his findings in 195 a time when the ability to count vortices
using sensors and electroniogially came into existencés a resultthe first edition of the
l nstrument En ginl1963eepostdthe dvailaldlity of th& first swirlmeter

The computer has opened new frontiers iri@ldls of engineering, anithe field offlow
measurement is no exception 1954, mathematiciadohn Von Neumanranother Hungarian
American, builtthe Uniaccomputer More recently, another Hungari&merican,Andy Grove
of Intel, developed the integrated circliventssuch as thesare already changing the field of
flowmetering For example, intelliger®/P cells can automatically switch their range between
two calibrated span€Ss)(one for 210%, the other for 1400% of D/P), thereby extending
orifice accuracy to within% over a 10:1 flow rangd-urthermore, it is possibfer this
accuracy statemend include not only hysteresis, rangeability, and linearity effects, but also
drift, temperature, humidity, vibration, oveange, and power supply variation effects

With the development of superchips, the design of the universal flowmeter also has
become feasibldt is now possible taise traceless croserrelation flowmeters teeplace dye
tagging or chemidatracing flowmetersthatmeasuredlow velocity by dividing the distance
between two points bine transit time of the tracelhe traceless crogsorrelation flowmeters
an elegant flowmeter because it requires no physical change in the pnotes&en penetration
of the pipe The measurement is based ommoeizing the noise pattern in any externally
detectable process variable, amading its transit timas the flud travels from point A to point
B.

5.2 Flow Sensor Selection

The purpose of this section is to provide informatioagsist the instrumentation
engineer in making an informed selection of a flowmeter for a particular applicaél@ction
and orientation tables are used to quickly focus on the most likely candidates for measurement
Table 51 andTable 52 have been prepared to make available a large amount of information for
this selection process.
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Table 5-1. Flowmeter Evaluation Table

SQUARE ROOT SCALE MAXIMUM SINGLE RANGE 41 rl'ypiu::ij“

Orifice E-—-Eg

Square-Edged L5 (40} SRS TR R R NS R K CT4EURY B, o 10000 E:g§ EE‘
Honed Meter Run D.S—!.il:!l-d-ﬂ] NS ST XN KNS S X T N -TEURY R+ 10,000 E‘%E-—-— ==
Integrated 0 (13 PSR TS N TR YT R NS O? N X K -1ANURY f + 10000 ﬁg’é% %E
Segmental Wedge <120300) LSS Sy vy S N K -DAN URY Ry 500 EE EE ==
Eccentric 2500 TYSLALAAS TN TN Y NS KT K -4 URY By 10000 = "=

Segmental «4 {10} TSR TR N Y S KK L4EURY Bz o 10000

Y¥-Come I!I.S-H{'I]-'Iﬂl]ﬂj ST ST N YT K -0 of mte R 80005000000  TOO(170) AE00 [410:0)
Target®** 0417 PSSt n N -RA-YNURY By 100 PR

Venturi 2 {50} fATS YT R YT XY K -0S-INURY By 150001 E;EE —
Flow Nerzle 2500 TAYSASS KTy R K CLINURY B S0LO0OL ELE,TEE B

Low Lass Venturi {75 AN R T R R R XK T T KT N LB URY By + 12ROOE g%g‘s §§
Fitot (7] A S NS X TN XN NN N T XK X -FEEURY Ry + 100,000¢ E% gg :QE_
hveraging Pitot s1{25) FOF DS S N TED P XN X KX YO OK N N -LTIURY Bip + 40,0008 = TE g

Elbaw 2 {50} LA O A A S T S A By 000nL

Laminar OI-IEE[6-400) T L K L S T X T K K N K S K KX KK THofrate R 500 150 [64] ) [225)
LIMEAR SCALE TYPICAL RAMGE 10:1{Cr better|

Magnetic® ORFR(ASA00) K X X X X S P S S ST i efrate R.+4.5800 360 [130) + 1,504 [19,800}
Fasitive Displacement

Gas 124300} SR T LK R N KX R KK KN NN KKK -THolrae . 150 120 £1.400 (10.000]
Ligid 12{300) LA RO B SRS SRS A AN S5 B SR A S 0 S SR T Na R limit ¢ 8,000 ¢S 600 [315} £ 1400 (10.000]
Turbire

Gas. 0.25-24 [6-500) 50 4 X SON K X X X K X X SBSD Y !X N ? -0i%ofrate - 440500 (268-260) £ 5,000 |31, 000)
Liquid OM-ME-E00) X X X X X S X P X T X X SDSDSD T Y X X -Di%ofraw Rox 5,004, 15 <5 -450-500 (263-260) + 5,000 | N,000)
Wltrasenic

Time of Flight B4 {17 BEDEDED AR S 7 P X S T T S S M 7 X X T oaof rate be 5% URY R+ 10,000 -lﬂﬂ-!ﬂh{-iib-liﬂj Pipe rating
Doppler 3 (1) X XN X XN SF T Sd N x T x -Tofrateto AELURY Rl 4,000 -100-500 {-180-260)  Pipe rating
Variable-Area [Rotameter) <3 [7%) TSR NS RN N ¥ XYY !N X N -Tof rate te IO URY Mo Ry limit, o 100 <5 g'::;?gnﬁﬂﬁ 3'_-;;%&1‘%
Vartex Shedding 1SlMn400) ST S S KT T KKK KK T YK KK Rl afrate R 10,060, < 30 cP 404 [200) 1,504 10,500
Wartes Precessian (Swirl] <14 [404) ST N N T X R KX M T KX X K -Rinalraw R+ 10,000, + 5 <F 36 [180) Fipe rating
Flusdic Oscillation [Coards) 15 (40} XXX XX S NN RN NN TN N M -Iofrate R 2,000, « BD <5 350 (175) £710 5,000}
Mass.

Carializ 0.15-6 (6-150) LA N A AL AT A AR S N R A R LY X -RE0Eof mte Ma R limit -400-500 [-224-42F)  « 5,700 [39.500)
Thermal Prote 721800} LT A R R R S TN -RrLURV Ma R, limit 1,504 (B15) Pipe rating
Solids Flowmeter 24 [504) XK X X X MSD X T X XDSDASpID oK 4 X X DINofratete 4N URY - ThO [400) < 480 (4,000}

Correlation
Capacitande «8 {200) XN XX XSS S oy v N K Medata available Mo data available oo 1e9) + 580 (4,000}
Ultrasenic 04 (17) XXX XXX ST o x -EEaflt Ma data available -500-150 |- 190-110) Fipe rating
tF = centi Faise ! = Mormally applicable [warth consideration) URY = Upper Range Yalue 1 fceording to other sources, the minimam * Liguid must be electrically conductive
ch= canti Stokes o « Designed for this application [generally suitable] X = Mot applicable Reynelds number showld B+ much higher ** Range W1 for laminar ard 15:1 for target
50 = Some designs #** Mewer designs linearize the signal
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Table 5-2. Orientation Table for Flow Sensors

Orifice (plate or integral cell) Hoo sho3 H o 2045 T oty
Segmental Wedge v Mo¥ SR 3 A 2045 — mm\hr
: pﬁ—n:r'll
V-Cane Flewmeter ¢ 4OR MtelsT M XS ACFM—5m'<hr
T T T T T grm—m’hr &
Target Meters bl A 4 SR 181 Mo 2075 —_—eiaaaaaa SCFM—Sm'fhr
Venturi Tubes g H oo SR Mo15s5 i rh
Flaw Moazles ¢ H o4 SR A 2045 SEFM—Sem'he
Pitat Tubes N M oSSR 37 Mo m’-;‘
Elbow Taps v TR N30 o e
-« 0 —_
Laminar Flawmeters v AT Ho15s5 i thr
Magretic Flowmeters LON N 54 gpm—m'hr
Pasitive Displacement ¢ S0 Y Wit M N SCE Mt
Gas Meters 00:1
Fasitive Displacerment ¢ MOSD ST A N gpm—m'<hi
Liquid Meters .
—mhr
Turbine Flowmeters S H S A 1ESE il SCFM~Sm'/hr
Ultrazanic Flowmeters
Time of Flight dod N S N 205 g 5
Doppler TR T Mo 2045 SCFM—Sim' #hr
gpm—m <hr
Variable Area [Ratamater) O N 2 M ON SCEM—Sm' SBr
Vortes Shedding D A S S A & 3045 g b
Fluidic Oseillation [Csanda] AA oot H o 2045 ACTM S e
Mass Flowmeters Corilis N MAH N prer—r tom—hgmhe
Mg Flowmeters v 50N S Mo 2045 gpm=m'shr )
Thermal Prabe SOFM =S’ he
Solids Flowmeters ({u] & YlteBO1 - &S D ————— LT
‘Weirs, Flumes LI T LU | pm—m' b
____ =HNanstandard Range 1 = The data im this celumn is for general guidance enly. o« Yaries with upstream disturbance,
L = Limited > = Imherent rangeability of primary device is substantially greater than shown. Value used reflects = Cam be more with high Reymalds number services,
50 =5 De limitatioms of differential pressure sensing dewice when 1% of rate accuracy is desired. With . :
?me ugn multiple-range intelligent trarsmatters. rampeability can reach 1001 Up to 100:1 .
H =High N . . L ' = Mare for gas turkine meters.
o = Pipe sive establishes the upper limit.
A= Average . cally unlimi . . = Higher and lower flow ranges may be svalable.
W = Minimal = Practically unlimited with probe bype design. Check several manafacturers.
W = Mane
5H = Square Root

The selection proceshouldincludeintangible factorssuchas familiarity of plant
personnel, their experience with calibration and maintenance, availalbiiipare partsand the
history ofmean time betweefailuresat the particular plant sitdnother key factor, the cost of
the installationshouldbe computed only aftesvaluating the factors listed in the previous
sentenceOne of the most common flow measurement mistakeiseversal of this sequence
Instead of selecting a sensor that will perform properlyttamat is made to justify the use of a
device because itisless expensivh e fii n e x p e n s ireseltdnthe rmostcdstly s e s
installations.
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The basis of good flowmeter selection is a clear understanding of the requirements of the
particular applicationTherefore, time should be invested in fully evaluating the nature of the
process fluid and of the overall installatidine development of specifications that state the
application requirements should be a systematic process

The first step in the flow sensor selection process is to detewhietherthe flow rate
information should be continuous or totalized, and whether this information is needed locally or
remotely If the information is needed remotely, a determination of the transmission method
(either analog, digital, or shared) needs to be mladee transmission methodstareda
decision is needed dhe requiredminimum) dataupdate frequencwill be. Once these
decisions are magan evaluatioms needed to deterinethe properties and flow characteristic
of the process fluidnd the piping thawill accommodate the flowmetdn order to approach
this task in a systematic manner, forms have been developed, requiring that the following types
of data be filled in for each application:

a. Fluid and flow characteristictn this section of the table, the name of the fluid is given
and its pressure, temperature, allowable pressure drop, density (or specific[§@yity
conductivity, viscosity (Newtonian or nofand vapor pressure at maximum operating
temperature are listed, together with an indication of how these properties might vary or
interact In addition, all safety or toxicity information should be provided, together with
detailed data on the fluidbés composition,
of particles, fibers), tendency to coat, and light transmission qualities @paqu
translucentor transparent?)

b. Expected minimum and maximum pressure and temperature Malaeklition to the
normal operating values these valsbsuld be giverFacts that should be stated are
whether flow can reverse, whether it does not always fill the pipe, whether slug flow can
develop (airsolidsliquid), whether aeration or pulsation is likely, whether sudden
temperature changes can occur, or whether special precautions are needed during
cleaning and maintenance

c. Location of piping and flowmetePiping placemenand the area where the flowmeter is
to be locateds critical to accurate measuremeritsr the piping, its direction (avoid
downward flow in liquid applications), size, material, schedule, flaorgesure rating,
accessibility, upor downstream turns, valves, regulators, and available stgijghtun
lengths In connection with the areahere the flowmeter is to be placede specifying
engineer must know if vibration or magnetic fields are presembssible, if electric or
pneumatic power is available, if the area is classified for explosion hazards, or if there are
other special requirementich as compliance with sanitary or cléauplace (CIP)
regulations

Thesecondstepin selecting a flow sens@ to determine the required meter range by
identifying minimum and maximum flows (mass or volumettiche measuredsubsequently
the required flow measurement accuracpibedeterminedTypically, accuracy is specified in
percentage of actual readifdAR), in percentage of CS, or in percentage of FS uhifts
accuracy requirements should be separately stated at minimum, normal, and maximum flow
rates Unless these requiremeratie known me t e r 6 s mpyenot becacceptablecover its
full range.



Instrumentation Engineers Handbo®CC Document 1222, February 2022

5.3  Accuracy VersusRepeatability

In applications where products are sold or purchased based on a meter reading, absolute
accuracy is criticalln other applications, repeatability may be more important than absolute
accuracyTherefore, it is advisable separatelyestablish the accuracy and repeatability
requirements of each application and to sfagerequirements the specifications

When a fl owmet er 0% CS0c%€FS$ uns; its absatute srtorawill eisgé i n
as the measured flow rate droffsneter error is stated AR, the error in absolute terms stays
the same dbothhighandlow flows. Because FS is always a larger quantity tharCBea
sensor with & FS performance will always have a largeror than one with the sar®@CS
specification Therefore, in order to compare #tlwmeterbids fairly, it is advisable to convert
all quoted error statements into the s&&R units

It is also recommended that the user compare installations based on the total error of the
loop. For example, the inaccuracy ar orifice plate is stated MAR, while the error of the
associated/P cell is in% CS or% FS. Similarly, the inaccuracy of a Coriolis meter is thens
of two errors, one given i#AR, andthe othemivenas a% FS value Total inaccuracy is
calculated by taking thequareroot of the sum of the squares of the component inaccuracies at
the desired flow rates

In well-prepared flowmeter specifications, all accuracy statesremet converted into
uniform %AR units and thes®AR requirements are specified separately for minimum, normal,
and maximum flowsAll flowmeter specifications and bids should clearly state both the accuracy
and the repeatability of the meter at minimum, normal, and maximum.flows

Table 51 provides data on thenge of Reynolds numberse& Rp) within which the
various flowmeter designs can operditeselecting the right flowmeter, one of the first steps is
to determine both the minimum and the maximum Reynolds numbers for the application
Maximum R is obtained by making the calculation when flow and density are at their maximum
valuesand viscositys at its minimumvalue Conversely, the minimumgs obtained by using
minimum flow, minimumdensity and maximum viscosity

If acceptable meteringerformance can be obtained from two different flowmeter
categories and one has no moving parts, select the one without movindylpansy parts are a
potential source of problems, not only for the obvious reasons of wear, lubrication, and
sensitivity to coating, but also because moving parts require clearance spaces that sometimes
introduce fAsl i ppageo0 .HEventwibhwellmantainédand cdiileated g me a s
meters, this unmeasured flow varies with changes in fluid viscosity and tempeCdamges in
temperature also change the internal dimensions of the,rttetezby requiringompensation

Furthermore, if one can obtain the same performance from both a full flowmeter and a
point sensor, it is generally advisable to use the flowmBezrause point sensors do not
examinethe full flow, they read accurately only if they are inserted to a depth where the flow
velocity is the average of the velocity profile across the.ipen if thisdepthis carefully
determined at the time of calibration, it is likelyldealteredbecauseelocity profiles change
with flow rate, viscosity, temperature, aotther factors

If all other considerations are the samhés advisable to select the design tbtéersthe
leastpressure los$art of the reason is that the pressure losscailsenigher pump or
compressor operating costs over the life of the pRambther reason is that a pressure restriction
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in the flow pathcauses a drop in pressure; also, the pipe restrisiibhecomea potential site
for material buildup, plugging, or cavitatian

Before specifying a flowmeter, it is also advisable to determine whether the flow
information will be more useful if presented in mass or volumetric .UMte&en measuring the
flow of compressible materials, volumetric flow is not very meaningful unless density (and
sometimes viscosity) is constadthen the velocity (volumetric flow) of incompressible liquids
is measured, the presence of suspended bubbles will causetbam@fore, air and gas must be
removed before the fluid reaches the mdteothervelocity sensors, pipe liners can cause
problems (ultrasonic), or the meter may stop functioning if the Reynolds number is too low (in
vortex shedding meterspR 20,000 is required)

In view of theaboveconsiderations;onsideration should be given to mass flowmeters
thatare insensitive to density, pressure, and viscosity variations and not affecteahiggs in
the Reynolds numbeAlso underutilized in the chemical industry are the various flumes that can
measure flow in partially full pipes and can pass large floatirsgtleable solids.

5.4 Differential Pressure Flowmeters

The calculation of fluid flow rate by reading the pressure loss across a pipe restriction is
perhaps the most commonly used flow measurement technique in industrial appli¢atiores
5-7). The pressure drops generated by a wide variety of geometrical restrictions have been well
characterized over the years, and, as comparédile 52, t hese pri mary or fhe
elements come in a wide variety of configurations, each with specific application strengths and
weaknesse®iscussed later ithis chapter are variatioms the theme dD/P flow
measurement, including the useRatot tubes and variablarea meters (rotameters)

Larmimar

Lire
Pressure

Turbulant

Figure5-7.  Pressure Drop Flow Measurement

5.4.1 Primary element options
The relationship between static and kinetic energy in a flowing stream was first
established by Bernoullnithe 18th centuryAs a fluid passes through a restriction, it
accelerates, and the energy for this.accelera
Consequently, the line pressure drops at the point of constribonhof the pressure drop is
recovered as the flow returns to the unrestricted. Jipe pressure differential (h) develogsd
the flow element is measured and then used tulzdéEthe velocity (V), the volumetric flow (Q)
and the mass flow (W) using the following generalized formulas:
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V =Kk /3%8 Eqgn. 53
g -

h
= kA |— Eqn. 54
Q 5 q
W = kA/hD Eqn. 55

where k is the discharge coefficient of the element
Aisthecross ect i onal area;of the pipebds opening
D is the density of the flowing fluid

The discharge coefficient k isfluenced by the Reynatdhumber and by the beta ratio
whichis theratio of the bore diameter of the flow restrictitmthe inside diametdiD) of the
pipe

Additional parameters or correction factors can be used in the derivation of k, depending
on the type of flow element us€these parameters can be computed from equations or read
from graphs andables available fromMNSI, the American Petroleum Institute (API), the
American Society of Mechanical Engineers (ASME), and the American Gas Association.(AGA)
The parameters are addressethany of the referencdistedin Appendix A

The discharge coefficients of primary elementsdetermined by laboratory tests that
reproduce the geometry of the installatiBablished values generally represent the average
value for that geometry over a minimum of 30 calibration rlihe uncertainties of these
published values vary from @&to 3%. By using such published discharge coefficients, it is
possible to obtain reasonably accurate flow measurements withplaice calibrationin-place
calibration is required if testing laboratories are not available or if better accuracy is desired than
that provided by the uncertainty range noted abo®kie relationship between flow and pressure
drop varies with the velocity profile, which can be laminar or turbulent as a function of the
Reynolds number (R which for liquid flows can be calculated using the relationship:

g =31605G)

g Eqgn. 56
(ID)u g

where ID is theinside diameteof the pipe in inches
Q is the volumetric liquid flow in gallons/minyte
SG is the fluidspecific gravity at 60F,;
€ is the viscosity in centipoise

At low Reynolds numbergenerally under R= 2000), the flow is laminar and the
velocity profile is parabolicAt high Reynolds numbers (well ovee R 3000), the flow becomes
fully turbulent, and the resulting mixing action produces a uniform axial velocity across the pipe
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The transition between laminar and turbulent flows can cover a wide range of Reynolds
numbers; the relationship with the discharge coefficient is a function of the particular primary
element

Today, many engineering societies and organizations and most primary element
manufacturers offer software packages for siziig flow elementsThesesoftware packages
include the required data from graphs, charts, and tables as well as empirical equations for flow
coefficients and correction factoSomeprogramsnclude data on the physical properties of
many common fluidsThe user can simply enter the application data and automatically find the
recommended size, although these results should be chieckeasonableness by hand
calculation.

Table5-3 shows a summary comparison of several primary elements used in differential
pressure flow measurement.

Table 5-3. Element Comparisons

RELIMITS , ‘
Square edge concentric Clean liquids, gases, steam 22000 21/2in  Easy to install Relaxation piping requirements
orifice plage ' Low cost High head lossh‘
Easy to replace Accuracy affected by installation
and orifice condition
Conical /quadrant edge Viscous liquids 500 Ttobin  Easytoinstall Relaxation piping requirements
concentric orifice plate Low cost High head loss
Easy to replace Accuracy affected by installation
and orifice condition
Eccentric/segmental  Liquids and gases containing 10,000  4toMin  Easy to install Relaxation piping requirements
orifice plate secondary fluid phases Low cost High head loss
Easy to replace Accuracy affected by installation
and orifice condition
Higher uncertainties of discharge
coefficient data
Integral orifice Clean liquids, gases, steam ~ »10,000  1/2to2in Easy to install Relaxation piping requirements
No lead lines Proprieta n requires calibration
Low cost :ng head loss daog i et
re prone to ng than st
on'?n':n plate '
Venturi/flowtube Clean & dirty liquids, gases, 75,000 1/2to72in Low head loss High initial cost
steam; slurries 2to 9 times less relaxation piping
"t:anav e han orifice fi
igher flow capacity than orifice for
ghe same di&:r(ntial pressure
A«uraclLless affected by wear and
installation conditions than orifice
Nozzle Clean liquids, gases, steam ~ »50,000 »2in  Higher flow capacity than orifice for Harder to replace than orifice

the same differential pressure High head loss
Accuracy less affected by wear and
installation conditions than orifice

Good for high temperature and hi
velochy'a‘pplkmom "
Mass transfer standard for gases
Segmental wedge Dirty liquids, gases, steam; 500 11/72in  Nolead lines Proprietary design needs calibration
b y sluvrie;? viscofu liquids Minimal clogging potential H!v:ri'ama (ost's
40% less head loss than orifice Requires remote seal differential
Minimal relaxation piping pressure transmitter, harder to zero
Venturi cone Clean & dirty liquids, gases, Nonecited 1tol6in  Minimal relaxation piping Proprietary design
steam; viscous liquids Low flow capability

5.4.2 Accuracy and rangeability

The performance of a hedgpe flowmeter installation is a function of the precision of
the flow element and the accuracy of BY® cell. Flow element precision is typically reported as
%AR terms, whereaB/P cell accuracy is reported as a percentage oA P cell usually
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provides accuracy of +022of theCS. This means thait the low end of a 10:1 flow range (at

10% flow), corresponding to B/P range of 100:1, the flowmeter would have an error of

+20%AR. For this reason, differential producing flowmeters have historically been limited to use
within a 3:1 or 4:1 range

Flowmeter rangeability can be further increased without adverse effect on accuracy by
operating severd)/P flowmeters in parallel run§ he number ofuns opened at a tinstould
be limited to the number of rumeeded to keep the flow in the active ones at arourfiD¥&of
range Another option is to stack two or more transmitters in parallel onto the same element, one
for 1-10%, the other for 14100% of FSD/P producedBoth of these techniques are cumbersome
and expensivdntelligent transmitters offeas better option.

The accuracy of intelligent transmitters is usually stated a8&Q3, which includes
only errors due to hysteresis, rangeability, and linedPibyential errors due to drift, temperature,
humidity, vibration, overrang®&F interferenceand power supply variation are all excludéd
one includes them, inaccuracy is abouf®@S. Because intelligerd/P transmitters cafbased
on their own measuremeptutomatically switch ranges between t@8s (one for 110%, the
other for 10100% of FSD/P), it should be possible to obtain orifice installations wibAR
inaccuracyover a 10:1 flow range

In most flowmetering applications, density is not measured direeiiead densityis
assumed to have some normal valfidensity deviates from thassumed valuenerrorresuls.
Density error can be correctedlie densitys measured directly or indirectly by measuring
pressure in gases or temperature in liguittsw computing packages are also available that
accept the inputsom the D/P transmitter and other senspasd can simultaneously calculate
mass and volumetric flow.

To minimize error (and the need for density correction) when dealing with compressible
fluids, the ratio oD/P (h) divided by upstream pressure (P) should not exceed 0.25 (measured in
the same engineering units).

Metering errors due to incorrect installation of the primary element can be substantial (up
to 10%). Causes of such errors can be the condition of the mating pipe sections, insufficient
straight pipe runs, and pressure tap and lead line design errors.

Under turbulent flow conditions, as much a%4déf theD/P signal can be noise caused
by disturbances ém valves and fittings located either upstreardownstream of the element,
and by the element itselh the majority of applications, the damping provide®i® cells is
sufficient to filter out the nois&evere noise can be reducedusingtwo or more pressure taps
connected in parallel on both sides of Be cell.

Pulsating flow can be caused by reciprocating pumps or compreBsmpulsation can
be reduced by moving the flowmeter away from the source of the pulse, or downstream of filters
or other dampening devicedRulsation dampening hardware can also be installed at the pressure
taps, or dampening software can be applied t®@tRecell output signalOne such filter is the
inverse derivative algorithm, which blocks any rate of change occurring more quickly than the
rate at which the process flow can change.

5.4.3 Piping,installation, and maintenance
Installation guidelines are published by wais professional organizations (suchites
Instrumentation, Systems, and Automation SodiE8yp], ANSI, API, ASME,andAGA) and by
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manufacturers of proprietary desigifiese guidelines include recommendations as shown
below.

a. If the process temperature or pressure is to be measuaddition to measuring the
flow, the pressure transmitter should netibstalled in the process pipe; ratheshiould
be connected to the appropriate lead line of the flow element via a tee

b. Similarly, the thermowell used for temperature measurement should be installed at least
10 diameterslownstream of the flow elemetat prevent velocity profile distortions

c. Welds should be ground smooth and gaskets trimmed so that no protrusion can be
detected by physical inspection

d. In order for the velocity profile to fully develop (and the pressure drop to be predictable),
straight pipe runs are required bottstipamand downstream of tHe/P element The
amount of straight run required depends on both the beta ratio of the installation and on
the nature of the upstream components in the pipétimreexample, when a single 90
elbow precedes an orifice plate, the strajgibe requirement ranges from 6 to 20 pipe
diameters as the diameter ratio is increased from 0.2 to 0.8

e. In order to reduce the straight run requirement, flow straightesiesh as tube bundles,
perforated plates, or internal talban be installed upstream of the primary element

(Figure 58).

l————— 7 Pipe Diameters —— =
Swirl Reducer D

Flow
=

Profile Concentrator o 3ettling Distance
(4 Pipa Diameters)

A B

Figure5-8.  Flow Straighteners

The size and orientation of the pressure taps are fusatfdiroth the pipe size and the
type of process fluigrigure 59). The recommended maximutiiameter of pressure tap holes
through the pipe or flange shown belowBoth taps should be of the same diameter, and where
the hole breaks through the inside pipe surface, it should be square with no roughness, burrs, or
wire edgesConnections to pressure holes should be made by nipples, couplings, or adaptors
welded to the outside surface of the pipe

Pipe size Maximum diameter of pressure tap holes
Less tharRo I O
2 and ® 3150
4108 0
Greater thai®0 Y0
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Pipe Taps
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Flange Taps
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Figure5-9.  Differential Pressure Tap

On services where the process fluid can phegpressure taps or might gel or freeze in
the lead lines, chemical seal protectors can be. @mthection sizes are usually larger (seal
elements can also be prded with diaphragm extensiongnd kecause of the space requirement
they are usually install edWhenchdmica sealaiase usedp 0 or
is important that the two connecting capillaries experience the same temperature and are shielded
from sunlight; this is because the capillaries are routed tb/fPeell.

TheD/P transmitter should be located as close to the primary element as pdssaole
lines should be as short as possible lzankthe same diametdn clean liquid service, the
minimum diameter is @easured imches while in condensable vapor service, the minimum
diameter is 0.4 In steam service, the horizontal lead lines should be kept as short as possible
and be tilted (with a minimum gradient aift with respect to the piping) towards the tap, so
thatthe condensate can drain back into the p#gain, both lead lines should be exposed to the
same ambient conditions and be shielded from sunligictean liquid or gas service, the lead
lines can be purged through tBéP cell vent or drairconnections, and they should be flushed
for several minutes to remove all air from the lirt@strapped air qaoffset the zero calibration.

Seal pots are on the wet legD¥P cell installations with small ranges (underi@bl>O)
in order to minimize the level variation in the leyssteam applicationsise offilling teesis
recommended to ensure equal height condensate legs on both sidd3/Bfdék If for some
reason the two legs are not of equal heightDitiecell can be biased to zero out the difference,
as long as tht difference does not change.

If the process temperature exceeds the maximum temperature limitatiorDoPtbe|,
either chemical seals have to be used or the lead lines need to be long enough to coallthe fluid
a large temperature drop is required, a coiled section of tubing (pigtail) can be installed in the
lead lires to cool the process fluids.

The frequency of inspection or replacement of a primary element depends on the erosive
and corrosive nature of the process and on the overall accuracy megntiléthere is no
previous experience, the orifice plate can be removed for inspection during the first three, six,
and 12 months of its operatiddased on visual inspection of the plate, a reasonable maintenance
cycle can be extrapolated from the findin@sifices used for material balance calculations
should beon the same maintenance cycle.
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5.4.4  Sizing the orifice plate

The orifice plate is commonly used in clean liquid, gas, and steam séirigcavailable
for all pipe sizes, and if the pressure dreguired is easy to accomplishis very costeffective
for measurig flows in larger pipes (overgn diameter) The orifice plate is also approved by
many standaorganizations for the custothansfer of liquids and gases

The orifice flow equations used today still differ from one another, although the various
standards organizations are working to adopt a single, universally accepted orifice flow equation
Orifice sizing programs usualbyffer the usewith severaflow equatiors from which to choose.

The orifice plate can be made of any material, although stainless steel is the most
common The thickness of the plate used (1/20) is a function of the line size, the process
temperature, the pressure, and@tie. The traditional orifice is a thin circular plate (with a tab
for handling and for data), inserted into the pipeline between the two flanges of an orifice union
This method of installation is cesffective, but itrequiresa process shutdown whenever the
plate is removed for maintenance or inspectinrcontrast, an orifice fitting allows the orifice to
be removed from the process without depressurizing the line artothghddgwn flow In such
fittings, the universal orifice plate, a circular plate with no tab, is (ssaFigure5-10).

Bevel Where
o Vent Hole - & - Thickness Is
Lecation Greater Than 7\ P
r (Liquid y 1/8 in {3.175 mm) | B
y O Service] W - or the Orifice
£ o g 1'45 Diameter Is Less ‘
£ 1 ) Than 1in (25 mm) . - - R
.;"__“ \ ) = Orifice //"_7_\_1‘\ //"__w_
| T 3 Upstream £ k_,/' R A
\ T / Sharp Edge [y ‘ 'l | !
\-’ '/1 A')' 'S" " .“. of ; 1" "'» , 3
I 1/8 in (3175 mm) . ,;
Drain Hole  |nternal Max'm{um ’ \ ZEERS \ S
Location  Diameter S =
(Vapor —{ »— 1/8in-1/2in
Service) (3175-12.70 mm)
A) Concentric B) Eccentric C) Segmental

Figure5-10. Orifices

The concentric orifice plate has a shaguareedged concentric bore that provides an
almost pure line contact between the plate and the fluid, with negligible friction drag at the
boundary The beta (or diameter) ratios of concentric orifice plates range from 0.25 taber5
point of maximum velocity and minimum static pressure osapproximately0.35 to 0.85 pipe
diameters downstream from the orifice platkat point is called the vena contradtgeasuring
the D/P at a location close to the orifice plate minimizes the effect of pipe roughness, since
friction has an effect on the fluid and the pipe wall.

Flange taps are predominantly used in the United States and are lactted the
ori fi ce plKahge @mare sal nedorancerdsd for use on pipeliless tharRo in
diameter Corner taps are predominant in Europe for all sizes of pipe, and are used 8iftne U
pipes under @ With corner taps, the relatively small clearances represent a potential
maintenance problenv¥ena contracta tapwhich are close to the radius tapee located one
pipe diameter upstream from the plate and downstegahe point of vena edracta This
location variesvith beta ratio and Reynolds number from 0.35D to 0.8D.
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The vena contracta taps provide the maximum pressure differentitiglpadsoproduce
the most noiseAdditionally, if the plate is changed, it may require a change in the tap location
In small pipes, the vena contracta might lie under a flahgerefore, vena contracta tegre
normally used only in jpie sizes exceeding six inches.

Radius taps are similar to vena contracta taps, except the downstream tap is fixed at 0.5D
from the orifice platePipe taps are located 2.5 pipe diameters upstream and 8 diameters
downstream from the orific&Radius tapsletect the smallest pressure difference and, because of
the tap distance from the orifice, the effects of pipe roughnaesndional inconsistencies, and
thereforemeasurement errqrare theargest

5.4.5 Qirifice types and selection

The concentric orifice plate is recommended for clean liquids, gases, and steam flows
when Reynolds numbers range from 20,000 toiri @ipes under six incheBecause the basic
orifice flow equations assume that flow velocities are well below sonic, a different theoretical
and computational approach is required if sonic velocities are exp&bgdinimum
recommended Reynolds number for flow through an orifice varies with the beta ratio of the
orifice and with the pipe siz&s pipe sizes increaséhe mhnimum Reynolds numbencreases
as well

Because of this minimum Reynolds number considerasiqumareedged orifices are
seldom used on viscous flui@isigure5-11). Quadrartedged and conical orifice plates are
recommended when the Reynolds number is under LF0the taps, corner, and radius taps
can all be used with quadraatiged orifices, but only corner taps should be used with a conical
orifice.

Flow Flow

}

45 >/

A) Quadrant-Edged B) Conical

Figure5-11. Orifices for Viscous Flows

Concentric orifice plates can be provided with drain holes to prevent buildup of entrained
liquids in gas streams, or with vent holes for venting entrained gases from.|iGugds
unmeasured flow passing through the vent or drain hole is usually les®4tadritie total flow
if the hole diameter is less than%®@f the orifice boreThe effectiveness of vent/drain holes is
limited, however, because they oftescome clogged
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Concentric orifice plates are not recommended for Aphiéise fluids in horizontal lines
because the secondary phase can build up around the upstream edge of. theegtatene
cases, this can clog the openingtaan change the flow pattern and createesmsurement error
Eccentric and segmental orifice plates are bstiged for such application€oncentric orifices
are still preferred for mukphase flows in vertical lines because accumulation of mbietess
likely and the sizinglata for these plates is more reliable

The eccentric orifice is similar to the concentric except that the opening is offset from the
pi peds .Jdhleopgemng bfthesegmental orifice is a segment of a difthe secondary
phase is a gas, the opening of an eccentric orifice will be located towards the top of.ttie pipe
the secondary phase is a liquid in a gas or a slurry in a liquid stream, the opening should be at the
bottom of the pipeThe drainage area of the segmental orifice is greater than that of the eccentric
orifice, and, tlerefore, it is preferred in applications with high proportions of the secondary
phase

These plates are usually used in pipe sizes exceeding four inches in diameter, and must be
carefully installed to make sure that no portion of the flange or gasket interferes with the
opening Flange taps are used with both types of plates, and are located in the quadrant opposite
the opening for the eccentric orifice, in line with the maximum dam height for the segmental
orifice.

For the measurement of low flow ratef)/® cell with an integral orifice may be the best
choice In this design, the total process flow passes througbMReell, therebyeliminating the
need for lead lineg'he D/P cellsare proprietary devices with little published data on their
performance; their flow coefficients are based on actual laboratory calibrattesare
recommended for clean, singddase fluids only because even small amounts of -opileill
create significant measurement erranslor will clog the unit.

Restriction orifices are installed to remove excess pressure and usually operate at sonic
velocities with very small beta ratioBhe pressure drop across a single restriction orifice should
not exceed 500SID (pounds per square inch differentlacause of plugging or gallintmn
multi-element restriction orifice installations, the plates are placed approximately one pipe
diameter fromeachanother in order to prevent pressuecovery between the plates.

5.4.6 Qrifice performance

Although it is a simple device, the orifice plate is, in principle, a precision instrument
Under ideal conditions, the inaccuracy of an orifice plate can be in the range-Gf BoAR.
Orifice plates are, however, quite sensitive to a variety of-@rdurcing conditionsPrecision in
the bore calculations, the quality of the installation, and the condition of the plate itself determine
total performancednstallation factors include tap location and condition, condition of the process
pipe, adequacy otmight pipe runs, gasket interference, misalignmentpe and orifice bores,
and leadine designOther adverse conditions include the dulling of the sharp edge, nicks caused
by corrosion or erosion, warping of the plate due to effects from dirt, water hammer, grease, or
secondary phase deposits on either orifice surfacg of the above conditions can change the
orifice dischage coefficient by as much as%0In combination these problems can be even
more worrisomethe net effecof which isunpredctable Therefore, under average operating
conditions, a typicabrifice installation can be expected to have an overall inaccuracy in the
range of2 to 36AR.
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The typical custodyransfer grade orifice meter is more accurate because it can be
calibrated in a testing laboratory and is provided with honed pipe sections, flow straighteners,
senior orifice fittings, and temperature controlled enclosures

5.5 Venturi Tubesand Flow Tubes

Venturi tubes are available in sizes up to, Zhd can pass 25 to%more flow than an
orifice with the same pressure dréurthermore, the total unrecovered head loss rarely exceeds
10% of measuredD/P (Figure 512). The initial cost of venturi tubes is high, so they are
primarily used on larger flows or on more difficult or demanding flow applicatMesturis are
insensitive to velocity profile effects and therefore require less straight pipe run than an orifice
Their contourechature, combined with the sed€ouring action of the flow through the tube,
makes the device immune to corrosionpsron, and internal scale builpl In spite of its high
initial cost, the total cost of ownership can still be favorable becausestsdavingsfor
installation operatingand maintenance
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Figure5-12. Venturi Versus Orifice Pressure Loss

The classical Herschel venturi has a very long flow element characterized by a tapered
inlet and a diverging outlelnlet pressure is measured at @mrance, and static pressise
measuredhn the throat sectiarThe pressure taps feed into a common annular chamber,
providing an average pressure reading over the entire circumference of the eldraetdssical
venturi is limited in its application to clean, noarrosive liquids, and gases

In the shorform ventui (Figure5-13), the entrance angle is increased and the annular
chambers are replaced by pipe tdpse shorform venturi maintains many of the advantages of
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the classical venturi, but at a reduced initial cost, shorter length, and reduced Rreigiire

taps ardocated ¥4 to ¥z pipe diagter upstream of the inlet coaad in the middle of the throat
section Piezometer rings can be used with large venturi tubes to compensate for velocity profile
distortions In slurry service, the pipe taps can be purged or replaced with chemical seals, which
can eliminate all deadnded cavities

High Pressure Tap ‘ DD 5D-1D
l LoI/ Pressure Tap ‘ . .
1 - 1 |
Y | '_;'N"\\_, "
- . T | Flow o ]d
I T ey TOOR oty | & 'ﬁﬁr—
niet Cone Cone | -
| = =
A) Short-Form Venturi Tube | B) Universal Venturi C) Flow Nozzle

Figure5-13. Gradual Flow Elements

There are several proprietary flow tube designs that provide even better pressure recovery
than the classical ventufiihe best known of these proprietary designs isithieersal venturi
The various flow tube designs differ in contour, tap location, genelddnd in unrecovered
head lossAll of thesedesignshave short lay lengths, typically varying between 2 and 4 pipe
diametersThese proprietary flow tubes usually cost less than the classical andosirort
venturis because of their short lay lendtbwever they may also require straight pipe runs to
condition their flow velocity profiles

Flow tube performance is much affected by calibrafidre inaccuracy of the discharge
coefficient in a universal venturi, at Reynolds numbers exceeding 75,000%sThé&
inaccuracy of a classical venturi at Re > 200,000 is between 0.7 &dFlobv tubes are often
supplied with discharge coefficient graphs because the discharge coefficient changes as the
Reynolds number drop$he variation in the discharge coefficient of a venturi caused by pipe
roughness is less thafolbecause there is continuousitact between the fluid and the internal
pipe surface

The high turbulence and the lack of cavities in which material can accumulate make flow
tubes weHsuited for slurry and sludge service®wever maintenance costs can be high if air
purging cannot prevent plugging of the pressure taps and leadHlnegerlike devices (vent
cleaners) can be installed to periodically remove buildup from interior openings, even while the
meter is onlineLead lines can also be replaced with butye seal elements hydraulically
coupled to thd®/P transmitter using fikd capillariesOverall measurement accuracy can drop if
the chemical seal is small, its diaphragm is stiff, or if the capillary system is not temperature
compensated or not shielded from direct sunlight

5.5.1 Flownozzles

The flow nozzle is dimensionally more stable than the orifice plate, particularly in high
temperature and higbelocity servicesThe flow nozzlehas often been used to measure high
flow rates of superheated stednke the venturijt hasa greater flow capacity than the orifice
plate and requireslawer initial investment than a venturi tube; howeveal#o provides less
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pressure recovenA major disadvantage of the nozzle is that it is more difficult to replace than

the orifice unless it can be removed as part of a spool section

Theuse of theASME pipe tap flow nozzle is predominant in the United Statlee

downstream end of a nozzle is a short tube having the same diameter as the vena contracta of an
equivalent orifice plateThe lowbeta designs range in diameter ratios from 0.2 to 0.5, while the
high betaratio designs vary between 0.45 and U8 nozzle should always be centered in the
pipe, and the downstream pressure tap should be inside the nozZI&exitroat taper should
always decrease the diameter toward the Ebatv nozzles are not recommended for slurries or
dirty fluids. The most common flow nozzle is the flange typaps are commonly located one

pipe diameter upstream and %2 pipe diameter downstream from the inlet face

Flow nozzle accuracy is typicalldAR, with a potential for 0.Z&AR if calibrated
While discharge coefficient data is available for Reynolds numbers as low as 5000, it is

advisable to use flow nozzles only when the Reynolds number exceeds. 50p0000zzles
maintain their accuracy for long periods, even in difficult ser\it@wv nozzles can be a highly
accurate way to measure gas floWw#hen the gas velocity reaches the speed of sound in the
throat, the velocity cannot increase any more (even if dogarstpressure is reduced), and a

choked flow condition is reachefi u ¢ h

fi C

riti

c al

fl

ow

nozzl

used in flow laboratories as standards for calibrating other gas flowmetering devices.

Although horizontal orientation is preferrecyazles an be installed in any position

Vertical downflow is preferred for wet steam, gases, or liquids containing .sbidsstraight
pipe run requirements are similar to those of orifice plates

5.5.2

Segmental wedge elements

The segmental wedge element is a proprietary device designed for use in slurry,
corrosive, erosive, viscous, or higgmperature applications is relatively expensive and is
used mostly on difficult fluids, where the dramatic savings in maintenance can justify the initial

cost The unique flow restriction is designed to last the life of the installation without
deteriorationFigure 514).

Wedge Flow
Element
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A) Segmental Wedge

4
H
K

B) V-Cone

Figure5-14. Segmental WedgElement

eso

Wedge elements are used witim8h-diameter chemical seals, eliminating both the lead

lines and any deaeinded cavitiesThe seals attach to the meter body immediately upstream and
downstream of the restrictioihey rarely require cleaning, even in services like dewatered
sludge, black liquor, coal slurry, fly ash slurry, taconite, and crud@tw minimum Reynolds
number is only 500, and the meter requires only five diameters of upstream straight pipe run
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The segmental wedge has asNaped restriction characterized by the H/D ratio, where H
is the height of the opening below the restriction and D is the diaréeH/D ratio can be
varied to match the flow range and to produce the deBiledThe oncoming flow creates a
sweeping action through the met€his provides a scouring effect on both faces of the
restriction, helping to keep it clean and free of buildéggmental wedges can measure flow in
both directions, but thB/P transmitter must be caliated for a split range, or the flow element
must be provided with two sets of connections for BB transmitters (one for forward and one
for reverse flow)

An uncalibrated wedge element can be expected to heet@a 26AR inaccuracy over
a 3:1 rangeA calibrated wedge element can reduce that t%8R if the fluid density is
constantlf slurry density is variable and/or unmeasured, error rises

5.5.3 Venturicone element

The venturdcone (\‘cone) element is another proprietary design that promises consistent
performance at low Reynolds numbers and is insensitive to velocity profile dis@mticwirl
effects Again, however, its relatively expensiverhe V-cone restriction has a unique geometry
that minimizes accuracy degradation due to wear, making it a good choice foelogiy
flows and erosive/corrosive applications

The V-cone creates a controlled turbulence region that flattens the incoming irregular
velocity profile and induces a stalié¢P that is sensed by a downstream fHje beta ratio of a
V-cone is so defined that an orifice and-adhe with equal beta ratios will have equal opening
areasas in the following equation:

2
Beta Ratio = M Eqgn. 57

where d is the cone diameter
D is theinside diameteof the pipe

With this design, the beta ratio caxceed 0.75~or example, admeter with a beta ratio
of 0.3 can have enge of0 to 75gallons per minuteGPM). Published test results on liquid and
gas flows place the system accuracy between 0.25 a¥%hR 2

5.6 Pitot Tubes

Although thePitottube is one of the simplest flow sensors, it is used in a wide range of
flow measurement applicatiorsuch as air speed for aircraft (S&eapter 3. In industrial
applicationsPitottubes are used to measure airflow in pipes, ducts, stacks, and liquid flow in
pipes, weirs, and open channé¢hile accuracy and rangeability are relatively I®itpt tubes
are simple, reliable, inexpensive, and suited for a tyaoileenvironmental condition®itot tubes
can accommodatxtremely high temperatures and a wide range of presgusasnple layout
of a Pitot tube isn Figure 515.
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Figure5-15. Pitot-Static Tubes

ThePitottube is an inexpensive alternative to an orifice plateuracyvariesfrom
0.5to %% FS which is comparable to that of an orifides flow rangeability of 3:1 (some
operate at 4:1) is also similar to the capability of the orifice pldte main difference is that,
while an orifice measures the full flowstream, Bieottube detects the flow velocity at only one
point in the flowstreamAn advantage of the slendeitottube is that it can be inserted into
existing and pressurized pipelines (calledtapiping) without requiring a shutdown

5.6.1 Theory of operation

Pitot tubes were invented bjenri Pitotin 1732 to measure the flowing velocity of
fluids. Basically aD/P flowmeter, aPitot-static tube measures two pressures (the static and the
total impact pressureJhe static pressure is the operating pressure in the pipe, duct, or the
environment, upstream to tR&ottube It is measured at right angles to the flow direction,
preferably in a low turbulence locatioh Pitottube measures total impact pressure.

The total impact pressuret()Rs the sum of the static and kinetic pressures and is
detected as the flowing stream impacts orRitet opening To measure impact pressure, most
Pitottubes use a small, sometimeshaped tube, with the opening directly facing the oncoming
flowstream The point velocity of approach gycan be calculated by taking the square root of
the difference between the total pressurg éad the static pressure (P) and multiplying that by
the C/D ratio, where C is a dimensional stamt and D is density:

Eqgn. 58

When the flow rate is obtained by multiplying the point velocity) d the cross
sectional area of the pipe or duct, it is critical that the velocity measuremersideeat an
insertion depth that corresponds to the average veldatihe flow velocity rises, the velocity
profile in the pipe changes from elongated (laminar) to more flat (turbvilér)change in
velocity profilechanges the point of average velogitfich requires an adjustment of the
insertion depthPitot tubes are recommended only for highly turbulent fld®resy6olds number
> 20,000) and, under these conditions, the velocity profile tends to be flat enough so that the
insertion depth is natritical.

In 1797,G. B. Venturideveloped a short tube with a thrtige passage that increases
flow velocity and reduces the permanent pressure. @pgcialPitot designs are available that,
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instead ofust providing an impact hole for opening, add a single or double venturi to the impact
opening of thd?itottube The venturi version generates a higbéP than a regulaPitot tube
can generate

5.6.2 Static pressure measurerhen

In jacketed (sometimes referred to as dualled) Pitot-tube designs, the impact pressure
port faces forward into the flowConversely, mtic ports do noface forward into the flowput
are, instead, spaced around the outer.tBbth pressure signals{Bnd P) are routed by tubing
to aD/P indicator or transmittetn industrial applications, the static pressure (P) can be
measured in three ways:

a. through taps in the pipe wall
b. by static probes inserted in the process stream
c. by small openings located on tR@ottube or on a separate aerodynamic element

Wall taps can measure static pressures at flow velocities up fp2@0static probe
(resembling an ishapedPitottube) can have four holes of @din diameter, spaced 9@part
Aerodynamic bodies can be cylinders or wedges with two or more sensing ports.

Errors in detecting static pressure arise from fluid viscosity, velocity, and fluid
compressibility The key to accurate static pressure detection is to minimize the kinetic
component in the pressure measurement

5.6.3 SingleportPitottubes

A single-port Pitot tube caronly measure the flow velocity at a single point in the cross
section of a flowing streanThe probe must be inserted to a point in the flowing stream where
the flow velocity is the average of the velocities across the-saxg®n, and its impact port
must face directly into the fluid floar he Pitottube can be made less sensitive to flow direction
if the impact port hean internal bevel of about 2l®xtending about 1.5 diameters into the tube
Figure 516 provides a sampliayout of aPitot tube installation
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Figure5-16. Pitot Tube Installation Example

If the pressure differential generated by the venturi is too low for accurate detection, the
conventionaPitottube can be replaced byP&ot venturi or a double venturi sensdhis
replacement actiowill produce a higher pressure differential

A calibrated, clearand properly inserted singj®ort Pitottube can provide b of FS
flow accuracy over a flow range of 3:Also, butwith some loss of accuracg,singleport Pitot
tubecan even measure over a range of Usladvantages are low cost, no moving parts,
simplicity, and the fact that it causes very little pressure loss in the flowing stteanain
limitations include the errors resulting from velocity profile charagetbr from plugging of the
pressure port$itot tubes are generally usetienflow measurementsreof secondary
importancewhencost is a major concern, and/or when the pipe or duct diameter is large (up to
720 or more)

Specially designe®itot probes have been developed for use with pulsating flows
design uses Ritot probe filled with silicone oil to transmit the process pressures tD/theell.
At high-frequency pulsating applications, the oil serves as a pulsation dampening and pressure
averaging medium

Pitot tubes also can be used in square, rectanguleircular air ductsMounting can be
by a flange or glandrhe tube is usually provided with an external indicator, so that its impact
port can be accurately rotated to face directly into the.flowaddition, the tube can be designed
for detecting the full velocity profile by making rapid and consistent traverses across the duct

A Pitottube also can be used to measure water velocity in open channels, at drops,
chutes, or over fall crestat the low flow velocitiestypical of laminar condition®Ritot tubes
are not recommended because it is difficult to find the insertion depth corresponding to the
average velocity and because Bimot element produces such a small pressure differential
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Although te use of &itot venturi improvs this situation by increasing the pressure differential,
it cannot help the problem caused by the elongated velocity profile

5.6.4 AveragingPitottubes

AveragingPitottubes have been introduced to overcome the problem of finding the
average velocity poir(Figure5-17). An averagingPitottube is provided with multiple impact
and static pressure ports and is designed to extend across the entire diameter aoffthe pipe
pressures detected by all the impact pressure (@otsseparately by all the static podsg
combined and the square root of the differdpetsveen impact and static pressisreneasured as
an indication of the average¥l in the pipeThe port closedb the outlet of the combined signal
has a slightly greater influence, thitwe port that is farthest away; however, secondary
applications wher®itottubes are commonly used, this error is acceptable.
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Figure5-17. Averaging Pitot Tube

The number of impact ports, the distance between ports, and the diameter of the
averagingPitottubeare all attributes thatan be modified to match the needs of a particular
application For example, ensing ports in averagirigjtottubes are often too large to allow the
tube to behve as a true averaging chambecause the oversized port openingsate
optimized for averaging, but to prevent pluggimgsome installationgherefore purging with
an inert gasvill keep the ports eln andillow the £nsor to use smaller ports

AveragingPitottubes offer the same advantages and disadvantages as dgemgle
tubes They are slightly more expensive and a little more accurate, especially if the flow is not

fully formed Some averagingitot sensors can be inserted through the same opening (or hot tap)

that accommodates a singdert tube
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5.6.5 Area averaging

AreaaveragingPitot stations are used to measure the large flows ofi@ssure air in
boilers, dryers, or HVAC systen{Bigure5-18). These units are available for the various
standard sizes of circular mctangular ducts and for pipd$ey are so designed that each
segment of the crossection is provided with both an impact and a static pressureEaati set
of ports is conneet to its own manifoldihich combines the average static and average impact
pressure signal#f plugging is likely, the manifolds can be purged to keep the ports.clean

High
Pressure

......................
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“-‘
==
L]
- -
ll
55

________________________________________________

Figure5-18. AreaAveraging Pitot Tube System

Because areaveragingPitot stations generate very small pressure differentials, it may be
necessary to use low different@IP cells with spans as low af00-0.01inH2O. To improve
accuracy, a hexagonal cg&yipe flow straightener and a flow nozzle can be installed upstream of
the areaaveragingPitot flow sensorThe flow straightener removes local turbulence, while the
nozzle amplifies th®/P produced by the sensor

5.6.6 Vibration damage
Natural frequency resonant vibrations can ca&isa tube failure Natural frequency

vibration is caused by forces created as vortices are shed Bitdhieibe ThePitottube is
expected to experience such vibration if the process fluid velocitggjins between a lower
limit (V) and an upper limit (V). The values of Vand 4 can be calculated (for the products
of a given manufacturer) using the equations below

V, = S233(MELD) @RD ) Eqgn. 59
I
Vi = 18PAMED) EJEJRD) Eqn. 510
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where M = mounting factor (3.52 for single mount)
Pr = probe factor (0.185 for 38&liameter probes; 0.260or ¥0; 0.372 for 3%; and0.552
for 10);
D = probe diameter (inches)
L = unsupported probe length in inches; calculated as the sum of the pipe I.D. plus the
pipe wall thickness plus: 1.8%or 3/80 diameter probes; 108or ¥20; 1.56 for 30,
and 1.94for 10 diameter probes

Once the velocity limits have been calculated important tomake sure the operating
velocities do not exceed thefhthis happenschanges required inthe probe diametend/orits
mounting until there is no overlap

5.7 Variable Area Flowmeters

Variable area flowmeteysised fomeasuring the flow of liquids, gases, and steae,
simple and versatile devices that operate at a relatively constant pressufeagiop519). The
position of their float, piston, or vane is changed as the increasing flow rate opens a larger flow
area to pass the flowing flui@he position of the float, piston, or vane provides a direct visual
indication of flow rateDesign variations include the rotameter (a float in a tapered tube),
orifice/rotameter combination (bypass rotameter), egjeannel variable gate, tapered plug, and
vane or piston designs

Gravity # ,IJ_’ ; .
Equilibrium 3 Vo | | ]

Float —§~

Fliow ! -

E |

l 1 Fiston n
Tapered Tube Parfaratad Flexing Vane,

Tapered Metering Tube (Rotameter] Tapered Flug Cylinder Disc, or Flapper

Figure5-19. Variable Area Flowmeters

Either the force of gravity or a spring is used to return the flow element to its resting
position when the flow lessenSravity-operated meters (rotameters) must be installed in a
vertical position, whereas spring operated ones can be mounted in any pA#litraniable area
flowmeters are available with local indicatokéost can also be provided with position sensors
and transmitters (pneumatic, electronic, digitafjlmer optig for connectingd remote displays
or controls.

5.7.1 Purgeflow regulators
If a needle valve is placed at the inlet or outlet oftameterand aD/P regulator controls

the pressure difference across this combination, the result is affnwgegulator Such
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instrumentation packages are used ascg@ifained purge flowmeteamdare among the least
expensive and most widely used flowmet@itseir main application is to control small gas or

liquid purge streamd hey are used to protect instruments from contacting hot and corrosive
fluids, to protect pressure taps from plugging, to protect the cleanliness of optical devices, and to
protect electrical devices from igniting upon contact with combustibles

Purge meters are quite useful in adding nitrogen gas to the vapor spaces of tanks and
other equipmen®Purging with nitrogen gas reduces the possibility of developing a flammable
mixture because it displaces flammable gaske purgeflow regulator is reliable, intrinsically
safe, and inexpensive

Purge meters can operate in the constant flow mode, whiei i3 held constant at
about 60 to 8inH-0 differential In bubbler and purge applications, the inlet pressupeigP
held constant and the outlet pressui® $variable Figure5-20 describes a configuration where
Po is held constant and, % variable
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Figure5-20. Purge Flowmeter Design

Purge metersan handle extremely small flow rates from 0.01 cc/min for liquids and
from 0.5 cc/min for gase$he most common size is a glass tube rotameter witto (62#hm)
connectionginda range of 0.09.5GPM (0.2-2.0liters per minutgon water or 0.2.0 standard
cubic feet per minuteéSCFM) (0.3-3.0 aibic metersper hour) in air serviceTypical accuracy is
+5% FS over a 10:1 rang&he most common pressure rating is p6Onds per square inchgg
(PSIG), equal td megapascal

5.7.2 Rotametergtapered tube)

The rotameter is the most widely used variable area flowmeter because of its low cost,
simplicity, low pressure drop, relatively wide rangeability, and linegpwt Its operation is
simple;in order to pass through the tapered tube, the fluid flow raises theTthmatjreater the
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flow, the higher the floatises In liquid service, the float rises due to a combination of the
buoyancy of the liquid and the velocity head of the flMitith gases, buoyancy is negligible, and
the float responds mostly to the velocity head

In a rotameter, the metering tube is mounted vertically, with the small end at the.bottom
The fluid to be measured enters at the bottom of the tube, passes upward around the float, and
exits the topWhen no flow exists, the float rests at the bott@vhen fluid enters, the metering
float begins to rise

The float moves up and down in proportion to the fluid flow rate and the annular area
between the float and the tube wal the float rises, the size of the annular openingeases
and causethe D/P across the floab decreaseT he float reaches a stable position when the
upward force exerted by the flowing fluid equals the weight of the. fibegry float position
corresponds to a particular f | ow.Fomrthiseeadfomr a
it is necessary to size the rotaerdior each applicatioWhen sized correctly, the flow rate can
be determined by matching the float position to a calibrated scale on the outside of the rotameter
Many rotameters come with a biilt valve for adjustingheflow manually.

Several shapes of float are available for various applicatiams early design had slots,
which caused the float to spin for stabilizing and centering purpBeeause this float rotated,
the term rotameter was coined.

Rotameters are typically provided with calibration data and a direct reading scale for air
or water (or both)To size a rotameter for other service, one must first convert the actual flow to
a standard flowfor liquids, this standard flow is the water equivaler®®M,; for gases, the
standard flow is the airflow equivalent8CFM Tables listing standard water equival@®M
and/or airSCFMvalues are provided by rotameter manufactuMenufacturers also often
provide slide rules, nomographs, or computer software for rotameter.sizing

5.7.3 Design Variations

A wide choice of materials is available for floats, packingjri@s, and end fittings
Rotameter tubes for such safe applications as air or water can be made of glass, whereas if
breakage would create an unsafe condition, they are provided with metalGlassstubes are
most common, being precision formed of safety shielded borosilicate glass.

Floats typically are machined from glass, plastic, metal, or stainless steel for corrosion
resistanceOther float materials include carboloy, sapphire, and tantdtiah fittings are
available in metal or plastiSome fluids attack the glass metering tube, such as wet steam or
high-pH water over 194F (which can soften glass); caustic soda (which dissolves glass); and
hydrofluoric acid (which etches glass).

Floats have a sharp edge at the point where the reading should be observed on the tube
mounted scald~or improved reading accuracy, a gkasise rotameter should be installed at eye
level. The scale can be calibrated for direct readaigor watey or for reading as a percentage
of range In general, glass tube rotameters can measure flows up to abGe\6@ater and 200
standardcubic feet petour air.

A correlation rotameter has a scale from which a reading is.t@kereading is then
compared to a correlation table for a given gas or liquid to get the actual flow in engineering
units. Correlation charts are readily available for nitrogen, oxygen, hydrogen, helium, argon, and
carbon dioxideWhile not nearly as convenient as a direct reading device, a correlation meter is
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more accurateThis is because a diremading device is accurate for only one specific gas or
liquid at a particular temperature and press@reorrelation flowmeter can be used with a wide
variety of fluids and gases under various condititmthe same tube, different flow rates can be
handled by using different floats.

Small glass tube rotameters are suitable for working with pressures upR&BRMmuUt
the maximum operating pressure of a largen(@iameter) tube may be as low as E®IG The
practical temperature limit is about 490, but such highemperature operation substantially
reduces the operating pressure of the.tirbgeneral, there is a linear relationship between
operating temperature and pressure.

Glasstube rotameters are often used in applications where several streams of gases or
liquids are being metered at the same time or mixed in a manifold, or where a single fluid is
being exhausted through several chan(fégure 521). Multiple tube flowmeters allow up to
six rotameters to be mounted in the same frame

Figure5-21. Manlfold Configuration

It also is possible to operate a rotameter in a vactitthe rotameter has a valve, it must
be placed at the outlet at the top of the méter applications requiring a wide measurement
range, a duaball rotameter can be usekhis instrument has two ball floats: a light ball
(typically black) for indicating low flows and a heavy ball (usually white) for indicating high
flows. The black ball is read until it goes off scale, and then the white ball is@Geadsuch
instrument has a black measuring rafrgen 2352350millimeters per minutéml/min) and a
white to 5000 ml/min

For higher pressures and temperatures beyond the practical range of glassibeetal
rotameters can be usélthese tubes are usually made of stainless steel, and the position of the
float is detected by magnetic followers with readouts outside the metering tube

Metaktube rotameters can be used for hot and strong alkalis, fluorine, hydrofluoric acid,
hot water, steam, slurries, sour gas, additives, and molten nidtajsalso can be used in
applications where high operating pressures, water hammer, or other forces could damage glass
tubes Metaltube rotameters are available in diameter sizes up, ttash operate at pressures up
to 750PSIG temperatures to 54C (1000 °F), and carmeasure flows up to090GPM of water
or 1300 SCFMof air. Metaltube rotameters are readily available as flow transmitters for
integration with remote analog or digital contrdlsansmitters usually detect the float position
through magnetic coupling and are often provided with external indication through a rotatable
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magnetic helix that moves the point€he transmitter can be intrinsically safe, microprocessor
based, and can be provided with alarms and a pulse output for totalization.

Plastictube rotameters are relatively low in cost and are ideal for applications involving
corrosive fluids or deionized watérhe tube itself can be made from Teflop@rfluoroalkoxy
(PFA), polysulfone, or polyamidd he wetted parts can be made from stainless steel,
polyvinylidene diflouride(PVDF), Teflon®, Teflon® PFA or Kel-F, with Viton® or Kalrez®
O-rings

5.7.4  Accuracy
Laboratory rotameters can be calibrated to an accuracy dfoBB®ver a 4:1 range,

while the inaccuracy of industrial rotameters is typicalB?4 FS over a 10:1 rangPurge and
bypass rotameter errors are in tié ange.

Rotameters can be used to manually set flow rates by adjusting the valve opening while
observing the scale to establish the required process flowfraperating conditions remain
unaltered, rotameters can be repeatable to withir/QAFS

Most rotameters are relatively insensitive to viscosity variatibhe most sensitive are
very small rotameters with ball floats, while larger rotameters are less sensitive to viscosity
effects The limitations of each design are published by the manufaciurerfloat shape does
affect the viscosity limitlf the viscosity limit is exceeded, the indicated flowsnhbe corrected

for viscosity Figure5-22).
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Figure5-22. Maximum Measurement Velocities

Because the float is sensitive to changes in fluid density, a rotameter can be furnished
with two floats (one sensitive to density, the other to velocity) and used to approximate the mass
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flow rate The more closely the float density matches the fluid density, the greater the effect of a
fluid density change will be on the float positidhassflow rotameters work best with low
viscosity fluids such as raw sugar juice, gasoline, jet fuel, and light hydrocarbons

Rotameter accuracy is not affected by the upstream piping configurBiermeter can
alsobe installed directly after a pipe elbow without advigraéfectingmetering accuracy
Rotameters are inherently self cleaning because, as the fluid flows between the tube wall and the
float, it produces a scouring action that tends to prevent the buildup of foreign matter
Nevertheless, rotameters should be usedwiityclean fluids that do not coat the float or the
tube Liquids with fibrous materials, abrasivemd large particles should also be avoided

5.7.5 Other variablearea flowmeters

Major disadvantages of the rotameter include its relatively high cost in larger sizes
Additionally, there may not be enough head room for the rotameter if the requirement is for
vertical installationThe cost of a large rotameter installation can be reduced by using an orifice
bypass or &itottube in combination with a smaller rotametEne samesize bypass rotameter
can be used to measure a variety of flows, with the only difference between applications being
the orifice plate and the differentialgtoduces.

Advantages of a bypass rotameter include low ¢mstiever its major disadvantage is
inaccuracy and sensitivity to material buig. Bypass rotameters are often provided with
isolation valves so that they can be removed for maintenance without shutting down the process
line.

Taperedplug flowmeters are variablgrea flowmeters with a stationary core and a piston
that moves as the flow varida one design, the piston movement mechanically moves a pointer,
while in another it magnetically moves an external flow rate indicatw second design has a
metallic meter body for applitans up to DOOPSIG

One gatetype variablearea flowmeter resembles a butterfly val\Wdow through the
meter forces a spriAgaded vane to rotate, and a mechanical connection provides local flow rate
indication The inaccuracy of such meters &% FS. The meter can be used on oil, water, and
air, and is available in sizes up ta # also is used as an indicating flow switch in safety
interlock systems.

5.8 Mechanical Flowmeters

This section discussesrious types of mechanical flowmeters that measure flow using
an arrangement of moving part$ese flowmeters measure fl@ither by passing isolated,
known volumes of a fluid through a series of gearshambers (positive displacemé¢RD]) or
by means of a spinning turbine or rotor.

All PDflowmeters operate by isolating and counting known volumes of a fluid (gas or
liquid) while feeding it through the metdy counting the number of passed isolated volumes, a
flow measurement is obtaindg@ach PD design uses a different means of isolating and counting
these volumesThe frequency of the resulting pulse train is a measure of flow rate, while the
total number of pulses gives the size of the hatghile PD meters are operated by the kinetic
energy of the flowing fluid, metering pumpdetcribed only brieflyreren) determine the flow
rate while also adding kinetic energy to the fluid.
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The turbine flowmeter consists of a midtaded rotor mounted at right angles to the
flow, suspended in the fluid stream on a freening bearingThe diameter of the rotor is very
close to thdD of the metering chamber, and its speed of rotation is proportional to the
volumetric flow rate Turbine rotation can be detected by sdlidte devices or by mechanical
sensorsOther types of rotary element flowmeters include the propeller (impeller), shunt, and
paddlewheel designs.

5.8.1 Posgtive displacement flowmeters

ThePD metergFigure 523) provide high accuracy (x024AR in some cases) and good
repeatability (as high as 0W8\R). Accuracy is not affected by pulsating flow unless it entrains
air or gas in the fluidThe PD meters do not require a power supply for their operation and do
not require straight upstream and downstream pipe runs for their installdieD meters are
available in sizes up to d2nd can operat®ith turndowns as high as 100ranges of 15:1 or
lower are much more commgadalippage between the flowmeter components is reduced and
metering accuracy is therefore increased as the viscosity of thesgfbad increases.

__— Vane

— Vane Slot

__— Rotor

QOutlet

A} Nutating Disc B) Rotating Valve

Figure5-23. Positive Displacement Flowmeter

The process fluid must be cledtarticles greater than 100 microns must be removed by
filtering. SincePD meters operate with small clearances betwlesn precisioamachined parts,
abrasiorrapidly destroys their accuradyor thisreason, PD meters are generally not
recommended for measuring slurries or abrasive fliidslean fluid services, however, their
precision and wide rangeability make them ideal for custody transfer and batch chEnging
are most widely used as household water metitsons of such units are produced annually at
a unit cost of less than $5@ industrial and petrochemical applications, PD meters are
commonly used for batch charging of both liquids and gases.

Although slippage through the PD meter decreases (that is, accuracy increases) as fluid
viscosity increases, pressure drop through the metemalsasesConsequentlyas viscosity
increases, botthe maximum and minimum flow capaet of the flowmetearedecreasedAs
the viscosity increases, both the slippage and the measurable flow rate déseasmsity
decreases, the low flow performance of the meter deteriofdtesnaximum allowable pressure
drop across the meter constrains the maximumatipg flow in highviscosity services

5.8.2 Liquid positive displacemeritowmeters

Nutating disc meters are the most common PD melbey are used as residential water
meters around the wotlés water flows through the metering chamber, it caasdisc to
wobble (or nutate); the disc then tuaspindlethatrotates a magnethis magnet is coupled to
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a mechanical register or a pulse transmiBecause the flowmeter entraps a fixed quantity of
fluid each time the spindle is rotated, the rate of flow is proportional to the rotational velocity of
the spindle.

Becauseghe meter housingiust be nonmagnetic, is usually made of brohizeisings
are also made from plastic because ofasosion resistangaroperties and lower costhe
wetted partssuch as the disc and spindiee usually bronze, rubber, aluminumopesne,
BunaN, or a fluoroelastomer such as Vi@nNutatingdisc meters are designed for water
service and thevarious componennaterials must be checked fmympatibility with other
fluids. Meters with rubber discs give better accuracy than metal discs due to the better sealing
they provide.

Nutatingdisc meers are available in 5#8chto 2-inch sizesand they are suited for 150
PSIGoperating pressures with overpressure to a maximum oP30@ Cold water service
units are temperatwianited to 120°F. Hot water units are available up to 250

These meters must meet American Water Works Association (AWWA) standards for
accuracyThe accuracy of these meters is required to B&ARR. Higher viscosity can produce
higher accuracy, while lower viscosity and wear over time will reduce accuraeyAWWA
requires that residential water meters bealkbrated every 10 yeamBecause of the intermittent
use patterns of residential users, this corresponds to ratalgh/8 x 3/4" residential water
meters after they have metered fimélion gallons In industrial applications, however, these
meters are likely texceedhis threshold much soond@the maximum continuous flow of a
nutating disc meter is usually about®®b6 of the maximum flow in intermittent service.

Rotatingvane meters have sprihgaded vanes that entrap increments of liquid between
the eccentrically mounted rotor and the casirge rotation of the vanes moves the flow
increment from inlet to outlet and dischargecuracy of +0.%AR is normal, and largesize
meters on higher viscosity services can achieve accuracy to withihAR5

Rotatingvane meters are regularly used in the petroleum industry and are capable of
metering soliddaden crude oils at flow rates as high as 17 G80. Pressure and temperature
limits depend on the materials of construction and can be as high &s 860 DOOPSIG
Viscosity limits are 1 to 25,00€entipoise.

In the rotary displacement meter, a fluted central rotor operates in constant relationship
with two wiper rotors in a skphase cyclelts applications and features are similar to those of the
rotary-vane meter.

5.8.3 Piston meters

Oscillatingpiston flowmeteraretypically used in viscoufiuid servicessuch as oil
metering on engine test standdere turndown is not criticahlthough these meters can also be
used on residential water service and pass limited quantities of dirt (suple asgde and fine
sand), theyxannot pass larggarticlesize or abrasive solids.

The measurement chamber is cylindrical with a partition plate separating its inlet port
from its outlet The piston is also cylindrical and is punctured by numerous openings to allow
free flow on both sides of the piston and the pbisé piston is guided by a control roller within
the measuring chamber, and the motion of the piston is transferred to a follower magnet that is
external to the flowstreanthe follower magnet can be used to drive a transmitter, a register, or
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both The motion of the piston is oscillatory (not rotary) since it is constrained to move in one
plane The rate of flow is proportional to the rate of oscillation of the piston.

The internacomponent®f this flowmeter can be removed without disconnection of the
meter from the pipelindBecause of the close tolerances required to seal the piston and to reduce
slippage, these meters require regular mainten@smllating piston flow meters are available
in 20to 30 sizes, and can generally be used between 100 andI8B)Some indistrial
versions are rated tdQ0PSIG andcan meter flow rates from@PMto 65GPMin continuous
service with intermittenfiexcursionéto 100GPM. Meters are sized so that pressure drop is
below 35PSIDat maximum flow rateAccuracy ranges from +(%6AR for viscous fluids to
+2%AR for nonviscous applications.

Reciprocating piston meters are probably the oldest PD meter déidigiysare available
with multiple pistonsdoubleacting pistons, or rotary pistaris in a reciprocating piston
engine, fluid is drawn into one piston chamber as it is discharged from the opposed piston in the
meter Typically, either a crankshaft or a horizontal slide is used to control the opening and
closing of the proper orifices in the met€hese meters are usually smaller and are used for
measuring very low flows of viscous liquids

5.8.4 Gear and lobe meters

The ovalgear PD meter uses two fib@othed gearOnegear ismounted horizontally
andthe othemgear is mountedertically, withthe gears meshing at the tip of the vertical gear and
the center of the horizontal gg&igure 524). The two rotors rotate opposite to each other,
creating an entrapment in the cresesgmped gap between the housing and the Gbase
meters can be very accurate if slippage between the housing and the gears is kdpttamall
process fluid viscosity is greater than 10 centipoise and the flow rate is al86we 2died
capacity,anaccuracy of 0.%AR can be obtainedit lower flows and at lower viscosity,
slippage increases and accuracy decreases%ARDr less

A) Oval-Gear B Rotating Lobe ) Rotating Imeeller

Figure5-24. Rotating PD Meter

The lubricating characteristics of the process fluid also affect the turndown of an oval
gear meterWith liquids that do not lubricate well, maximum rotor speed must be derated to limit
wear. Another way to limit wear is to keep the pressima@p across the meter below BRSID.
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Therefore, the pressure drop across the meter limits the allowable maximum flow-in high
viscosity service.

Rotatinglobe and impelletype PD meters are variations of the oval gear flowmeter that
do not share its precise gearihgthe rotating lobe design, two impellers rotate in opposite
directions within the cal housing As they rotate, a fixed volume of liquid is entrapped and then
transported toward the outl&ecause the lobe gears remain in a fixed relative position, it is only
necessary to measure the rotational velocity of one of.thkeenimpeller either is geared to a
register or is magnetically apled to a transmitteLobe meters caaccommodate line sizes
from 20 to 240. Flow capacity is 8.0 GPMto 18,000GPMin the larger sized. obe meters
provide good repeatability at high flows (better than 00AR) and can be used laigh
operating pressures (t@A0PSIG and temperatures (to 40B).

Thelobe gear meter is available in a wide range of materials of construction, from
thermoplastics to highly corrosiaesistant metalisadvantages of this design include a loss of
accuracy at low flowdn addition, the maximum flow through this meter is less thahofthe
same size oscillatory piston or nutating disc meter.

In the rotatingimpeller meter, very coarse gears entrap the fluid and pass a fixed volume
of fluid with each rotationThese meters are accurate t@MR if the viscosity of the process
fluid is both high and constant, thre viscosityvaries only within a narrow ban@hese meters
can be made out of a variety of metals, including stainless steel and coressstant plastics
such as Kynar® PVDH hese meters are used to meter paints and, becausaedbey
specifications foor sanitary design@A), they can alsde usedin applications requiring clean
or sterile processinguch asneteing milk, juices, and chocolate.

In these units, thmovement®f magnets embedded in the lobes of rotating impediers
sensed by proximity switchexternallymounted to the flow chamhéFhe detectors are usually
Hall-effect detectors as shown@®ction3.5. The sensor transmits a pulse train to a counter or
flow controller. These meters are available in HihGo 6-in sizes and can handle pressures to
3000PSIGand temperatures to 40B.

5.8.5 Helix meters

The helix meter is D device that uses two radially pitched helical gears to
continuously entrap the process fluid as it floWse flow forces the helical gears to rotate in the
plane of the pipelinéptical or magnetic sensors are used to encode a pulse train proportional to
the rotational speed of the helical geditse forces required to make the helices rotate are
relatively small and therefotbe pressure drop is relatively lomwcomparison to other PD
meters The best attainable accuracy is afsll 20AR.

As shown inFigure 525, measurement error rises as either the operating flow rate or the
viscosity of the process fluid dragselical gear meters can measure the flow of highly viscous
fluids (from 3 to 300,00@entipascgl making them ideal for extremely thick fluidgich as
glues and very viscous polymeBecause the pressure drop through the meter should not exceed
30 PSID at maximum flow, the maximum rated flow through the meter is reduced as the fluid
viscosity increasesf the process fluid has good lubricating characteristics, the meter turndown
can be as high as 100:1, but lower turndgwuaosh as (10:1)are more tpical.
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Mazimumm Rated Flow, %

Figure5-25. Low-Flow Accuracy Versus Viscosity

5.8.6 Metering pumps
Metering pumps are PD meters that also impart kinetic energy to the proce¢seftuid
Figure 526). There are three basic designs: peristaltic, piston, and diaphragm

{Sruffing Box)

Figure5-26. Metering Pump Designs

Peristaltic pumps operate by having fingers (or a cam) systematically squeeze plastic
tubing against the housing; this squeezing action also serves to position theRebistgltic
pumps are used in laboratorfes a variety of medical applications, for the majority of
environmental sampling systems, and for dispensing hypochlorite soltttmsubingmaterial
can be silicongubber or, if a more corrosieresistant material is desirefeflon® tubing.
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Piston pumps deliver a fixed volume of 1[|igq
enters the c¢hamb E€heckovalvesdkerep the fliid flonofrors reveraidgeavith
all PD pumps, piston pumps generate a pulsating.floovminimize the pulsation, multiple
pistons or pulsaticdampening reservoirs are install@gcause of the close tolerances of the
piston and cylinder sleeve, a flushing mechanism must be provided in abrasive applichgons
size of a piston pump [sased on the displament of the piston and the required flow rate and
discharge pressur€heck valvesire selected to protect against backfl@m critical
applications, double check valvase selected

Diaphragm pumps are the most common industrial PD punpygical configuration
consists of a single diaphragm, a chamber, and suction and discharge check valves to prevent
backflow. The piston can drive the diaphragm either througécticoupling to the diaphragar
by using the force of hydraulic oMaximum output pressure is about I2SIG Variations
include bellowstype diaphragms, hydraulically actuated double diaphragms, andexiated,
reciprocating doubleiaphragms.

5.8.7 Gaspositive displacememheters

PD gas meters operate by counting the numbentofjgped volumes of gas passed
These meters operate in a similar mariag¢he way PD meters operate on liquitise primary
difference is that gases are compressible.

Diaphragm gas meters most often are used to measure the flow of natural gas, especially
in metering consumption by househol@ike meter is constructed from aluminum castings with
cloth-backed rubber diaphragnkhe meter consists of four chambers: the two diaphragm
chambers on the inlet and outlet sides and the inlet and outlet chambers of the mefEndody
passage of gas through the meter creal@®detween the two diaphragm chambers by
compressing the one on the inlet side and expanding the ohe outtet sideThis action
alternately empties and fills the four chamb@ise slide valves at the top of the meter alternate
the roles of the chambers and synchronize the action of the diaphragms, as well as operating the
crank mechanism for the meter register.

Diaphragm meters generally are calibrated for natural gas, whicmis€5af 0.6
(relative to air) Therefore, it is necessary to-calibrate the flow rating of the meter when it is
used to meter other gasé@se calibration for the new flow ratin@y) is obtained by
mul tiplying the met er@)ybythdsquare nod af ihergtio df i&s nat ur
of natural gas (0.6) and the new ga&\):

0.6
Qv =Qc SG, Egn. 511

Diaphragm meters are usually rated in units of cubic feet per hour and sized for a
pressure drop of 0:8inH20. Accuracy is roughly f%AR over a 200:1 rangd hey maintain
their accuracy for long periods of time, which makes themood choice for retail revenue
metering applicationdJnless the gasiunusually dirty (producer gas recycled methane from
composting or digesting, for example), the diaphragm meter will opadseénitely with little
or no maintenance.
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Lobe gear metersfso known asobed impeller meters), assoused for gas service
Accuracy in gas service is YAR over a 10:1 turndown, and typical pressure drop i$&ID.
Because of the close tolerances, upstream filtration is required for dirty lines.

Rotating vane meters measure the flow of gas in the same ranges as lobe gear meters (up
to 100,000 ft’hr) but can be used over a wider 25:1 turnddRatating vane meters also incur a
lower pressure drop of 0.08H:0 for similar accuracy, and because the clearances are
somewhat more forgiving, upstream filtration is not as critical

5.8.8  High-precisionpositive displacemersystems

High-precision gas meters are usually a hybrid coatimn ofa standard PD meter and a
motor drive that eliminates the pressure drop across the.faqtalizing the inlet and outlet
pressures eliminates slip flows, leakage, and Higwn high-precision gas flowmeter
installations, higksensitivity leaves are used to detect the pressure differential, and displacement
transducers are used to measure the deflection of the [gagese 527). Designed to operate at
ambient temperatures and at up tcPEIGpressures, this meter provekeccuracy to within
0.25%AR over a 50:1 range and &®over a 100:1 rang&low capacity ranges from 61500
SCFM

Displacement
Displacement Flowmeter
- Motor
~ Flowmetes DC" O ;
- R~ Gas Flow
Low
- Sensitvity
Leaf
Dusplacernent
Transducers “§
High
- Sensitivity
Leyt
=z 2] Differentsal
\\ /.'l Pressure
Leroing Solenonds Detection Piston
A) Gas Servce B) Liquid Service

Figure5-27. High-Precision PD Meter

Forliquid service, a servomotairiven ovalgear meter equalizes the pressure across the
meter This increases accuracy at low flows and under varying viscosity condifioiss
flowmeter uses a very sensitive piston to detect the meter differential and drives a variable speed
servomotor to keefhe differentiainear zeroThis design is claimed to provide 09%BR
accuracy over a 50:1 range at operating pressures of up RBSI80High-precision flowmeters
are used on engine test stands for fuel flow measme(gasoline, diesel, alcohol, eté&)ow
ranges from 0.040 callonsper hour are typical Vaporseparators are usually includied
prevent vapor lock.
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5.8.9 Tesing, calibration, and provers

Because wear increases the clearandlesieders with moving parts require periodic
testing, recalibratiorand repairRecalibration can be done either in a laboratory or on line using
a prover.

Gas systems are recalibrated against ajéefprover, which is a calibrated cylindrical
bell, liquid-sealed in a tanlAs the bell is lowered, it discharges a known volume of gas through
the meter being teste@ihe volumetric accuracy of bghir provers is on the order of 4lby
volume, and provers are available in discharge volumes of 2, 5, a@dtlarger.

Liquid systems can be calibrated in the laboratory against either a calibrated secondary
standard or a gravimetric flow loophis approach can provide high accuracy (up to #.61
rate) but requires removing the flowmeter from service.

In many operations, especially in the petroleum industry, it is diffesulnpossible to
remove a flowneter from service for calibratiofherefore, fieldmounted and Hiline provers
have been developetihis type of prove(seeFigure5-28) consists of a calibrated chamber
equipped with a barrier pistomwo detectors are mounted a known distance (and therefore a
known volume) apariAs the flow passes through the chamber, the displacer piston is moved
downstreamDividing the volume of the chamber by the time it takes the displacer to move from
one detector to the other gives the calibrated flow Tdies rate is then compared to the reading
of the flowmeter under test

I Detector Flow Tube ™ Detector

\\\[‘ i 1 ms”

Calibrated
Volume

Figure5-28. Flow Prover

Provers are repeatable on the order of @ @Rd can operate at up to@®PSIGand 165
°F/75°C. Their operating flow range is from as low as 0.BHAMto as high as 20,00BPM.

5.8.10 Positive displacememeter accessories

PD meter accessori@xlude strainers, filters, air anv@por release assemblies, pulsation
dampeners, temperature compensation systems, and a variety of valves to permit drdible cut
in batching system&lechanical registers can be equipped with mechanical or electroniec ticket
printers for inventory control and poinf-use saleBatching flow computers are readily
available analog and intelligent digital transmittene available as welAutomatic meter
reading (AMR) devices permit the remote imtal of readings by utility personnel.

59 Turbine Flowmeters

Invented byReinhard Woltmarn the 18th century, the turbine flowmeter is an accurate
and reliable flowmeter for both liquids and gadédse turbine flowmetefFigure5-29) consists
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of a multibladed rotor mounted at right angles to the flow and suspended in the fluid stream on a
free-running bearingThe diameter of the rotor is very slightly less thanlbhef the metering
chamber, and its speed of rotation is proportional to the volumetric flowTtatane rotation

can be detected Isplid-statedevices (reluctance, inductance, capacitarel Halleffect pick

ups) or by mechanical sensors (gaadmagnetic drives).
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Figure5-29. Turbine Flowmeters

In thereluctance piclup, the coil is a permanent magnet and the turbine blades are made
of a material attracted to magneAs each blade passes the coil, a voltage is generated in the
coil. Each pulse represents a discrete volume of ligthé number of pulses per unit voluiise
cal |l ed tKhaztormet er 6s

In the inductance piclap, eitherthe permanent magnet is embedded in the rotor, or the
blades of the rotor are made of permanently magnetized maexiehch blade passes the coil,
it generates goltage pulseln some designs, only one blade is magnetic and the pulse represents
a complete revolubin of the rotor.

The outputs of reluctance and inductive pigkcoils are continuous sine waves with the
pul se trainds fr eque n.Ayowplowpthe @utputi(teerneight ofitthe t h e
voltage pulse) may be on the order of 20 mV pieaieak It is not advisable to transport such a
weak signal over long distancd$erefore, the distance between the pickup and associated
display electronicer preamplifier must be short.

Capacitive sensors produce a sine wave by generating an RF signal that is amplitude
modulated by the movement of the rotor bladiestead of pickup coils, Halleffect transistors
canalsobe usedThese transistors change their state when they are in the presence of a very low
strength (on the order of Z5) magnetic field.

In these turbine flowmeters, very small magnets are embedded in the tips of the rotor
bladesRotors are typically made of a nomagnetic material, like polypropylene, Ryton, or
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PVDF (Kynam®). The signal output from a Hadiffect sensor is a square wave pulse train, at a
frequency proportiorido the volumetric flow rate.

Because Haleffect sensors have no magnetic drag, they can operate at lower flow
velocities (0.Zps) than magnetic pickip designs (0-8.0fps). In addition, the Hateffect
sensor provides a signal of high amplitude (typically a Y0s§uare wavg permitting distances
up to D00 reetbetween the sensor and the electrgmathout amplification.

In the water distribution industry, mechanicive Woltmantype turbine flowmeters
continue to be the standaithese turbine meters use a gear train to convert the rotation of the
rotor into the rotation of a vertical shafihe shaft passes between the metering tube and the
register section through a mechanical stuffing box, turning a geared mechanical register
assembly to indicate flow rate atalactuate a mechanical totalizer counter.

More recently, the water distribution industry has adofitedchagnetic drive as an
improvement over higimaintenance mechaniedfive turbine metersrhis type of meter has a
sealing disc between the measuring chamber and the re@istdre measuring chamber side,
the vertical shaft turns a magnet instead of a.g@athe register side, an opposing magnet is
mounted to turn the gearhis designpermits a completely sealed register to be used with a
mechanical drive mechanism.

In the United States, tiWWA sets the standards for turbine flowmeters used in water
distribution systemsStandard C70% provides for two classes (Class | and Class II) of turbine
flowmeters Class | turbine meters must registgthin £2% at maximum flow when tested
Class Il turbine meters must registégthin £1.5%AR Both Class | and Class Il meters must
have mechanical registers.

Solid-state pickup designs are less susceptible to mechanical wear than AWWA Class |
and Class Il meters.

5.9.1 Desigr and construction variations

Most industrial turbine flowmeters are manufactured from austenitic stainless steel (301,
303, 304grade$, whereas turbine meters intended for municipal water service are bronze or cast
iron. The rotor and bearing materials are selected to match the process fluid and the service
Rotors areften made from stainless steeld bearings of grafib, tungsten carbidend
ceramicsln special casesotors are madef synthetic ruby or sapphire combined with tungsten
carbide In all cases, bearings and shaite designed to provide minimum friction and maximum
resistance to weaSome corrosiomesistant designs are made from plastic matesath as
polyvinyl chloride

Small turbine meterareoften called barstock turbines because in sizesddb3o they
are machined from stainless steel hexagonal barsthekturbine is suspended by a bearing
between two hanger assemblies that also serve to condition thd Rmsndesign is suited for
high operating pressures (up @0 PSIG.

The insertion turbine meter is a pewglocity device similar to RitottubeD/P
flowmeter The design of the insertion turbine meter allows it to be inserted into either liquid or

13 American Water Works Associatio@old-Water Meters Turbine Type, for Customer Servigé VWA C701. 28
October 2019. May be superseded by update. Retrieved 10 February 2022. Available for purchase at
https://engage.awwa.org/PersonifyEbusiness/Store/Prakteils/productld/291Q7
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gas lines to a depth at which the sathdimeter rotor will read the average velocity in the.line
Because thee metersire very sensitive to the velocity profile of the flowing stream, they must
be profiled at several points across the flow path.

Insertion turbine meters can be designed for gas applications (small, lightweight rotor) or
for liquid (larger rotor, watelubricated bearings)hey are often used in large diameter
pipelines where it would be cegtohibitive to install a fullsize meterThey can be hetapped
into existing pipelinesf 60 or larger through a valve system without shutting down the process
Typical accuracy of an insertion turbine meterd AS and the minimum flowelocity is about
0.2fps.

5.9.2 Turbine meter accuracy

Figure 530 shows a typical turbireneter calibration curve describing the relationship
between flow and-factor (pulses/gallon)The accuracy of turbine meters is typically given in
%AR. This particular meter has a linearity tolerance band of 20 @%r a 10:1 flow rangand
+0.19% linearity in a 6:1 rang€elhe repeatability is from +0% to £0.02% over the linear range.

<
o

| 0.15% Linearity Flow Rate
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09 9850 +025%

98 - ._
Calibration Curve
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|
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Figure5-30. Calibration Curve

Because there are minor inconsistencies in the manufacturing process, all turbine
flowmeters are calibrated prior to shipmente resulting<-factorin pulses per volume unit will
vary within the stated linearity specificatidhis possiblehowever, to register sevetétfactors
for different portions of the flow range and to electronically switch from one to the other as the
measured flow changeNaturally, theK-factoris applicable only to the fluid for which the
meter was calibrated.

Barstock turbine meters typically are linear to £0428R over a 10:1 flow rangdhe
linearity of larger meters is £O@®AR over a 10:1 flow rangd urbine meters have a typical
nonlinearity (the turbine meter hump, showrrigure 530) in the lower 2530% of their range
Keeping the minimum flow reading above this region will permit linearity to within%@.a5
small and 0.2% on larger turbine meterH the range of 10:1 is insufficient, some turbine flow
meters can provide up to 100:1 turndowns if accuracy-raidel to % of FS.
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5.9.3 Sizing and selection

Turbine meters should be sized so that the expected average flow is bet®temmdc0
75% of the maximum capacity of the met#rthe pipe is oversized (with flow velocity under 1
fps), one should select a Hadffect pickup and use a meter smaller than the line. Siloav
velocities under 1pscan be insufficient, while velocities in excess offgcan result in
excessive weaMost turbine meters are designed for maximum velocities ¢80

Turbine flowmeters should be sized for between 3 aR8I®D pressure drop at maximum
flow. Because pressure drop increases with the square of flow rate, reducing the meter to the next
smaller size will raise the pressure drop considerably.

Viscosity affects the accuracy and linearity of turbine meteis therefore important to
calibrate the meter for the specific fluid it is intended to meaRapeatability is generally not
greatly affected by changes in viscosity, and turbine meters often are used to control the flow of
viscous fluids Generally, turbine meters perform well if tReynolds numbes greater than
4000 and less than or equal to 20,000.

Because it affects viscosity, temperature variation can also adversely affect accuracy and
must be compensated for or controll@ch e t ur b i nratingnmeepeeatui®@ sangespgrem
200to 450°C (392to 842 °F).

Density changes do not greatly affect turbine me@nslow-density fluids (SG < 0.7),
the minimum flow rate is increased due to the
not affected

5.9.4 |Installation and accessories

Turbine meters are sensitive to upstream piping geometry that canvosirses and
swirling flow. Specifications call for A5 diameters of straight run upstream and five diameters
of straight run downstream of the meteowever each of the following upstream obstructions
require more than 15 diameters of upstream straugie runs:

a. 20 diameters for 90° elbow, tee, filter, strainer, or thermowell
b. 25 diameters for a partially open valve

c. 50 or more diameters if there are two elbows in different planes or if the flow is spiraling
or corkscrewing

In order to reduce this straighin requirement, straightening vanes are installabe
bundles or radial vane elements are used as externastilaighteners located at least five
diameters upstream of the metas shown irfrigure5-31.
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Figure5-31. Flow Straighteners

Under certain conditions, the pressure drop across the turbine can cause flashing or
cavitation Flashingcauses the meter to read highd cavitatiorcausesotor damageln order
to protect against this, the downstream pressure must be held at 1.25 times the vapor pressure
plus twice the pressure drdpmall amounts of air entrainment (L@dligrams per liter ng/l] or
less) will make the meter read only a bit high, while large quantities can destroy the rotor.

Turbine meters also can be damaged by solids entrained in thefftbelamount of
suspended solids exceeds 100 mg/l of +75 micron size, a flusisimgiryer or a motorized
cartridge filter must be installed at least 20 diameters of straight run upstream of the flowmeter.

5.9.5 Gas turbine and shunt meters

Gas meters compensate for the lower driving torque produced by the relatively low
density of gase§ his compensation is obtained by very large rotor hubs, very light rotor
assemblies, and larger numbers of rotor bla@es turine meters are available front@12
and with flow ratings up to 150,00G/fir. When operatig at elevated gas pressure$0Q
PSIG), a rangeability of 100:1 can be obtained in larger size métader lower pressure
conditions, typical rangeability is 20:1 with %llinearity. The minimum upstream straight pipe
run requirement is 20 pipe diameters.

Shunt flowmeters consist of an orifice in the main line and a rotor assembly in the
bypassThese meters are used in gas and steam seffiese meters are available is sizes 2
and larger and are accurate tda8ver a range of 10:1.

5.9.6 Other rotary flowmeters
Other types of rotary element flowmeters include propeller (impelleuptsand
paddlewheel designbigure5-32 shows examples of impeller and paddlewheel meters.
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Figure5-32. Rotary Flowmeters

Propeller meters are commonly used in ladgemeter (over @) irrigation and water
distribution systemsTheir primary tradeoff is low costversudow accuracyThe AWWA
Standard €704 sets the accuracy criterion for propeller meter9&AR. Propeller meters have
a rangeability of about 4:1 and exhibit very poor performance if the velocity drops beltpg.1.5
Most propeller meters are equipped with mechanical regidtexshanical wear, straightening,
and conditioning requirements are the same as for turbine meters

Paddlewheel flowmeters use a rotor whose axis of rotation is parallel to the direction of
flow. Most paddlewheel meters have ftaaded rotors and are inherentlydiiectional Several
manufacturers, however, use crooked rotors that only rotate in the forward dirféotismaller
pipes (1/&to 30), these meters are available only with a fixed insertion depth, while for larger
pipe sizes (dto 48) adjustable insertion depths are available use of capacitively coupled
pick-ups or Haleffect sensors extends the range of paddlewheel meters into Hiewow
velocity region of 0.3ps.

Low-flow meters (usually smaller thaiw)lhave a small jet orifice that projects the fluid
onto a Pelton whegeVarying the diameter and the shape of the jet orifice matches the required
flow range and provides a flowmeter that is accuraté&4d$ and has a rangeability of 100:1
Higher accuracy can be achieved by calibrating the meter and by lowering itsBaogese of
the small size of the jet orifice, these meters can only be used on clean fluids and they incur a
pressure drop of about EBID. Mateiials used inconstructiorof these metersiclude
polypropylene, PVDRetrafluoroethylenand PFA, brass, aluminum, and stainless steel

5.10 Electronic Flowmeters

While the flow measurement technologies discussed in this chapter (magnetic, vortex,
and ultrasonic) are neither exclusively nor exhaustively electronic in nature, they do represent a
logical grouping of flow measurement technologade possible by modern sophisticated

4 American Water Works AssociatioRropeller Type Meters for Waterworks ApplicatioASVWA C704-19.1
May 2020.May be superseded by updaRetrieved 10 February 202Rvailable for purchase at
https://engage.awwa.org/PersonifyEbusiness/Store/Prikiails/productld/82160937
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electronics technology, these devices have no moving parts (other than those that vibrate) and are
relatively nonintrusive.

Magnetic flowmeters, for example, are the most directly electrical in nature, deriving
their first principl esVorekmetepsedapend dtEsensofstoom Far a
detect vortices shed from a stationary shedderSharcess of modern ultrasonic flowmeters is
mainly due to sophisticated digital signal processing.

5.10.1 Magnetic flowmeters
The operation of magnetic flowmeters is ba
induction Magmeters cannly detect the flow of conductive fluidEarly magmeter designs
required a minimum fluidic conductivity of3 microsiemens pem for their operationThe
newer designs have reduced that requirement a hundredfold to between 0.05 and 0.1
microsiemens pesm.

The magnetic flowmeter consists of a roagnetic pipe lined with an insulating
material A pair of magnetic coils is situated as shown inRligire5-33 and a pair of electrodes
penetrates the pipe and its lininiga conductive fluid flows through a pipe of diameter (D)
through a magnetic field density (B) generated by the coils, the amount of voltage (E) developed
acrosstheelectrodess pr edi ct e d,wilye pFoportiandl oyhé weloditya(\W) of
the liquid Because the magnetic field density and the pipe diameter are fixed values, they can be
combined into a calibration factor (K) and the equation reduces to:

E =KV Eqgn. 512

Magnetic Coil

Figure5-33. Magmeter

The velocity differences at different points of the flow profile are compensated for by a
signalweighing factor Additional mmpensation ialsoprovided by shaping the magnetic coils
such that the magnetic flux will be greatest where the signal weighing factor is lowest, and vice
versa.

Manufactur ers det erfaotorbyevater aatibnatiomaf gacreflone r 6 s
tube The K value thus obtained is valid for any other conductive liquid and is linear over the
entire flowmeter rangd-or this reason, flow tubes are usually calibrated at only one velocity
Magmeters cameasure flow in both directions becauseersing direction will change the
polarity but not the magnitude of the signal.
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The K value obtained by water testing might not be valid forMewtonian fluids (with
velocity-dependent viscosity) or magnetic slurries (those containing magnetic parfitlesg
types of fluids can affect the density of the magnetic field in the todme calibration and
special compensating designs should be considered for both of these fluids

5.10.2 Magmeter excitation

The voltage thatlevelops at the electrodes is a millivolt sigiddis signal is typically
converted into a standard curréf20 mA) or frequency output ¢@0,000Hz) at or near the
flow tube Intelligent magnetic transmitters with digital outputs allow direct connection to a
distributed control systenBecause the magmeter signal is a weak one, the lead wire should be
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shielded and twisted if the transmitter is remote.

The

accuracy

In DC excitation designs, a low frequency3@ Hz) DC pulse is used to excite the
magnetic coilsWhen the coils are pulsed on, the transmitter readsthettiow and noise
signals Between pulses, the trangtar sees only the noise signal atiekrefore, the noise can be

magmeter s ¢

O

| s ¢ a n WheerACpexrcitagon is dsedb y
line voltage is applied to the magnetic c§fggure5-34). As a result, the flow signal (at
constant flow) will also look like a sine waveEhe amplitude of the wave is proportional to
velocity. In addition to the flow signal, noise voltages can be induced in the electrod®ldep
of-phase noise is easily filtered, butphase noise requires that the flow be stopped (with the
pipe full) and the transmitter output set to z8ree main problem with AC magmeter designs is
that noise can vary with process conditions and frequergnang is required to maintain
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Figure5-34. Magmeter Excitation

continuously eliminated after each cycle.

This provides a stable zero and eliminates zera. thitiddition to being more accurate
and able to measure lower flovidC meters are less bulky, easier to install, use less energy, and
have a lower cost of ownership than AC meténse new DC design uses significantly more
power than the earlier generations and thereby creates a stronger flow tube signal.

Another new design uses a unique dual excitation scheme that pulses the ddidat 7
zero stability and at 7Bz to obtain a stronger sign&flagmeter transmitters can be supplied
with either AC or DC powelA two-wire, looppowered DC magnetic flowmeter is also
available in an intrinsically safe design, but its performance is reduced because of power

limitations.
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Pulsed AC meterliminating the zero stability problems of traditional AC desidrase
also been introduced@hese devices contain circuitry that periodically disrupts the AC power,
automaticallynegatingthe effects of process noise on the output signal.

Today, DC excitation is used in abou®85f installations and AC magmeters claim the
other 1846 when justified by the following conditions:

a. when air is entrained in large quantities in the process stream

b. when the process stream is a slurry and the solid particle sizes are not uniform and/or the
solid phase is not homogeneously mixed within the liquid

c. when the flow is pulsating at a frequency undeHz5

When any of the above three conditions exist, the output of a pulsed DC meter is likely to
be noisy In some cases, one can minimize the noise problem (hold the fluctuations Wetbin 1
set point) by filtering and damping the output sigifahore than 1 to 3 seconds of damping is
required to eliminate the noise, it is always better to use an AC meter.

5.10.3 Flow tubes, liners, and probes

The faceto-face dimensions of flanged flow tubes (lay lengths) usually meet the
recommendations of the International Organization for Standardization I8®ylimensions of
shortform magmeters usually meet these guidelines as Matinetic flow tubes and liners are
available in many materials and are widely used in all the process industries, including food,
pharmaceutical, mining, and metals.

Some liner materials (particularly Teflon®) can be damaged when pry bars are used
while installing it or removing it from process pipirigner materialscan also be damaged if the
flange bolts encounter too much torgumer protectors are available to help prevent such
damage.

Any flow tube cargenerally be used with any transmitter offered by the same
manufacturerDepending on its construction and features, the cost oh@gnédic flowmeter
can range from 800 to $5000This cost has been coming down, but is still higher than that of
the least expensive flow sensors.

Magnetic flowmeters also can be packaged as probes and inserted into process pipes
through tapsThese probes contain both the electrodes and magneticld¢wldlowing process
fluid induces a voltage at the electrodes, which reflects the velocity at the probe tip and not the
average fluid velocity across the pigdiese magmeters are inexpensive amgetractableso
thatthe process does not have to be shut down to install or removeMie¢éening accuracy is
highly dependent on the relationship betw#enmeasured velocity and theerage velocity in
the pipe.

5.10.4 Electrodes

In conventional flow tubes, the electrodes are in contact with the procesg Haidcan
be removable or permanent if produced by a droplet of liquid platinum as it sinters through a
ceramic liner and fuses with the aluminum oxide to form a perfect™ealdesign is preferred
due to its low cost, its resistance to abrasion and wear, its insensitivity to nuclear radiation, and
its suitability for sanitary applications because there are no cavities in which bacteria can grow
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On the other hand, the ceramic tube cannot tolerate bending, tension, sudden@adizigg
acids or hot and concentrated caustic.

In a more recent capacitivetpupled design, neoontacting electrodes are usétiese
designs use areas of metal sandwiched between layers of liner matexyaare available in
sizes under eight inches in diameter and with ceramic liexgmeters using these non
contacting electrodes can read fluids having 100 times less conductivity than required to actuate
conventional flow tubeBecause the electrode is behind the liner, these designs are also better
suited for severe coating applications

5.10.5 Selection and sizing
Magnetic flowmeters can detect the flow of clean, rnpiftase, dirty, corrosive, erosive,
or viscous liquids and slurries as long as the conductivity exceeds the minimum required for the
particular designThe expected inaccuracy and rangeabilityhef better designs are from 0.2 to
1% of rate, over a range of 10:1 to 30:1, if the flow velocity excedgds. At slower flow
velocities (even below 0fps), measurement error increases, but the readings remain repeatable.

It is important that the conductivity of the process fluiduibdorm. If two fluids are
mixed and the conductivity of one additive is significantly different from that of the other
process fluid, it is important that they be completely intermixed before the blend reaches the
magmeterlf the blend is not uniform, the output signal will be noiBy preventhis situation
pockets of varying conductivity can be eliminated by installing a static mixer upstream of the
magmeter.

Magmeter size is determined by capacity tables or charts published by the manufacturer
Figure 535 provides a flow capacity nomograph for line sizes from 0.1 & R& most
applications, flow velocities should fall betweefp8and 15fps. For corrosive fluids, the
normal velocity range should be63ps. If the flow tube is continuously operated belowip8,
metering accuracy will deterioratehile continuous operation exceeding the upper limit of the
normal velocity range will shorten the life of the meter
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Figure5-35. Gallonsper MinuteVersus Feetper Secondfor Magnetic Flowmeters

The obstructionless nature of the magmeter lowers the likelihood of plugging and limits
the unrecovered head loss to that of an equivalent length of straight lpgolew pressure drop
is desirable because it lowers pumping costs and aids gravity feed systems.

5.10.6 Problem applications
The magmeter cannot distinguish entrained air from the process fluid; therefore, air
bubbles will cause the magmeter to givi@gh readinglf the trapped air is not homogeneously
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dispersed, and is in the form of air slugs or large air bubbles the size of the electrode, the output
signal will be noisy or even disruptetherefore, in applications where air entrainment is likely,
the meter should be sized so that the flow velocity under normal flow conditioriRips

Coating of the electrodes is another common magmeter prollatarial buildup on
the inner surfaces of the meter can electrically isolate the electrodes from the proceskifluid
build-up can cause a signlass or a measurement erhyreither changing the diameter of the
flow tube or by causing span and zero shiftaturally, the best solution is preventi@ne
preventive step is to size the meter such that, under normal flow conditions, the flowing velocity
will be relatively high(at least 612 fps or as high as practical considering the possibility of
erosion and corrosign

Another method of prevention is to use electrodes that protrude into the flowstream to
take advantage of the turbulence and washing effeatore severe service, a mechanical
cleaning system can be installed and used intermittently or continuously to eliminate coating and
build-ups.

5.10.7 Installation

The magnetic flowmeter must always be full of liquitierefore, the preferred location
for magmeters is in vertical upward flow linésstallation in horizontal lines is acceptable if the
pipe section is at a low point and if the electrodes are not at the top of th&pgprevents air
from coming into contact with the electrod@ghen the process fluid is a slurry and the
magmeter is installed at a low point, it should be removed during kemgds of shutdowso
that solids will ot settle and codhe internal materials

If it is essential to drain the magmeter periodically, it should be provided with an empty
tube zero optionWhen this option is activated, the output of the transmitter will be clamped to
zera Detection of empty tube conditions is by circuitry connected to extra sets of electrodes in
the flow tube The empty tube zero feature can also be activated bytamal contact, such as a
pumpstatus contact.

Magmeters require five diameters of straight pipe upstream and two diameters
downstream in order to maintain accuracy and minimize liner.\ugdar protectors are
available to protect the leading edge of the liners from the abrasive effects of process fluids
the magmeter is installed in a horizontal pipe exceeding@iflength, the pipe should be
supported on both sides of the meter.

The magnetic flowmeter must be electrically grounded to the process Mdusd
grounding is necessabgecause the magmeter is part of the path for any stray current traveling
down the pipeline or through the process ligiidnding, by grounding the meter at both ends to
the process fluid, provides hat circuit for stray currents byuting them around the flow tube
instead of through.iff the system is not properly grounded, these currents can create a zero shift
in the magnetic flowmeter output.

Electrical bonding to the process fluid can be achieved by metal ground $traps
straps connect each end of the flow tube to the adjageline flanges, whicim turn, are in
contact with the process liquiStraps are used when the piping is electrically condudtiten
the pipe is noftonductive or lined, grounding rings are usBde grounding ring isimilar toan
orifice plate with a bore equal to the nominal siE¥) ©f the flow tubelt is installed between
the flanges of the flow tube amdjacent process piping on the upstream and downstream sides
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The flow tube is bonded to the process fluid by being connected to the metallic grounding rings,
and is grounded by being wired to a good conductor, such as a cold water pipe.

In larger sizes and in exotic materials, grounding rings can become expéansheaper
alternative is to use grounding electradegrounding electrode is a third electrode placed in the
flow tube for bonding with the process flukinothercostsaving option is to use a plastic
grounding ring with a metal electrode insert

5.11 Vortex Flowmeters

TheodorVon Karmardiscovered that when a nastreamlined object (also called a bluff
body) is placed in the path of a fdktwing stream, the fluid will alternately separate from the
object on its two downstream sides, and, as the boundary layer becomes detached laackcurls
on itself, the fluid forms vortices (also called whirlpools or eddide)also noted that the
distance between the vortices was constant and depended solely on the size of the rock that
formed it(seeFigure 536).

-~ High Velocity Fluid
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Figure5-36. Vortex Flowmeter Principle

On the side of the bluff body where the vortex is being formed, the fluid velocity is
higher and the pressure is lowAs the vortex moves downstream, it grows in strength and size,
and eventually detaches or sheds itSéiis is followed by dditional vorticeseing formed on
the other side of the bluff bodyhe alternating vortices are spaced at equal distances.

The vortexshedding phenomenon can be observed as wind is shed from a flagpole
(which acts as a bluff body); this is what causes the regular rippling one sees iValfliegs
are also shed from bridge piers, pilings, offshore drilling platform supports, and tall buildings
The forces caused by the vorsixedding phenomenon must be taken into account when
designing these structurds a closed piping system, the vortex effect dissipates within a few
pipe diameters downstream of the bluff body
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5.11.1 Vortex meter design

A vortex flowmeter is typically made gfrade316 stainless steel or Hastel®and
includes aluff body, a vortex sensor assemland the transmitter electronics, although the
transmitter electronicsan also be mounted remotelfortex flowmetersare typically available
in flange sizes from &0 120. The installed cost of vortex meters is competitive with that of
orifice meters in sizes less th@ndWafer body meters (flangeless) have the lowest cost, while
flanged meters are preferred if the process fluid is hazardous or is at a high temperature.

Bluff body shapes (square, rectangulsshapedandtrapezoidal) and dimensions have
been experimented with to achieve the desired characteriggting has shown that linearity,
low Reynolds number limitation, and sensitivity to velocity profile distortion vary only slightly
with bluff body shapeFirst, the width of the bluff body must have a large enough fraction of the
pipe diameter that the entire flow participates in the shed8ecpndthebluff body must have
protruding edges on the upstretane to fix the lines of flow separation, regardless of the flow
rate Third, the bluff body length in the direction of the flow must be a certain multiple of the
bluff body width.

Today, the majority of vortex meters UBE or capacitancéype sensors to detect the
pressure oscillation around the bluff bd#ygure5-37). These detectors respond to the pressure
oscillation with a low voltage output signal having the same frequency as the osciaiibn
sensors are modular, inexpensive, easily replaced, and can operate over a wide range of
temperature ranggéfom cryogenic liquids to superheated st@aBensors can be located inside
the meter body or outsidé/etted sensors are stressed directly by the vortex pressure
fluctuations and are enclosed in hardened cases to withstand corrosion and erosion effects

q

4

1

Pivoting Axis

Shedder Bar

Figure5-37. Vortex-Detecting Sensor
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External sensors, typicalREstrain gages, sense the vortex shedding indirectly through
the force exerted on the shedder. lEatternal sensors are preferred on highly erosive/corrosive
applications to reduce maintenance costs, while internal sensors provide better rangeability
(better lowflow sensitivity) They are also less sensitive to pipe vibratidite electronics
housingis usually rated explosieandweatherproof, and contains the electronic transmitter
module, termination connections, aga optonal flow-rate indicator and/or totalizer.

5.11.2 Sizing

Vortex shedding frequency is directly proportional to the velocity of the fluid in the pipe,
and therefore to volumetric flow ratéhe shedding frequency is independent of fluid properties
such as density, viscositgndconductivity except that the flow must be turbulent for vortex
shedding to occuiThe relationship between vortex frequency and fluid velocity is:

S=1

|- OO

Eqgn. 513

BN

where S is the Strouhal numbgr
fis the shedding frequency
dis the width of the bluff body
Vis the average fluid velocity

The value of the Strouhal number is determined experimentally, and is generally found to
be constant over a wide range of Reynolds numbéies Strouhahumber represents the ratio of
the interval between vortex sheddiipgnd bluff body widthd), which is about siXThe
Strouhal number is a dimensionless calibration factor used to characterize various bluffibodies
their Strouhal number is the same, then two different bluff bodies will perform and behave
similarly.

Because the volumetric flow rafgis the product of the average fluid velocity and of the
crosssectional area available for flow)

(AfdB)

= AV =
° S

Eqgn. 514

whereB is the blockage factor, defined as the open area left by the bluff body dividieel toy-
bore area of the pipe.

This equation, in turn, can be rewritten as:

Q= fK Eqn. 515

whereK is the meter coefficient, whickquas the product A*f*d*B ).

As with turbine and other frequengyoducing flowmeters, thi€-factorcan be defined
as pulses per unit volume (pulses per gallon, pulses per cubic foof le¢écefore, one can
determine flow rate by counting the pulses per unit.tMogtex frequencies range from one to
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thousands of pulses per second, depending upon the flow velocity, the character of the process
fluid, and the size of the metén gas service, frequencies are about 10 times higher than in
liquid applications.

TheK-factor is determined by the manufacturer, usually by water calibration in a flow
lab. Because th&-factor is the same for liquid, gaand vapor applications, the value
determned from a water calibration is valid for any other fltitle calibration factor{) at
moderate Reynolds numbers is not sensitive to edge sharpness or other dimensional changes that
affect squareedged orifice meters.

Although vortex meter equations are relatively simple compared to those for orifice
plates, there are many rules and considerations to keep invtandfacturers offer free
computer software for sizingghich allowsthe useto enter fluidproperties (density, viscosity,
and desired flow range) and tbeftwareautomaticallycalculates the meteizes.

The force generated by the vortex pressure pulse is a function of fluid density multiplied
by the square of fluid velocityrhe requirement that there be turbulent flow and force sufficient
to actuate the sensor d&hefercerhasnoes high dneugmehbeer 6 s
distinguishable from @ise For example, a typical®/ortex meter has a water flow range of 12
to 230GPM. If the density or viscosity of the fluid differs from that of water, the meter range
will change.

In order to minimize measurement noise, it is important to select a meter that will
adequately handle both the minimum and maximum process titdvesmeasuredt is
recommended that the minimum flow rate to be measured be at least twice the minimum flow
rate detectable by the met&he maximum capacity of the meter should be at least five times the
anticipated maximum flow rate.

5.11.3 Accuracy and rangeability

Because the Reynolds number drops as viscosity rises, vortex flowmeter rangeability
suffers as the viscosity riséEhe maximum viscosity limit, as a function of allowable accuracy
and rangeability, is between 8 and 30 centipdis® can expect a better than 20:1 rangeability
for gas and steam service and over 10:1 forv@eosity liquid applications if the vortex meter
has been sized properly for the application.

The inaccuracy of most vortex meters is-0%AR for Reynolds numbers over 30,000
As the Reynolds number drops, metering error incredsd®eynolds numbers less than 10,000,
error can reach 2OAR.

While most flowmeters continue give some indication at neaero flows, the vortex
meter is provided with a cwiff point. Below this level, the meter output is automatically
clamped at zerdrhis cutoff point corresponds to a Reynolds number at or below 10/00@
minimum flow that one needs to measure is at least twice thafdldw, then no problem is
posed On the other hand, it can still be a drawback if low flow rate information is desired during
startup, shutdown, or other upset condigon

5.11.4 Applications and limitations

Vortex meters are not usually recommended for batching or other intermittent flow
applications because the dribble floate setting of the batching station can fall below the
met er 6s mini mum Rd&hesnalledtlse totalbatth ethre more signiftcant the
resulting error is likely to be.
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Low-pressure (lowdensity) gases do not produce a strengugh pressure pulse,
especially if fluid velocities are lovrherefore, it is likely that in such services, the rangeability
of the meter will be poor and low flows will not be measuraBle the other hand, if reduced
rangeability is acceptable and the meter is correctly sized for normal flow, the vorteetienw
can still be considered.

If the process fluid tends to coat or build on the bluff body, as in sludge and slurry
ser vi ce, Kfabt@wilreeenhtelly @rmngevortex-shedding flowmeters are not
recommended for such applicatioiffshowever, a dirty fluid has only moderate amounts ofnon
coating solids, the application is likely to be acceptalies was demonstrated by a/2ar test
on alimestone slurryAt the end of the test, thé-factor was found to have changed only0.3
from the original factory calibration, although the bluff body and flow tube were badly scarred
and pitted.

When measuring mufphase flow such asolid particles in gas or liquid, gas bubbles in
liquid,andl i qui d droplets in gas, vortex meter accu
inability to differentiate between the phaséket, low-quality steam is one such applicatidhe
liquid phase should be homogeneously dispersed within the steam, and vertical flow lines should
be avoided to prevent sluggingyhen the pipe is horizontal, the liquid phase is likely to travel on
the bottom of the pipe, and thereddhe inner area of the pipe should be kept open at the bottom
This can be achieved by installing the bluff body horizontMigasurement inaccuracy in such
applications ibout 36AR with good repeatability.

The permanent pressure loss through a vortex meteughly two velocity headsbou
half that of that of an orifice platé velocity head is defined a&/g, whereV is the flow
velocity andg is the gravitational constant in consistent uditthe pipe and meter are properly
sized and of the same size, the pressure drop is likely to be only a féwwwwever downsizing
(installing a smallethanline-size meter) in order to increase the Reynaldsbercan increase
the head loss to more than 10.@$e vena contracta presssteould not be allowed trop
below the vapor pressure of the process fluid, because that would cause caMtically, if
the back pressure on the meter is below the vapor pressure, the process fluid will flash and the
meter reading will not be meaningful.

The main advantages of vortex meters are their low sensitivity to variations in process
conditions and low wear relative to orifices or turbine metaraddition,acquisitionand
maintenance costs are lokor these reasons, they have been gaining wider acceptance among
users.

5.11.5 |[nstallation recommendations

When installing a vortex flowmetéseeFigure 538) in an existingprocess where the
flow range is not known, it is recommended to first make some approximate measurso@nts (
asusing portablditot or clampon ultrasonic devicesPtherwise, there is no guarantee that a
line-sizevortex meter will work at all.
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Figure5-38. Vortex Meter Installation Recommendations

The vortex meter requires a welkveloped and symetrical flow velocity profile that is

free from any distortions or swirl$his necssitates the use of straight upstresamd
downstream piping to condition the floihe straight length of pipe must be the same size as the
meter and its length should be about the same as required for an orifice installation with a beta
ratio of 0.7 Most vortex flowmeter manufacturers recommend a minimum of 30 pipe diameters
downstream of control valves, and 3 to 4 pipakters between the meter and downstream
pressure tapg emperature elements should be small and located 5 to 6 diameters downstream.

About hal

f

of a l

vortex met er

nst al

piping by concentric reducers and expandeven if flow straighteners are installed, some
straight (relaxation) piping will still be required.

at.i

Vortex meters can be installed vertically, horizontally, or at any angle, as long as they are
kept flooded The meter can be kept flooded by installing it in a vertical upward flow\iien
installing the flowmeter in a downward or horizontal flow, the downstream piping should be kept
elevatedCheck valves can be used to keep the piping full of liquid when there is ndBilmvk
and bypass valves are required if the replacement of the sensor in the particular design requires
the stopping of the flow anthie opening up of the process.

Mating flanges (on the schedule 40 or schedule 80 mating piping) must have the same
diameter and smooth bore as the flowmeatézldedneck flanges are preferred, and reducing

flanges should not be uséekhe inner surface of the mating pipe should be free from mill scale,

pits, holes, reaming scoremd bumps for a distance of four diameters upstream and two
diameters downstream of the mefEne bores of the meter, the gaskets, and the adjacent piping
must be carefully aligned to eliminate any obstructions or steps.
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Excessive pipe vibration can be eliminated by supporting thiegogn both sides of the
meteror by rotating the meter so that the sensor is moved out of the plane of the vibration
Process noise due to valve chattering, steam traps, or pumps can result in high readirgs or non
zero readings under zeflow conditions Most meter electronics allow for increasing the noise
filter settings, but increased noise reduction usually also decreases tth@dosensitivity of the
meter One option is to relocateg¢imeter to a less noisy part of the process.

5.12 Ultrasonic Flowmeters

The speed at which sound propagat dfshein a f
density is constant, however, one can use the time of ultrasonic passage (or reflection) to
determine the velocity of a flowing fluid.

Some manufacturers produce transducer systems that operate in theatheasending
a single pulse and receiving a single pulse in retdanrow-beam systems are commonly
subject towalk-awayo , wher e t he s i gheddwnsceamtpahsduct¥idey mi s s e
beam systems overcome beam refraction and work better in changing liquid density and
temperatureWith the advent of digital signal processingsinowpossible to apply digital
signal caling to the transmitted signal, thereby eliminatingny of the problems associated with
noise and variations in liquid chemistry.

5.12.1 The Dopplershift
In 1842,Christian Dopplediscovered that the wavelength of sound perceived by a
stationary observer appears shorter when the source is approaching and longer when the source is
moving away This shift in frequency is the basis upon which all Dopplaft ultrasonic
flowmeters work.

Doppler flowmeter nsducers operate at 0.640 MHzlampon designgnd at 1.2
MHz in wetted sensor designkhe transducer sends an ultrasonic pulse or beam into the flowing
stream The sound waves are reflected back by such acoustical discontinuities as particles,
entrained gas bubbles, or even by turbulence vorti@gsclampon designs, measurement
inaccuracy ranges from ¥dto +5% FS.

The meter detects the velocity of the discontinuities, rather than the velocity of the fluid,
in calculating the flow ratelr'he flow velocity (V) can be determined by

— ( 0 _fl)Cz
V= 2 focos(a) Ean. 516

where C: is the velocityof sound inside the transduger
fo is the transmissiofrequency
f1is the reflected frequengy
ais the angle of the transmitter and receiver crystals with respectpgthaxis

BecauseC: /(2fo coda)) is a constant), the relationship can be simplified to

V=(f,—H)K Eqn. 517

5-60



Instrumentation Engineers Handbo®CC Document 1222, February 2022

Thus, flow velocityV (fps) is directly proportional to the changefrequency The flow
(Qin GPM) in a pipe having a certain inside diameté)(in inches can be obtained:by

Q =245V (ID)* =2.43(f, - f,)K](ID)? Egn. 518

The presence of acoustical discontinuities is essential for the proper operation of the
Doppler flowmeterThe generally accepted rule of thumb is that for proper signal reflection
thereshouldbe a minimum of 800 mg/| of solids with garticle size of +200 mesh (+75
micron). In the case of bubbles, @00 mg/l with diameters between +75 and +150 microns is
desirablelf either the size or the concentration of the discontinuities changes, the amplitude of
the reflected signal will shift and introduegors.

Doppler flowmeters are often used to measure the flow of such fluids as sléithes
solids concentration is too high (in excess d¥4% weight), or if too much air or gas is
entrained (especially if the bubbles are very fine), these discontinuities will attenuate the
reflected Doppler signal to the point where it cannot be distinguished from the background noise
in the pipeFigure 539 provides layouts of a Doppler shift and a transit time flowmeter.
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Figure5-39. Ultrasonic Flowmeter Designs

The reflected Doppler signal is shifted from the trangdiftequency by approximately
6 Hz for everyfps of velocity. Therefore, if the flow velocity is less tharids, ultrasonic
flowmetering is not practicalhere seems to be no upper limit to detectable flow velocity, as
successful installations at velocities in the5@fpsrange are well documented

5.12.2 Transit time measurement

In this design, the time of flight of the ultrasosignal is measured between two
transducersoneis upstream anthe other ilownstreamThe difference in elapsed time going
with or against the flow determines the fluid velocity

When the flow is zero, the time for the sigiiako get toT2 is the same as that required
to get fromT> to T1. When there is flow, the effect is to boost the speed of the signal in the
downstream direction, while decreasing it in the upstream diredtianflowing velocity V)
can be determined by the following equation

Qo
o

Vf:K _t

L

Egn. 519

i
--CQDO
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where K is a calibration factor for the volume and time units ysed
dtis the time differential between upsire and downstream transit times;
T is the zereflow transit time

Theoretically, transitime ultrasonic meters can be very accyrateaccuracy of
+0.1%AR is sometimes claimed et the error in these measurements is limited by both the
ability of the signal processing electronics to determine the transit time and by the degree to
which the sonic velocityc) is constantThe speed of sound in the fluid is a function of both
density and temperatur€herefore, both have to be compensatedifoaddition, the change in
sonic velocity can change the refraction ang)giq Figure 539), which in turn will affect the
distance the signahusttravel In extreme cases, the signal might completely miss the
downstream receiveAgain, this type of failure is known as wadkvay.

5.12.3 Design variations

Clampon ultrasonic meter@igure 540) come in either single or duakénsor versions
In the singlesensor version, the transmit and receive crystals are potted into the same sensor
body, which is clamped onto a single point of the pipe surfadbe dualsensor version, the
transmit crystal is in one sensor body, while the receive crystal is in asetisar body

Transmitting - Receiving
Element Element

\\\\\\\

‘(oﬂé{_u:'s_

Figure5-40. ClampOn Ultrasonic Flowmeter

Clampon transit time meters have been available since the early. I9%J30al of these
meterdsto rival the performance of wetted spguméce design@-igure 541), but without the
need to break the pipe or stop the process to install the. Mieiteigoal has not yet been reached
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Figure5-41. SpoolPiece Design

Clamp-on Doppler flowmeters are subject to interference from the pipeawdffom
any air space between the sensor and the kviike pipe wall is made of stainless steel, it might
conduct the transmit signal far enough so that the returning echo will be shifted enough to

5-62



Instrumentation Engineers Handbo®CC Document 1222, February 2022

interfere with the readind here are also builh acoustic discontinuities in concrdieed,
plasticlined, and fiberglasseinforced pipesThese are significant enough to either completely
scatter the transmitted signal or attenuate the return sigmnaldramatically decreases
flowmeter accuracy tonly +20%) and, in most cases, clarop meters will not work at all if the
pipe is lined.

Wetted transducer desig(isoth Doppler and transit tingesignsare availablg
overcome many of these signal attenuation limitatidhge full-pipe transitime meter originally
consisted of a flanged spool section with wetted transducers mounted in the pipleevall
transducers weri@ transducer wells opposite to one another but aaagles to the flow
Transittime flowmetersareeither singlepath or multipath designs.

Singlepath flowmeters are provided with a single pair of transducers that make a single
line velocity measurementhey use a meter factor that is joketermined by calibration to
compensate for variations in velocity profile and for flow section construction irregularities.

In the design of mukpath flowmeters, several sets of transducers are placed in different
paths across the flow section, thereby attempting to measure the velocity profile across the entire
crosssection of the pipeMulti-path instruments are used in laidjameter onduits, such as
utility stacksand in other applications where nroniform flow velocity profiles exist.

Transittime meters can also be used to measure both vefiuhist(e.g., liquid sulfur)
and very coldluids (liquid nitrogen) they can alsdetect very low flowsWettedtransducer
designs for small pipes (down to Y£lm are called axial or caxial designsThese devicetsee
Figure 542) permit transitime measurement along a path length significantly greater than the
diameter of the pipegherebyincreasing lowflow sensitivity.

Flow

Small Pipe Configuration

Figure5-42. Axial Flowmeter

Originally, ultrasonic flowmeters were divided into those using the Dojspiér
principle and those using the transihe principle More recently, flowmeters are capable of
measuring ta flow of both clean fluids anslurries with entrained solids or other acoustical
discontinuitiesMicroprocessors have made it possible to switch automatically from clean fluid
mode to particul at ea tnoodne. Thedgsireool nterindramdticallyi c or r e |
improves the accuracy of overall performandoesome carefully engineered applications,
installed accuracy to within ®8AR has been reported.

5.12.4 Applications and performance
Doppler flowmeters are not recommended for clean fluid applicafloassittime
flowmeters, on the other hand, are often used to measure the flow of crude oils and simple
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fractions in the petroleum industfffhey also work well with viscous liquids, provided the
Reynolds number at mimum flow is either less thar080 (laminar flow) or greater than 10,000
(turbulent flow) Serious noflinearities are present in the transition regasrseen ifrigure
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Figure5-43. K-Factor Variation Versus Reumber

Transittime flowmeters are the standard for measuring cryogenic liquids dova0é
°C and are used in molten metal flowmeteriMgasurement of liquid argon, liquid nitrogen,
liquid helium, and molten sulfur hadten been reporte@pootsectiontype flowmeters are most
often used for these applications, especially the axial afaciebdesigns.

Raw wastewater applications usually have too few acoustic discontinuities for Doppler
flowmeters On the other hand, raw wastewater isalataysclean enough for transiime
measuremenOther wastewaterelated applications are equally problemagcauséehe solids
concentration can be too high for either tratisite or Doppler flowmeters to work properin
still other wastewater applications, the problem is that the acoustical absorbency of the mostly
organic solids in wastewater attenuates thasiinic signals.

The use of multpath flowmeters in raw wastewater and storm water applications is
common, while Doppler or cros®rrelation hybrid designs are most often used to measure
activated sludge and digested sludge flows.

For mining slurries, Doppler flowmeters typically work wélimong the few problem
applications are those mgh-density polyethylenpipe, because the pipe wall flexes enough to
change the diameter of the measurement atesreforethe accuracy of the metsrreducedin
addition, the flexure of the pipe wall can oftuse failure bypreakng the acoustic coupling of
the transdcer to the outside of the pip&nother problem area is the measurement of
acoustically absorbesturries such as lime o@aklin slurries These applications fail because
highly absorbent solids attenuate the signal bel@at ofusable strength.ower frequency (0.45
MHz) sensors have been tried for these applications with varying degrees of success.

Multi-path, transitime flowmeters also measure stack gas flows in pgphsnt
scrubbers, even in very large diameter stacks
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5.13 Mass Flowmeters

From a production plant point of view, mass flow measurement is the basis of most
recipe formulations, material balance determinations, and billing and custody transfer operations
throughout industrySincetheseflow measurements atke most critical in a processing plant,
the reliability and accuracy of mass flow detect@oevery important.

In the past, mass flow was often calculated from the outputs of a volumetric flowmeter
and a densitometebensty was either directly measured was calculated using the outputs of
process temperature and pressure transmifibese measurements were not very accurate,
because the relationsBipetween process pressijoe temperatureand density are not always
precisely knowneach sensor adds its own separate error to the overall measurement error, and
the speed of response of such calculations iallysoot sufficient to detect step changes in flow.

One of the early designs of selfntained mass flowmete{Sigure5-44) operated using
angular momentunThis desigrhad a motodriven impeller that imparted angular momentum
(rotary motion) by accelerating the fluid to a constant angular velddigy higher the density,
the more angular momentum was required to obtain this angular veoitystream of the
driven impeller, a sprinfpeld stationary turbine was exposed to this angular momeitiuen
resulting torque (spring torsion) was an indication of mass. flow

Constant

Impelier Turbine
Speed Motor pea

b’. Angular Momentum

Figure5-44. Mass Flowmeter

These meters had moving parts and complex mechanical detigryswere ifst
developed for the measurementgtraft fuel, some are still in useowever because of their
complex nature and high maintenance cosengular momentum flowmeterthey are
gradually being replaced l@esigns that ammore robust andequireless maintenance.

Mass flow also can be measured by batch weighing or by combining an accurate level
sensor with a densitometémother method is to mount twi/P transmitters on the lower part
of an atmospheric tank at different elevatidnghis case, the output of the tBgP cell will
vary with the level in the tank, while the lower one will measure the hydrostatic head over a
fixed elevational distanc&his pressure differential yields the density of the material in the tank
Such systems have been used to meakartotal mass flow of slurries.

5.13.1 Coriolis mass flowmeters

It wasthe FrenchengineerG. G. Coriolis who first noted that all bodies moving on the
surface of the Earth tend to drift sideways because of the eastward rotation of thdrptaaet
northern hemisphey¢he deflection is to the right of the motion; in dwuthern hemispheré is

5-65



Instrumentation Engineers Handbo®CC Document 1222, February 2022

to the left This drift plays gorinciplerole in both the tidal activity of the oceans and the weather
of the planet.

Because a point on the equator traces out a larger circle per day than a point nearer the
poles, a body traveling towards either pole will bear eastward, because it retains its higher
(eastward) rotational speed as it passes over the more slowly rotafanpsof the eartirhis
drift is defined as the Coriolis force.

The first industrial Coriolis patents date back to the 1950s, and the first Coriolis mass
flowmeters were built in the 1970Bhese flowmeters artificially introduce a Coriolis
acceleration into the flowing stream and measure mass flow by detecting the resulting angular
momentum.

When a fluid is flowing in a pipe and it is subjected to Coridliseteration through the
mechanical introduction of apparent rotation into the pipe, the amount of deflecting force
generated by the Coriolis inertial effect will be a function of the mass flow rate of thdfflid
pipe is rotated around a point while liquid is flowing through it (toward or away from the center
of rotation), that fluid will generate an inertial force (acting on the pipe) that will be at right
angles to the direction of thBow. Figure5-45 graphically depicts the variables associated with
the Coriolis effect.

Figure5-45. The Coriolis Principle

A patrticle @m) travels at a velocityM) inside a tubeT). The tube is rotating about a
fixed point @), and the particle is at a distance of one radRigrom the fixed pointThe
particle moves with angular velocitw) under two components of acceleration, a centripetal
acceleration directed towaRland a Coriolis acceleration acting at right angles:to

a.(centripetal) = w'r
ol Eqn. 520
a (COVIOIIS) =2wy

In order to impart the Coriolis acceleratiag) ¢o the fluid particle, a force @ (dm) has
to be generated by the tuldge fluid particle reacts to this force with an equal and opposite
Coriolis force
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F. = a,(dm) = 2wv(dm) Egn. 521

Then, if the process fluid has dendityand is flowing at constant speed inside a rotating
tube of crossectional ared, a segment of the tube of lengtivill experience a Coriolis force
of magnitude

F, =2wvDAx Eqn. 522

Because the mass flow ratedism= DVA, the Coriolis forcd=c = 2w(dm)x

F
Mass Flow = (2“‘;\‘) Egn. 523

This is how measurement of the Coriolis force exerted by the flowing fluid on the
rotating tube can provide an indication of mass flow. fdggurally, rotating a tube is not
practical when building a commercial flowmeter, batillating or vibrating the tube can achieve
the same effecCoriolis flowmeters can measure flow through the tube in either the forward or
the reverse direction.

In most designs, the tube is anchored at two points and vibrated between these anchors
This configuration can be envisioned as vibrating a spring and mass assenda\placed in
motion, a spring and mass assembly will vibrate at its resonant frequency, which is a function of
the mass of that assembRhis resonant frequency is selected because the smallest driving force
is needed to keep the filled tube in constant vibration

5.13.2 Tube designs
A tube can be of a curved or straight form, and some designs can-deagglig when

mounted verticallywWhen the design consists of two parallel tubes, flow is divided into two
streams by a splitter near the meter's inlet and is recombined at the #hétsingle continuous
tube design (or in two tubes joined in series), the flow is not split inside the meter.

In either case, drivers vibrate the tubBisese drivers consist of a coil connected to one
tube and a magnet connected to the offiee transmitter applies akC to the coil, which
causes the magnet to be attracted and repelled by turns, thereby forcing the tubes towards and
away from one anothefhe sensor can detect the position, velocity, or acceleration of the tubes
If electromagnetic sensors are used, the magnet and coil in the sensor change their relative
positions as the tubes vibrate, causirgpange in the magnetic field of the cdiherefore, the
sinusoidal voltage output from the coil represents the motion of the tubes.

When there is no flow in a twiube design, the vibration caused by the coil and magnet
drive results in identical displacements at the two sensing points (B1 and/B&) flow is
present, Coriolis forces act to produce a secondary twisting vibration, resulting in a small phase
difference in the relative motionshis differenceis detected at the sensing poiritke
deflection of the tubes caused by the Coriolis force eaidiswhen both axial fluid flow and

5-67



Instrumentation Engineers Handbo®CC Document 1222, February 2022

tube vibration are presentibration at zero flow, or flow without vibration, does not produce an
output from the meteilhis phenomenon is depictedfigure5-46.
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Figure5-46. Coriolis Metering

The natural resonance frequency of the tube structure is a function of its geometry,
materials of construction, and the mass of the tube assembly (mass of the tube plus the mass of
the fluid inside the tubeYhe mass of the tube is fixe8Bince mass of the fluid is its densify)(
multiplied by its volume (which is also fixed), the frequency of vibration can be related to the
density of the process fluidj. Therefore, the density of the fluid can be determined by
measuring the resonant frequemdyscilation of the tubedNotethat dengdy can be measured
at zero flowas long as the tubes are filled with fluid and vibrating.

Wall thickness varies considerably from design to design; however, even the sturdiest
tubing will be thinner than the process pipifrgaddition, some designs use small bore tubing,
which drastically increases the flowing velocity (froriGfpsto more than 2%ps). Designs
with thin walls and high fluid velocities (that is, smbdre tubing) may require the use of exotic
materials because of erosion concefiee longest meter life will be obtaineg selecting the
design with thehickest wall and the slowest flow velocity that can provide the required accuracy
and range.

The Coriolis meter may need to be made out of exotic materials because of corrosion
considerations or to prevent pittin@arbon or stainless steel can often be used in process piping,
because a small amount of pitting can be tolerdtechse of the Coriolis meter, even a small
amount of pitting cannot be toled because the walls are thimd pitting induces stress
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concentrations within the tube structuf@erefore, standard corrosion tables (based on weight

loss criteria) are not suitable for selecting Coriolis tube materialssatheé stricter guidelines of
the manufacturers must be used.

5.13.3 Transmitter designs

Transmitters can operate on eit@e&l or DC power and require separate wiring for the
power supply and output signalhe Coriolis flowmeter transmittéseeFigure 547) can be
integrally or remotely mounted’he transmitter controls the operation of the driver and
processes and transmits the sensor sighhéscalibration factorK) in the transmitter's memory
matches the transmitter to the particular flow tuligs calibration factor defines the constant of

proportionality between the Coriolis force and the mass flow rate for the dynamic spring constant
of the particular vibrating tubes
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Figure5-47. Coriolis Transmitter

Thetransmitter does more than convert sensor inputs into standardized output signals
Most transmitters also offer multiple outputs, including mass flow rate, total mass flow, density,

and temperaturénalog and/or pulse outputs are both available, and intelligent transmitters can
generate digital outputs.
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Transmitters are often provided with local displays and keypads to allow easy access to
process dataCoriolis transmitters provide more than just flow information and ancillary
functions When viscosity information is desired, the meter pressure drop needs to be measured
Other features may require information to be pregrammed into the transmitter memdry
addition, transmitters have other hardware and software options that allow the user to customize
them to the application.

5.13.4 Coriolis evolution

The first generation of Coriolis meters consisted of a single curved anrgdhed tube
in which high fluid velocities were created by reducing the tube w®s$onal area in relation to
the process pipd&he tube distortion was measured in reference to a fixed point or. plame
tubes were excited in such a way that localized-aigiplitude bending forces were created at
the anchor points, resulting in severe vibration problems; the problems were alleviated by two
tube designs.

These designs reduced external vibration interference, decreased the power needed to
vibrate the tubes, and minimized the vibrational energy leaving the tube str@sterdriver
was used to initiate tube vibration, and two sensors were used to detect the Coriolis deflections
While this design greatly improved performance, the combination of reduced boneatlsd
tubing, and high fluid velocities (up to H8s) still resulted in premature meter failufiéhese
failures included potentially catastroplsigills when the meter was used on corrosive and
erosive servicesn addition, the unrecovered head losses were high (sometimes over 50 PSID),
and accuracy was not high enough to allow users to convert batch processes into continuous
ones.

More recent design improvements include the use of multiple drivers, the introduction of
a variety of new tube shapes, including ones that do not split thelfigprovements in
performance have been made by using tiweKed tubing (five times thicker than early
designs), the use of futlore diameters and heavy manifolds to isolate the tube structure from
stresses induced from piping connections, and flow tube housings that double as secondary
containment vessels.

In some designs, torsional stresses replaced bending, in order to prevent the concentration
of stresses that can lead to tube crackingure 548). In other designs, theffects of pipeline
vibration have been minimized by mounting the tube structures transverse to the pipeline

N
J

Il

d

A) Torsonal Bending B) Support Block and Multiple Sensars

Figure5-48. Coriolis Design Improvements
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The abovementionedmprovements increased the number of suppliers and contributed to
the development of a new generation of Coriolis meters that are as reliable and rugged as
traditional volumetric flowmeterd he new designs operate at lower fluid velocities (below 10
fps) and at lower pressure drops (undelP&ID), can be installed in any orientation, and provide
longer service life on slurry, viscous, corrosive, or erosive servitestubes are vibrated We
below their endurance limitnd typicallyare made of stainless steel, Hastelloy, and titanium.

5.13.5 |Interferences

The effect of the Coriolis force on the vibrating tube is smadlFSflow might cause a
deflection of only 0.004. To obtain a flow rangeability of 100:1, sensors must be able to detect
deflections to an accuracy of 0.000001 industrial environments where the process pressure,
temperature, and fluid density are all changing, and where pipe vibration interferes with
measurement.

The elasticity of metaubes changes with temperature, becomnage elastic as they get
warmer To eliminate the corresponding measurement error, the tube temperature is continuously
measured by an RTD element and is used to continuously compensate for variations in tube
elasticity.

Coriolis mass flowmeters usually are calibrated on water, because the constants are valid
for all other liquids Calibration for density is usually done by filling the tubes with two or more
(stagnant) calibration fluids of known densities.

5.13.6 Accuracy and rangeability

Coriolis meters provide 0.1 80AR inaccuracy over a mass flow range of up to 100:1
In general, curved tube designs provide wider rangeability (100:1 to 200:1), while stuaight
meters are limited tbetweer30:1and50:1 andhave loweraccuracyOverall meter error is the
sum of base inaccuracy and zstoft error, the error attributable to the irregular output signal
generated at zero flow conditior&ero-shift error becomes the dominant portion of total error at
the lower end of the flow range, ete the error is between 1 arfd®R. Some manufacturers
state the overall accuracy a%#R for the upper portion of the flow range and as a percentage
of span for the lower portion, while others state it &AR plus a zereshift errot When used
for density measurement, the typical error range of a Coriolis measurement iso@@@D5
g/cc.

Errors are caused by air or gas pockets in the processlfiuite case of homogeneously
dispersed small bubbles, more povgeraquired to vibrate the tuhdswever if the gas phase
separates from the liquid, a damping effect on tube vibrageelopsand(consequently) an
errordevelopsSmall voids also cause noise because of the sloshing of the process liquid in the
tubes Larger voids will raise the energy required to vibrate the tubes to excessive levels and may
cause complete failure.

The flow tube is subjected to axial, bending, and torsifmmees during meter operation
If these forces are altered pyocess or ambient temperature and pressure fluctuations,
performance may be affected anezexoing of the meter may be required.

Variations in the density of the process fluid can affect the frequency transfer function of
mechanical systems, necessitating theaming of older designs to protect them from degraded
performanceBecause of their tube configurations, newer designs are unaffected by density
changes over wide rangesS& variations.
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5.13.7 Sizing and pressure drop

Because of the wide rangeability of Coriolis flowmeters (30:1 to as high as 200:1), the
same flow can be measured by two or three different sized flow. ubieg) the smallest
possible meter will lower the initial cost and reduce coating fupldout will increase
erosion/corrosion rates and head lessulting in increasegdumping and operating costs.

Downsizing (using a meter that is smaller than the pipe) is acceptable when the pipe is
oversized and the process fluid is clean with a low viscd3itynsizing is not recommended o
corrosive, viscous, or abrasive slurry serviéesst of acceptable flow tube sizes and
corresponding pressure drops, inaccuracies, and flow velocities can be obtained from software
provided by the manufacturer.

Different Coriolis meters incur different pressure drops, but in general, they require more
than traditional volumetric meters, which usually operate at less theBID}) the yearly
electricity cost of pumping GPM across a differential of 1BSIDis minimal This higher head
loss is due to the reduced tubing diameter and the circuitous path oB#swles pumping
costs, head loss can be of concern if the metertallied in a lowpressure systenf,there is a
potential for cavitation or flashing, drthe fluid viscosity is very high.

The viscosity of noiNewtonian fluids is a function of their flowing velociiilettante
fluids, for example, increase their apparent viscosity (resistance to flow) as their velocity is
increasedThis apparent viscosity can be drastically higher than their viscosity when stdgnant
order to provide suppliers with data on the flowing viscosity in a particular pipe, head loss per
foot of pipe (used in pump sizing calculations) can be used as an approximation.

5.13.8 Applications and limitations

Coriolis mass flowmeters can detect the flow of all liquids, including Newtonian and
nortNewtonian, as well as that of moderately dense g&sdisdraining designs are available for
sanitary applications that meetP requirements.

Most meters are provided with intrinsically safe circuits between the flow tube and the
transmitter Therefore, the amount dfiving power that can be delivered to the flow tube is
limited.

When fluid is unloaded from tank trucks, drums, or railroad cars, slug flow can occur,
making the meter output unpredictabdifea slugflow recovery feature is provided in the
transmitter, it will stop the measurement when slug flow is detected by the excessive drive power
drawn or by the drop in process density (reduction in sensor output amplitude).

The amount of air in the process fluid that can be tolerated by a meter varies with the
viscosity of the fluidLiquids with viscosities as high as 300,000 centipoise can be metered with
Coriolis metersGas content in such highly viscous liquids can be as high%asvt the small
bubbles still remaining homogeneously disper&ss content in low viscosity fluids, like milk,
will separate at concentrations as low &s 1

These mass flowmeters provide short payback periods on applications where
measurement accuracy lowers production costs (bathing, billing) or where multiple
measurements (including density, temperature, and pressure) are. @@etlesl other hand, they
may not be competitive when used in simple flow measurement applications where volumetric
sensors are sufficient and where repeatability is more important than pretrsaability to
extract data on total mass charged, solids $asglids, and viscositydém a single instrument
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does lower the total cost of measurement, improves process control, and provides redundancy for
other instruments.

Continuous tube designs are generally preferred for slurry and othespmast fluid
applicationsThe total flow is divided by splitters in sptiibe designs, and the resulting two
streams do not have to be at exactly the same mass flow rate to maintain aticeyady,
however, need to have the same denBiifferent densities in the two parallel tubes imbalance
the system and create measurement erftwerefore, if there is a secondary phase in the stream,
a simple flow splitter may not evenly théute the flow between the two tubes.

Continuous tube designs are also preferred for measuring fluids that can coat and/or clog
the meterContinuous tubes, if sized to pass the largest solid particles in the process fluid, are
less likely to clog and are easier to clean.

Straighttube designs can be cleaned by mechanical means, while ¢ubgedesigns are
usually washed out using cleaning solutions at velocities in excesspud. Biraighttube
designs also are preferred for sanitary applications due tdre@ting requirements.

Long, bent tubes twist more easily than short, straight tubes and will generate stronger
signals under the same conditiolmsgeneral, curvedube designs provide wider rangeability
(100:1 to 200:1), while straigtitibe meters are limited to 30:1 to 50:1, with lower accuracy.

Straighttube meters are more immune to pipeline stresses and vibration, are easy to
install, require less pressure drop, can be mechanically cleaned, are more compact, and require
less room for installatiarThey are also preferred on services where the process fluid can solidify
at ambient temperatures.

Not all meter housings are designed to withstand and contain the pressurized process
fluid in case of tube rupture, particularly if the process fluid is likely to vaporize under such
conditions If that is the case, secondary containment housings can be ordered that enclose the
entire flow tube, including its housin§uch secondary containment enclosures can be provided
with rupture disks or pressure relief valves and with drains or vents.

5.13.9 |Installation recommendations

There are no Reynolds number limitations associated with Coriolis mEtessare also
insensitive to velocity profile distortion and swiflherefore, there is no requirement for straight
runs of relaxation piping upstream or downstream of the meter to condition the flow.

The meter should be installed so that it will remain full of liquid so that air cannot get
trapped inside the tubds sanitary installations, the meter must also drain compleiélyough
installations in horizontal lines are also acceptable, the most desirable installativertscad,
upward flow pipeslinstallations where the flow is downward in a vertical pipe are not
recommended.

In newer Coriolis designs, normal pipe vibration should not affect the performance of the
Coriolis meter if it is properly supported by the process pipNogspecial supports or pads are
needed for the flow tube, but standard pipsugports should be located on either side of the
meter If the installation instructions require special hardware or supports, the particular meter
design is likely to be sensitive to vibration, and the pulsation dampeners, flexible connectors, and
mounting/clamping attachmemntscommended by the manufacturer should be carefully installed.
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If theapplication requiregstallation oftwo Coriolis flowmeters in series or mourg
two Coriolis meters near each other, the manufacturer should be consulted to prevent crosstalk
between the two units

Figure5-49 shows typical pipe supports and mounting considerations.
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Figure5-49. Coriolis Meter Installations

If air bubbles are likely to be present in the process fluid, it is recommended to install an
air releaseaunit upstream of the meteBystem design characteristics that can result in the
presence of air (anthatcan often be eliminated at the design stage) include:

a. common piping used for pumpingto and out of storage tanks
b. alowing the formation of a vortex in stirred ve$s under lowlevel conditions

c. alowing air leakage through packing glands of pumps that develop high vacuums on the
suction side (this can occur when quing from underground storage)

d. vaporization of stagnant processidlin pipes exposed to the sun

®

high valve pressure drops causing vaporization arsthifhg

.

allowing the pipe to drain for any reasonc¢luding lack of check valves
allowing storagdanks, trucks, or rabad cars to drain completely

= Q

using the same pipe for pumping differ@ematerials at different times

alowing foam formation by high tutdence in higkhvelocity fluids

It is recommended to install (upstream of the medteainers, filters, or air/vapor
eliminators as required to remove all undesirable secondary pkrage® 550illustrates an air
eliminator installationlts function is to slow the velocity of the liquid, thereby allowing time for
the entrained air to separate and be removed by veiitiegise and fall of the liquid level in
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the eliminator due to the accumulation of free air closes and opens the vent valve and discharges

the air.
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Figure5-50. Air Eliminator Installation

Prior to zeroing the meter, all air should be remoWdis can be accomplished by
circulating the process fluid through the meter for several minutes at a velocity of appebxima
2 to 6 fps. On batching or other intermittent flow applications, the meter should stay flooded so
that it does not need to be purged agalhmeters should be so installed so they can be zeroed
while filled with liquid.

When zeroing the meter, any associated pumps or other equipment should be running so
that their noise can be zeroed.dlthis can be achieved in most cases by locating acghualve
downstream of the meter and either operatingptivap with its discharge blockéthis is
acceptable with centrifugal pumps for a short pgravdoy opening the pump bypass @D
pumps Valves used in zeroing the meter should provide tightsfiudoubleseated valves are
preferred.

Meters that are expected to be calibratetine must be provided with block and bypass
valves so that the reference standard (master) meter can be installed and disconnected without
interrupting the proces$he requiements for idine calibrationfor ISO 9000 verification
consist of comparing the output of the meter against a reference standard of higher accuracy,
such as a deageight calibrated weigh tanBefore Coriolis meters, the reference standard was
expected to be an order of magnitude moreiate than the meter being calibrated; however,
this raely happenglue to the high accuracy of Coriolis meters.

In less critical installationsa(here weigh tanks are not uyedolumetric provers or
master meters (typically another Coriolis or a turbine meter calibrated at a flow laboratory) are
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used When a volumetric reference is used in calibrating a mass flowmeter, the fluid density
must be very precisely determined.

Control valves should be installed downstream of the meter to increase tharésskre
on the meter and lower the probability of cavitation or flashing.

When the process fluid must be held at higher temperatures, some Coriolis meters can be
supplied with steam jacket&s an alternative, electrical heating tape can be added to the
housing Jackets or heating tapes must be installed by the manufacturer.

When flowmetering is not required, the Coriolis meter can be used solely as a
densitometern that case, to minimize cost, usually a small@)/éheter is installed in a byass
line. Such a configuration is acceptable only in clean services that will not clog the small bore of
the meterIn addition, a restriction must be placed in the main piping (between thadsytaps)
to ensure a flow through the meter.

5.13.10 Thermal mass flowmeters

Thermal mass flowmeters also measure the mass flow rate of gases and liquids directly
Volumetric measurements are affected by all ambient and process conditions that influence unit
volume or indirectly affect pressure drop, while mass flow measurement is unaffected by
changes in viscosity, density, temperature, or pressure.

Thermal mass flowmeters are often used in monitoring or controllingreka¢sd
processessuch as chemical reactions that depend on the relative masses of unreacted
ingredientsIn detecting the mass flow of compressible vapors and gasesieasurement is
unaffectedoy changes in pressure and/or temperatbne of the capabilities of thermal mass
flowmeters is to accurately measure low gas flow rates or low gas velocities (under 25 feet per
minute) This capability is much better than can be detectiéd any other device.

Thermal flowmeters provide high rangeability (10:1 to 100:1) if they are operaged in
constarttemperaturalifference modeOn the other hand, if heat input is constant, the ability to
detect very small temperature differences is limitedsarigbth precision and rangeabiligye
reducedAt normal flows, measureemt errors are usually in the 12% FSrange.

This meter is available in higbressure and higtemperature designs, andspecial
materials including glass, Moffeland TefloR. Flow-through designs are used to measure small
flows of pure substances (heat capacity is constant if a gas is pure), while bypass atypprobe
designs can detect large flows in ducts, flare stacks, and dryers.

5.13.11 Theory of operation

Thermal mass flowmeters are most often used for the regulation of low gasTimys
operate either by introducing a known amount of heat into the flowing stream and measuring a
associated temperature chamgdédy measuring the energy required to maintain probe at a
constant temperatur€he components of a basic thermal mass flowmeter include two
temperature sensors and an electric heater betweer(Fgme 551). The heater can protrude
into the fluid stream or can be external to the pipe.
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Figure5-51. Thermal Mass Flowmeter Designs

In the directheat version, a fixed amount of heat (q) is added by an electric.eatae
process fluid flows through the pipe, RTDs measure the temperature rise while the amount of
electric heat introduced is held constant.

The mass flowr() is calculated based on the measured temperature diffefents,(
the meter coefficient), the electric heat ratg), and the specific heat of the flui@d), as
follows:

m= . Eqn. 524

5.13.12 Heatedtube design

Heatedtube flowmeters were developed to protect the heateseamgbr elements from
corrosion and any coating effects of the procBgamounting the sensors externally to the
piping, the sensing elements respond more slowly and the relationship between mass flow and
temperature difference becomes nonlin&ars nonlinearitywill result beausethe heat
introduced is distributed over some portion of the pipe's surface and transferred to the process
fluid at different rateslong the length of the pipe.

The pipe wall temperature is highest near the heater (detecieylwasile, some distance
away, there is no difference between wall and fluid temperaititbe distant location,
thereforethe temperature of the unheated fluig) €an be detected by measuring the wall
temperatureThis heat transfer process is Aorear, and the corresponding equation differs from
the one above as follows:

M = : Eqgn. 525

S5-77



Instrumentation Engineers Handbo®CC Document 1222, February 2022

This flowmeter has two operating mod&ke first modeaneasures the mass flow by
keeping the electric power input constant and detecting the temperatufdesecondnode
holds the temperature difference constant and measures the amount of electricity needed to
maintain it This second mode of operation provigeschhigher meter rangeability.

Heatedtube designs are generally used for the measurement offidear{e.g., bottled
gases) and homogenedimws (i.e., no mixtures) at moderate temperature rangjbsse designs
are not recommended for applications where either the fluid composition or its moisture content
is variable, because the specific h&z) (vould changeThey are not affected by changes in
pressure or temperaturkdvantages include wide rangeability (the ability to measure very low
flows) and ease of maintenan®éhen usinghis designtie temperature difference (or heater
power), flowmeter geometry, thermal capacity, specific heat, and viscosity of tesgftuid
must stay constant.

5.13.13 Bypasstype design

The bypass version of the thermal mass flowmeter was developed to measure larger flow
rates(Figure 552). It consists of a thiwalled capillary tube (approximately 0.1®8iameter)
and two externally wound seffeating RTDsBoth RTDsheat the tube and measure the resulting
temperature riseX(in Figure 552). The meter is placed in a bypass around a restriction in the
main pipe and is sized tiperate in the laminar flow region over its full operating range

&
~
~
—
~
"o
—_—

A) Bypass Uses Senall Percent of Stream B) Tempéerature Profile

Figure5-52. Bypass Flowmeter Design

When there is no flow, the heaters raise the bypdsstemperature to approximately
160°F above ambient temperatukénder this condition, a symmetrical temperature distribution
exists along the length of the tub®hen flow is taking place, the gas molecules carry the heat
downstream and the temperature profile is shifted in the wirect the flow A Wheatstone
bridgeconnected to the sensor terminals converts the electrical signal into a mass flow rate
proportionalto the change in temperature.

The small size of the bypass tube makes it possible to minimize electric power
consumption and to increase the speed of response of the measu@mtbetother hand,
because of the small size, filters are necessary to prevent pluggiegerious limitation is the
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high-pressure drop (up to 45 psi) needed to develop laminar Tlow pressure drofs typically
acceptable only for higpressure gas applications where the pressure needs to be reduced

This is a low accuracy 8 FS), low maintenance, and low cost flowmetgélectronic
packages within the units allow for data acquisition, chart recording, and computer interfacing
These devices are popular in the semiconductor processing inddstigrnday units are also
available as complete control loops, including a controller and automatic control valve.

5.13.14 Air velocity probes

Probestyle mass flowmeter&igure5-53) are used to measure airflows and are
insensitive to the presence of moderate amounts of Thisy maintain a temperature differential
between two RTDs mounted on the sensor.tlihe upper sensor measures the ambient
temperature of the gas and continuously maintains the second RTD (near the tip of the probe) at
60 °F above ambien®he higher the gas velocity, the more current is required to maintain the
temperature differential

Flow
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Temperature Sensor 003 Dia
C125 D
C A
X | \
|
I‘_ ) ’vl
3 \
!
Infet Flow Element  Temperature
oL S s [Heated! Compensator
21 738 - Mreens ee0) >
A| Prebe Configuration B) Venturi insertion

Figure5-53. Thermal Velocity Stack

Another version of the velocity probe is the ventypge thermal mass flowmeter, which
places a heated mass flow sensor at the minimum diameter of a venturi flow element and a
temperature compensation probe downstre&im Eigure5-53). An inlet screen mixes the flow
to make the temperature uniforirhis design is used fdroth gas and liquid measurement
(including slurries), with flow range a function of the size of the veriffwessure drop is
relatively low and precision is dependent upon findingpttoger probe insertion depth.

A flow switch version is also available that contains two temperature sensors in the tip
One of the sensors is heated and the temperature difference is a measure of Veésiigtch
can be used to detect high or low flow with#.5

5.13.15 Uses and limitations

Thermal mass flowmeters can have very high rangeability and reasonable accuracy, but
they also have serious limitatiori¥otential problems include the condensation of moisture (in
saturated gases) on the temperature dete&ich condensation will cause the thermometer to
give low readingsand carcausecorrosion Coatingandmaterial buildup on the sensor widlso
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inhibit heat transfer and cause the meter to readAalditional potential sources of error include
variations in the specific heat caused by changes in the compagitioe gas

Some common gatow applications for thermal mass flowmeters include combustion air
measurement in large boilers, semiconductor process gas measurement, air sampling in nuclear
power plants, process gas measurements in the chemical and petrochemitésndesearch
and development applications, gas chromatography, and filter and leak. té8tileghotwire
anemometers are best suited for clean gases at low velocities, venturi meters can also be
considered for some liquid (including slurry) flow applions Thermal mass flowmeters are
well suited for high rangeability measurements of very low flows, but also can be used in
measuring large flowsuch as combustion air, natural gas, or the distribution of compressed air.
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CHAPTER 6

Pulse Code ModulationFormats

6.1 Introduction

Determining the structure of a PCM stredapend®n the measurementeing made
The piece of information needed to begin building a PCM format is the frequency response of
the individual parameters e measurd, sothatthe minimum sample ratsanbedetermine.

The goal in creating a PCM format is to maximizeeffeciency of the PCM stream by
maintaining the minimum sampling rate for each parameter while keeping the bit rate as low as
possible The following definitions describe characteristics of the format to make this possible
These definitions and others are covered in more detail in ChaptéRU>o06tandard 106

6.2 Definitions

Minor frame synchronization (sync) This is a fixed digital word with a length of 16 to 33 bits
The bit pattern follows the Barkeodes, which are listed in Talbke1 of Chapter 4°in
IRIG Standard 106

The minor frame sync pattern identifies the beginning of a new minor {faimee6-1).
Without it, there would be no way &howing where a minor frame ended and another
one begins.

111110101111001100100000 |10100010110L|011101100......
Minor Frame Synchronization Data Word Data Word

Figure6-1.  Minor Frame Synchronization Pattern

There can be some arguments made on the number of words the minor frame sync pattern
occupiesFrom the view of the instrumentation engineer, @R&4ninor frame sync

pattern is made up of two words if you have a commahiti&ord length in your PCM

stream however those at the ground station will say it is one word in accordaitice

(IAW) IRIG Standard 108Chapter. This can cause confusion when defining the

number of words per minor frame.

Minor frame. A minor frame is defined as the start of the minor frame sync pattern to the
beginning of the next minor frame sync pattéfigure 62 shows one minor frame.

Minor Frame Sync |DATA | DATA | DATA | DATA | DATA | DATA

Figure6-2.  One Minor Frame

Range Commanders Counci | Telein&ny StandardR@Cd16620MChapterl4aMayben s 0 i n
superseded by update. Retrieved 10 February 2022. Availaitgst/www.trmc.osd.mil/wiki/x/EoPOBg
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Major frame . A major frame contains the number of minor frames required to include one
sample of every parameter in the fornkagure 63 below shows a major frame
containing four minor frames.

Minor Frame Sync DATA | DATA | DATA | DATA | DATA | DATA
Minor Frame Sync DATA | DATA | DATA | DATA | DATA | DATA
Minor Frame Svnc DATA | DATA | DATA | DATA | DATA | DATA
Minor Frame Sync DATA | DATA | DATA | DATA | DATA | DATA

Figure6-3.  Major Frame

Minor frame length. The minor frame length is defined as the number of words (including the
frame sync pattern) within each minor frame.

Defining the minor frame sync pattern as one or two words can cause confusion in the
length of a minor framdnstrumentation engineers tend to count the minor frame sync
pattern as two words, so for the example aliévgure 63), the minor frame length

would equal 8The ground station would say there are seven words in the minor frame
according tdRIG Standard 106Chapter 4This should be keph mind when defining

the minor frame length.

Subframe identification. The subframedentification (SFID)is used to identify the individual
minor frames within a major fran{€igure 64).

SFID
I | Mior Frame Sync 0 DATA DATA DATA DATA DATA
2 | Minor Frame Svnc 1 DATA DATA DATA DATA DATA
3 | Minor Frame Sync 2 DATA DATA DATA DATA DATA
4 | Minor Frame Sync 3 DATA DATA DATA DATA DATA

Figure6-4.  Sulframe Identification

Usually theSFID s the first word following the minor frame sync woiiche PCM

systems can sequentially count from O or 1, but the first minor frame in a major frame is
named the first minor framé the example shown above, minor frame 1 h&81B of

0.

Word Position. The first word after the minor frame sync pattern shall be numbeteakch
subsequentvord is numbered sequentially within the minor fraiigure 65).
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= W o~

| 2 3 4 5 6
Minor Frame Sync 0 DATA DATA DATA DATA DATA
Minor Frame Sync 1 DATA DATA DATA DATA DATA
Minor Frame Sync 2 DATA DATA DATA DATA DATA
Minor Frame Sync 3 DATA DATA DATA DATA DATA

Figure6-5.  Word Position

There can be some confusion on the word position of the minor frame sync.pattern
Instrumentation engineers will give it two word numbers for each of the common word
lengths needed to make up the minor frame sync palteennumbering may be the last
two word numbers in the PCM stream, such that the first word that follows is wieod 1
example, if you have ®ords(counting the minor frame sync pattern as two words) per
minor frame, the minor frame sync pattern may be defined to be minor frame word
numbers 7 and.g he ground station may give it a word number of Zeranong and

say there were seven words per minor frame.

Major frame length. The major frame length is defined as the minor frame length multiplied by

the number of minor frames per major frame.

Again, the instrumentation engineer will count the minor frame sync as two words in
making this calculatiorin this example, there would be 4 x 8 or 32 words/major frame
The ground station would say there are 4 x 7, @&) words/major frame.

Supercommutation A supercommutated woi@igure6-6) is present more than once within the

minor frame (usually in even intervals) and is sampled at a multiple of the minor frame

rateThe data word indicated aviorefpAcicaliystisa supe

said that AAO0O is supercommutated on a mi
1 2 3 4 5 6
1 | Minor Frame Sync 0 A DATA | DATA DATA | A
2 | Minor Frame Sync A DATA | DATA DATA | A
3 | Minor Frame Sync 2 A DATA | DATA DATA | A
4 | Minor Frame Sync A DATA | DATA DATA | A

Figure6-6.  Supercommutated Word

Subframe. A subframe is the column of data words in the same minor frame word position of

each minor framdn Figure 67, subframe 3 has a depth of four minor frames.

no



Instrumentation Engineers Handbo®CC Document 1222, February 2022

1 2 3 4 5 6
1 | Minor Frame Syne 0 A B DATA DATA A
2 | Minor Frame Sync 1 A C DATA DATA A
3 | Minor Frame Sync 2 A B DATA DATA A
4 | Minor Frame Sync 3 A E DATA DATA A

Figure6-7.  Subcommutated Words

Subcommutation Subcommutation is the sampling of a word at-sulitiple rates of the minor
frame rateln Figure 67 B, C, and D are subcommutated words located in subframe 3.

Chapter 4 of IRIG Standard 106es the term supgmmmmutation on a subframe in
describing data word B, which appears twice in a subframe

Bit Rate. The bit rate is theaumber ofbpsproduced from the PCM stream.

Simultaneous SamplingSimultaneous Sampling the sampling of two or more measurements
at the same instant of time. This practice is benefrdmedn two or more signals are being
compared in time, especially withe preservation of phase relationshgequired.

Wing flutter is a measurement example where phasing is important.

Traditional (or sequential) sampling occuwisenmeasurements appear in the PCM
frameoffset by multiples of the word rat&herefore, two measurements in the PCM
frame are not sampled at the same time, but are separated in time by how many PCM
words are between the two measuremesitaultaneousamplingallows for the

sampling ofmultiple measuremenis a PCM frame at the same tinfégure6-8

illustrates the differences between simultaneous and traditional sampling

SAMPLE PULSE SAMPLE pULSE* 48 psec | SAMPLE PULSE

| FRAMESYNC | SFID |MEASA|MEAS B |MEAS C|MEAS D |MEASE | --

lSIMULTANEOUS SEQUENTIAL SEQUENTIAL

48 usec

Data observed
on a strip chart

MEAS A

MEAS E

SEQUENTIAL SIMULTANEOUS
Figure6-8.  Graphical Comparison of Sequential versus Simultaneous Sampling

Sampling commands are usually correlated to timing signals related to the PCIM frame
such as the major or minor frame clocks
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Simultaneous samplingan berealized in hardware by using multiple sample and hold
circuits input to an analog multiplexer whose output then feeds a #iBgleor by using
multiple ADCs, as shown iRigure6-9.

SSH wf multiplexing — simultaneous sampling

ch0 —p SSH
11
T b apc
11
@m

Multi-ADC - simultaneous sampli{

chi Amp ADC ‘

ghx Amp ADC ‘

Figure6-9.  Notional Simultaneous Sampling Hardware Implementations

6.3 Class | and Class Il Rilse Code M odulation

There are two classes of PCM formatsnajority of the instrumentation systems uses
Class | PCM formatd-or differences between the two classes, refRItG@ Standard 106
Chapter 4Section 4.2.1.

6.4  Calculating the Parameter Sample Rate

When a PCM frame is built, the goal is to make sure that the words are being sampled at
their minimum rateThis depends on the frequency response of the measurement.

Because the instrumentation engineer generates the PCM format, the calculations from
this point on will be donefromh e i nst r u me npoira of viewmMheeassyriptiore e r 6 s
will be madethat the minoframe sync pattern is two wordad theminor frame sync word
positionis the last two words of the minor framiehis assumptionmakes the calculations easier.

Calculating the major frame length:

# Minor Frames

Major Frame Length = Minor Frame Length X m

, _ words minor frames
Major Frame Length = inor frame * “major frame
Major Frame Length = %rfdr:me

Calculating the major frame rate:
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Bit Rate
Word Length X Major Frame Length

Major Frame Rate =

bits
Major Frame Rate = - >
bits X words
word “* major frame

bits ., word Xmaior frame

Major Frame Rate = R bits oS
Major Frame Rate = major Irames ogg;ames

Calculating the parameter sample rate:

Parameter Sample Rate = Samples per Major Frame X Major Frame Rate

___samples major frames
Parameter Sample Rate = major frame X Sec

Parameter Sample Rate = i?e%li

The parameter sample rate is determined by the number of time it appears within a major
frame and the bit rat®y usingthe abovecalculations, the sample rate of the words presented
earlier (A through D) can be determined.

In ourexample, if the PCM frame bit rate equals Rbpsand 12 bits/word, then:

a. majorframelength = (8 wordshinor framg(4 minor frameémajor frame) = 32
words/major framg

b. majorframerate = (25kbp9/[(12 bits/word)(32 words/major frame)] = 651.04 major
frames/seand

c. sample rate of data word A = 8 x 651.04 = 5208.33 samplesigec
d. sample rate of data word B = 2 x 651.04 = 1302.08 samplesigec
e. sample rate of data word C and D = 1 x 651.04 = 651.04 samplasdsec

6.5 Building a Pulse Code M odulation Format (An Example)

Suppose a project needs to measure the parameters listed atowinimum sample
rates in samples per second (sps) are determined in order to obtain the desired frequency
response required by the test engineer.

a. 15temperatures (100 sps)
b. 10straingages (140 sps)
c. 3accelerometers (4800 sps)
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d. 3pressures (700 sps)
e. 1 continuously variable slope delt@V SD) digital audioword (1600 sps)

The totalspsrequired for all the parameters within the major frame will be the sum of all
the sample itas of each type of measuremérdlculatedn Table 61).

Table 6-1. Measurement Sample Rates

# of Samples spsper
Measurement Parameters | persecond | Calculation | Parameter
Temperatures 15 100 15 x 100 1500
Strain Gages 10 140 10 x 140 1400
Accelerometers | 3 4800 3 x 4800 14,400
Pressures 3 700 3 x 700 2100
CVSD Digital 1 1600 1 x 1600 1600
Audio Word

Total samples/second in the major fran 21,000

Adding all the sample rates yields an aggregate sample rate, which is required to
adequately sample all of the paramet@eking the lowest sample rate, 100 sps, and dividing it
into theaggregate rate, you get the minimum number of data words needed in your major frame
The calculation for words per major frame is as follows:

(21,000 sps/major frame)/(100 sps/word) = 210 words/major frame

When choosing the number of words/minor frame and the number of minor frames/major
frame, it is advantageous to choose a number that has many integer fadtirsr words,
prime numbers like 5 are a poor choice, but numbers like 24, have many integer factors (1, 2, 3,
4, 6, 8, 12, and 24This will aid in getting a greater selection of sample rates.

If we decide to have 12 minor frames in the major frame, then the number of words in
each minor frame will be calculated as:

(210 words/major frame)/(12 minor frames/major framd)/.5 (i.e, ~ 18 words/minor frame)

Note:there are two words for the minor frame dynomization pattern and one more for
the SFID counter, bringing the total to 21.

Another threespare wordsieed to be added make the number of words per minor
frame evenly divisible by several numbers so we can supercommutate. &veslgives a total
of 24 words/minor frame.

Now thattheframe structurés completeit is time tostart placing the words into the
PCM map(seeTable 62). Remembethe assumption thaach word in the major frame is
initially sampled at 100 spE necessary ricreasing the bit rate can increase the base sample
rate.
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Table 6-2. Developing the PCM Format

(23) (24) 1 2 3 4 5 6 1L 8 9 10 N1 12 13 14 15 16 A 18 19 20 21 22
MNFRSYNC | 1

MNFRSYNC | 2

MNFRSYNC | 3

MNFRSYNC | 4

MNFRSYNC | 5

MNFRSYNC | 6

MNFRSYNC | 7

MNFRSYNC | 8

MNFRSYNC| 9

MNFRSYNC | 10

MNFRSYNC | 11

MNFRSYNC | 12

To account for all the words in the frame, the minor frame sync pattern is considered to
be two words and numbered as words 23 ant\@td numbers 23 and 24 are shown in
parenthesibecause they comprise the first word in the minor frame.

Begin with the parameters with the highest sample athis case, the three
accelerometers each need a sample rate of 4808ispe eachword in the major frame is 100
sps, it would take 4800/100 = 48 accelerometer words in the major frame to meet the minimum
sampling requirementhis means we must evenly space 48 words within the major finee

we have 12 minor frames/major frame, we can supercommutate this word four times in the minor
frames(Table 63).

Table 6-3. Developing the PCM Format (Cont'd)

©3) (24 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
MNFRSYNC] 1 | A1 [ A2 | A3 A1 ] A2 [ A3 Al [ A2 [ A3 Al [ A2 [A3
MNFRSYNC| 2 | A1 | A2 | A3 Al [ A2 [ A3 Al | A2 [ A3 Al | A2 | A3
MNFRSYNC| 3 | A1 | A2 | A3 A1 | A2 [ A3 Al | A2 | A3 Al | A2 [ A3
MNFRSYNC| 4 | A1 | A2 | A3 Al | A2 [ A3 Al | A2 | A3 A1 | A2 | A3
MNFRSYNC| 5 | A1 | A2 | A3 A1 [ A2 | A3 Al | A2 [ A3 Al | A2 [ A3
MNFRSYNC| 6 | A1 | A2 | A3 Al A2 A3 Al [ A2 | A3 Al | A2 [ A3
MNFRSYNC| 7 | A1 A2 | A3 Al A2 | A3 Al A2 A3 Al [ A2 | A3
MNFRSYNC| 8 | Al | A2 | A3 Al | A2 [ A3 A1 | A2 [ A3 Al A2 A3
MNFRSYNC| 9 A1 | A2 | A3 A1 A2 | A3 Al | A2 | A3 Al A2 | A3
MNFRSYNC| 10 | A1 | A2 | A3 Al] A2 ] A3 Al A2] A3 Al | A2 | A3
MNFRSYNC| 11 | A1 ] A2 | A3 Al A2 ] A3 A1l A2] A3 A1l A2 A3
MNFRSYNC| 12 | A1] A2 | A3 A1l a2l A3 Al A2] A3 Al A2 A3

The parameter with the next highest sample rate i€W&D digital audio word at 1600
sps We would need 1600/100 = 16 words in the major frame, or 16/12 = 1.338M@eninor

frame words)Therefore, the CVSD digital audio would have to be supercommutated twice in
each minor framéTable 64).
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Table 6-4. Developing the PCM Format (Cont'd)

(23) (24) 1 2 3 4 5 6 7 8 9 10 1% 12 13 14 15 16 17 18 19 20 21 22
MNFRSYNC | 1 A1 | A2 | A3 V | A1 | A2 | A3 Al | A2 | A3 vV [ A1 | A2 | A3
MNFRSYNC| 2 | A1 | A2 | A3 V [ A1 | A2 | A3 A1 | A2 | A3 V | A1 ]| A2 | A3
MNFRSYNC| 3 | A1 | A2 | A3 V | A1 ]| A2 | A3 Al | A2 | A3 vV | A1 | A2 | A3
MNFRSYNC | 4 A1 | A2 | A3 V | A1 | A2 | A3 A1 | A2 | A3 V | A1 ]| A2 | A3
MNFRSYNC| 5 | A1 | A2 | A3 V | A1 | A2 | A3 A1 | A2 | A3 vV [ A1 | A2 | A3
MNFRSYNC | 6 A1 A2 | A3 V | A1 | A2 | A3 A1 | A2 | A3 V | A1 A2 | A3
MNFRSYNC| 7 A1 | A2 | A3 V |A1T]| A2 ]| A3 A1 | A2 | A3 V [ A1 | A2 [ A3
MNFRSYNC| 8 A1 | A2 | A3 V Al | A2 | A3 Al | A2 | A3 VvV | AT] A2 | A3
MNFRSYNC| 9 Al | A2 | A3 V [ A1]| A2 | A3 A1 | A2 | A3 V | A1 | A2 | A3
MNFRSYNC| 10 | A1 | A2 | A3 V Al1] A2 | A3 A1 | A2 | A3 V | A1 A2| A3
MNFRSYNC| 11 | A1 | A2 | A3 Vv Al1] A2 | A3 Al | A2 | A3 V [ A1| A2 | A3
MNFRSYNC| 12 | A1 | A2 | A3 Vv Al1] A2 | A3 A1 | A2 | A3 \ Al1| A2 | A3

The parameters with the next highest sample rate are the pressures at Wi9spsld
need 700/100 = 7 words in the major fral8@ n c e

sample it at 1200 s able 65).

we

canot
word deep subframe, we will have to place it 12 times in a subframe, which will simply over

evenl

y

Table 6-5. Developing the PCM Format (Cont'd)

(23) (24) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
MNFRSYNC | 1 Al | A2 | A3 V | A1| A2 |[A3 | P1| P2 | P3| A1 |A2 | A3 V [ A1 | A2 | A3
MNFRSYNC| 2 | AT | A2 | A3 V |A1| A2 [A3 [P1 [ P2 | P3| A1 |A2]|A3 vV | A1 | A2 | A3
MNFRSYNC| 3 | A1 | A2 | A3 vV |A1|A2|A3 | P1|P2]|P3|A1|A2]| A3 vV | A1 | A2 | A3
MNFRSYNC | 4 A1 | A2 | A3 V |AM| A2 [A3|P1|P2|P3|A1T|A2]A3 V [ A1 ]| A2 | A3
MNFRSYNC | 5 Al | A2 | A3 Vv Al | A2 | A3 | P1 P2 | P3| A1 | A2 | A3 \% Al | A2 | A3
MNFRSYNC | 6 A1 | A2 | A3 V |A1| A2 [ A3[P1[P2 | P3| A1|A2]|A3 V [ A1 | A2 | A3
MNFRSYNC | 7 Al | A2 | A3 V | A1 | A2 | A3|P1 | P2 | P3| A1|A2]|A3 V | A1 | A2 | A3
MNFRSYNC | 8 A1 | A2 | A3 V | AM| A2| A3|P1 | P2 | P3| A1| A2]| A3 V [ A1 A2 | A3
MNFRSYNC| 9 | A1 | A2 | A3 VI A A|A3|P1|P2]|P3|AT|A2]|A3 V [Al] A2 | A3
MNFRSYNC| 10 | A1 | A2 | A3 V | Al| A2| A3|P1 | P2 |P3 | A1| A2| A3 V | A1 | A2 | A3
MNFRSYNC | 11 | A1 | A2 | A3 \ A1| A2 | A3 | P1 | P2 | P3| A1| A2| A3 V [ A1]| A2 | A3
MNFRSYNC | 12 | A1 | A2 | A3 ) A1| A2| A3|P1 | P2 |P3 ] A1| A2| A3 \ A1| A2 | A3

space

The nexthighest sample rate are the strains at 140\8pswvould need 140/100 = 1.4 or 2
words in the major framé&Ve can evenly supercommutate on the subframe (or super

subcommutate) 2 words within a-#@rd-deep subframe, so each strain measurement will be

spaced 6 minor frames apart and have a sample rate of 2 x 100 sps = (@b &Ep86).

Table 6-6. Developing the PCM Format (Cont'd)

The remaining parameters are the temperatures with a required sample rate of 100 sps
We would only need one each of the temperature words in the major frame, which can be placed

once in a subfram@able 67).
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