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PREFACE

As the building and plant services—power, heating, air condition-
ing, refrigeration, prime movers, and others—have become more com-
plex in the years since World War II, the engineer has become in-
creasingly aware of the importance of well-designed instrumentation
and control systems to ensure proper operation of these building and
plant services. Yet, as a practical matter, few engineers other than
instrumentation specialists have the opportunity in their day-to-day
activity to fully explore the many applications of instrumentation and
control systems to their engineering problems.

This handbook has been prepared with the “nonspecialist” enginecr
in mind, although the specializing instrumentation engineer will find
much material in each section of practical value to him. The ma-
terial is presented in sufficient detail to provide a sound basis for sys-
tem design, application, selection, and operation. It is intended to be
a practical tool for all who are concerned with the mechanical serv-
ices in institutional, commercial, and industrial buildings.

Thus, this book will be useful to engineers who design and apply
mechanical systems to buildings, plant engineers, architects, consult-
ing engineers, maintenance and operating engineers, power and util-
ity engineers, and others in allied fields. '

In its general arrangement the handbook gives emphasis to funda-
mentals as well as practical application. In this way it is felt that
the material will be equally useful to the nonspecialist and specialist
alike.

After a study of fundamentals in the second section, the reader is
provided with both qualitative and quantitative data on pressure,
temperature, flow liquid level, pH, and conductivity—the variables
most frequently measured and controlled in mechanical services for
buildings. These are then tied together in a detailed discussion of
systems for boiler and power plants, heating plants, mechanical
drives, air-conditioning ventilation, and refrigeration, with consider-
able space devoted to actual cases.

It is hoped that this handbook will contribute not only to a better
vnderstanding of the instruments and controls themselves, but to a

\
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vi Preface

fuller appreciation of what they can and cannot be expected to do
when integrated with mechanical-service systems. In this way the
hazard of misapplication may be avoided. It is quite true that no
mechanical-service system can be better than the controls which
cause it to function.

A handbook, by its very nature, is a compilation of the knowledge
of many people, organizatioys, and companies. And, while individual
credits are acknowledged throughout this handbook, I wish to ex-
press special appreciation to such individuals as A. C. Wenzel of
Republic Flow Meters Co., R. E. Sprenkle of Bailey Meter Co., ]. E.
Haines of Minneapolis-Honeywell Regulator Co., and D. M. Con-
sidine of Hughes Aircraft Corp., and particularly to the Instrument

Society of America and the American Society of Mechanical Engi-
neers.

Finally, I wish to acknowledge the invaluable help of Mus.

Katherine Mangione and of my wife Claire in the preparation and
proofreading of the manuscript and index.

Howard P. Kallen
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Section 1

INTRODUCTION

Today’s advanced control techniques owe much to their early devel-
opment in the mechanical services field. Closed-loop control systeras were
pioneered almost 40 years ago. Since that time, the mechanical services
have been a proving ground for an almost endless number of developments
that have. pushed the controls art to new heights.

But this has been a two-way street; in the same period, controls had
much to do with boosting electric generating efficiency from roughly 3%
Ib of coal per kwhr to % Ib. And other services—air conditioning with
its zone controls, electrical distribution’s load-frequency control systems—
have reaped the full measure from a dynamic controls techfiology. Yet,
the ultimate in controls is nowhere in sight. We will witness many new
and fundamental developments in the years ahead. And, no doubt, engi-
neers will some day look upon today’s control methods as relatively crude
ancestors of “truly modern” control.

Primary Measurements. Pressure—force per unit area—is one of the
most important of controlled variables. For the mechanical services,
pressures range from less than an inch of mercury to several thousand
pounds per square inch. And they must be measured accurately, Be-
cause of the broad range, numerous pressure-measuring elements Lave
been developed. They vary from direct means such as spiral and bourdon
gages for high pressures to inferential methods such as thermal (hot-wire)
gages for high vacuums.

A relative newcomer to the field is the pressure transducer. It is based
on electrical interpretation of pressure. A common design uses the strain-
gage principle. The strain gage itself consists of a wire grid bonded to
the surface of a small piece of Bakelite-inipregnated paper. When the
gage is cemented to the surface subjected to load, the wire grid stretches,
- changing its electrical resistance. By measuring resistance changes (with a

potentiometer), we indirectly measure pressure. Transducers are com-
patible with the highest pressures the mechanical services field will be
required to measure for years to come. -

" Temperatures that concern mechanical engineers are in the range of
—200 to well over 1000°F. To meet the requirements of this wide
1-1



1-3 ' Introduction .

spectrum, researchers constantly seek new principles of measurement,
improving on existing methods.

Over certain temperature ranges, we have a wide selection of measuring

elements. But range is only one of several key factors. Sensitivity,
accuracy, response speed, cost, expected useful life, corrosion resistance—
all need to be considered. : o

Briefly, present measuring practice breaks down like this: filled-system
(vapor, gas, mercury) thermometers from —150 to 1000°F; resistance
“ thermorneters from '—100 to 600°F; thermocouples from —300 to 2700°F;
radiation (optical) pyrometers from 200 to 7000°F. We shall see more
of radiation techniques for extremely high temperatures or in situations
where it is impractical to contact the area being measured.

Liquid-, vapor-, and gas-flow measurement—of key importance to the
mechanical services—has been the subject of several recent developments.
But differential-pressure (orifice plate, flow nozzle, venturi tube) methods
still are most frequently used. They are simple, easy to use, and readily
adaptable to electric or pneumatic transmissions.

Area-type flow meters fit directly in the flow line and require no orifice
plates or other primary elements. Pressure drop across the meter body is
constant while flow area varies. For viscous fluids at least (oils, black
liquor, etc.), we can expect stepped-up use of these meters.

Newest flow-sensing elements depend on electrical and magnetic tech-
niques. One design employs a bucket-wheel rotor that spins ‘freely
between supports in the flow line. A powerful magnet inside the rotor
produces an a-c¢ signal with a frequency directly propertional to flow rate.
‘These units can measure accurately continuous or intermittent flow of
chemicals, liquefied gases, and solutions containing suspended particles at
temperatures up tc 1000°F. Range is from 0.08 to 5,200 gpm.

Recently developed methods of liquid-level measurement make use of
radioactive materials. The gammia-ray system is based on the change
in the number of gamma rays that can penetrate a layer of liquids. As
layer thickness increases, the number decreases. Gamma-ray source is a
minute quantity of radioactive material such as radium salts.

Controllers, A distinguishing mark of modern controls is their inability
to tolerate time lags. Lacking “fywheel effect,” they require faster, more
accurate control response.

toward sophisticated control modes—combinations of proportional, auto-
reatic reset, and rate action.

On the question of pneumatic versus electrical and electronic con-
trollers, we are likely to witness increasing use of all three types. This
is largely because no one design will cover the full range of what is certain
to be a fast-growing list of jobs.

Remote Transmission. Remote transmission of measurements—sending
instrument signals over relatively long distances—has many advantages:
safety, economy, convenience. Where high-pressure high-temperature fluids
are present, remote transmission eliminates hazards by permitting control

N, g R B W T g W‘W
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Introduction 1-3 .

from a safe location. Thus, we shall see a strong trend continuing in

this direction. Recent findings of an Edison Electric Institute questionnaire

covering direct versus transmitted pressure for oil, hydrogen, high-
_pressure steam and water systems back up this thinking. Of 46 answering
utility companies using some form of remote transmission (either electric or
air or hoth), 63 per cent were on steam systems, 50 per cent on water
systems, and 79 per cent on oil systems.

Telemetering, extension of the in-plant transmission idea, fills an im-
portant need in the far-flung power, pipeline, and water-supply systems
of today. As these systems continué to grow, telemetering will take on
even greater importance. Carrier current is the most common transmission
medium on power systems, with private lines, leased lines, and microwave
following in that order. : *

Systems Engineering. In the strict sense of the word, there is nothing
new about systems engineering in the controls field. Instrument men
have been engineering contrcl systems for years.

Today, however, the term appears to be taking on an added meaning—
complete integration of control-system design with the system it serves.
“The controls expert is called in and works closely with the equipment
engineer from the early stages of design. The net result is a better con-
trol system, and equipment that is easier to control.

Scope. The scope of material covered in this handbook is intended
to be of direct interest to the mechanical engineer engaged in the design,
application, and operation of systems for mechanical services: steam plants,
power plants, heating plants and heating systems, air-conditioning systems,
diesel plants, and refrigeration systems. And, although the instrumentation
and controls discussed have a broad application in other ficlds, notably
the process industries, they are viewed here mainly as they apply to the
mechanical services. A :

Instrumentation for certain mechanical services, because of its highly
specialized nature, has been omitted. In this category is nuclear-resotor
instrumentation. For an excellent treatment of this subject, the reader
is referred to “Control of Nuclear Reactors and Power Plants” by M. A.
Schultz, McGraw-Hill Book Company, Inc., 1955. ,

Credits. As editor of this hancdbook, I have received the most gen-
erous assistance and cocperation from a great number of U.S. instrumen-
tation manufacturers, the Instruraent Society of America, ASME, consulting
engineering firms, and many users of mechanical-service instrumentation.
While specific credits are made throughout the book, I wish to take this
opportunity to express my dcep appreciation to the many individuals and
companies without whose cooperation preparation of this handbook would
have been impossible, :
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Section 2

INSTRUMENTATION AND' CONTROL
FUNDAMENTALS

SYMBOLS AND NOTATIONS

In order to convey his ideas and information effectively and concisely,
the controls engineer makes use of a system of symbols. They are, in
effect, his “shorthand™ and should be understood by the engineer who is -
responsible for design, selection, operation, or maintenance -of control
systems for the mechanical and electrical services. B

A system of symbols has been standardized by the Instrument Society
of America’ and is given here in condensed form.

General. Instruments and instrumentation items are identified and rep-
resented by a system of letters and numbers, together with a number of
simple basic pictorial symbols for illustrating the items on flow plans and
other drawings. '

Identifications. The identification shall consist of a combination of
letters used to establish the general identity of the item with its purpose
and functions. For some requirements this will be sufficient and complete;
but usually it will be followed by a number that will serve to establish
the specific identity of the item. The identifications shall be used for

_the complete designation of the item in written work, and in combination

with the pictorial symbol for representation on flow plans or other drawings.
General Identifications. The general identifications shall consist’ of
letters as listed in Table 2-1 used in combinations as shown in Table 2-2.
Table 2-1 covers the letters that may be employed, the definition or
significance of each, and the permissible position or positions in which
each may be used when combining,

Table 2-2 covers the permissible combinations of letters of identification
and shows the significance of each such complete general identification.
In the use of the letters, or their combinations, the following rules and

instructions apply: ' ‘
I. All identifying letters shall in all cases be written in upper case. The
' Tentative Recommended Practice, Instrumentation Flow Plan Symbols, ISA
RP5.1, Instrument Society of America. : )
2-1
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only exceptions are the optional use of “d” and “r,” and the use of “p”
in the combined first letter “pH"; as per footnotes of Tables 2-1 and
2-2. ' :

. The maximum number of identifying letters in any combination shall

be three (3).

The only exception is in the use of “pH,” or chemical

symbols such as COs where the self-defining pair is treated as a single

letter. .
Table 2-1. Letters of Identification
. Definition, and permissible nositions in any combination
Upper-case
letter First letter— Second letter— Third letter—--
process variable type reading or additional
or actuation other function function
A — Alarm Alarm
C Caonductivity Control Control
D Density — ’ —_
E — Element (primary) —
F Flow — —
G - Glass (no measurement) —
H Hand (actuated) — —
1 - Indicating —_—
L Level —_ —
M Moisture - -
P Pressure - — —
R -_— Recording (recorder) —
8 Speed Safety —
T Temperature — —
v Visecosity — Valve
W Weight Well —_

Note 1: When required the following may be used optionally ss a £rst letter for other

process variablea:
(1) “A” may be used to cover all types of analyzing instruments.

(2) Readily recognized self-defining chemical symbols such as COs, O3, etc., may be
used for these specific analysis instruments,
(3) The-self-defining symbol “pH’ may be used for hydrogen-ion concentration,
Note 2: Although not a preferred procedure, when considered necessary it is per-
. missible to insert a lower-case ‘“‘r” after “F" to distinguish flow ratio. Likewise,

lower-case “‘d"’ may be inserted after “ T" or “P" to distinguish temperature difference
or pressure difference.

8. A letter shall have only one definition or significance in its use as a
“first” letter in any combination, to define the process variable.

4. A letter shall have only one definition or significance when used as
either the “second” or the “third” letter in a combination, to define
the type of device.
5. It is particularly important in writing the combinations of letters to
adhere to the sequence of arrangement shown by Table 2-2.

6. No hyphens shall be used between letters or combinations of letters.

*
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24 Instrumentation and Control Fundamentals

INSTRUMENT PROCESS PIPING (PRESSURE,
DIFFERENTIAL, ETC., CONNECTING LEAD. -

LINES; ALSO HYDRAULIC ACTUATING ALL LINES
MEDIUM LINES) g?“gﬁm
INSTRUMENT AIR LINES L o s = RELATION
INSTRUMENT ELECTRICAL LEADS ————————— e TO PROCESS
INSTRUMENT CAPILLARY TUBING VIR Hmmerimr PIPING

LOCALLY B0ARD
MOUNTED MOUNTED )

LOCALLY LOCALLY BOARD
MOUNTED noum'eo 8 % MOUNTED  MOUNTEO
BASIC SYMBOLS FOR BASIC SYMBOLS FOR : BASIC STMBOLS FOR

INSTRUMENT WITH COMBINATION INSTRUMENT TRANSMITTER
SINGLE SERVICE AND OR DEVICE WITH TWO
FUNCTION SERVICES OR FUNCTIONS

& L =1 |

BASIC SYMBOL BASIC SYMBOL FOR BASIC SYMBOL 3-WAY BASIC SYMBOL
FOR ELECTRICALLY FOR PiSTON- 800y FOR SAFETY
DIAPHRAGM OPERATED VALVE OPERATED VALVE FOR ANY (RELIEF) VALVE
MOTOR VALVE - {SOLENOID OR ' {HYDRAULIC OR VALVE

MOTOR) PNEUMATIC)

BASIC SYMBOL BASIC SYMBOL BASIC SYMBOL SHOWING BASIC SYMBOL

FOR SELF - FOR MANUALLY PNEUMATIC TRANSMISSION SHOWING PNEUNATIC
ACTUATED OPERATED INSTRUMENT (ELECTRIC CONNECTION FROM
CINTEGRAL) CONTROL VALVE TRANSMISSIQN SAME . INSTRUMENT 1O
REGULATING Co EXCEPT FOR TYPE OF - DIAPHRAGM MOTOR
VALVE CONNECTION} ™ VALVE

Fic. 2-1. Basic instrumentation symbols. (From ISA RP5.1.)

Specxﬂc Identifications. In most cases it will be necessary to supplement
the general identification of an item by a numerical system, to establish
its specific identity. Any system of jtem or serial numbers may be used,
consistent with the requirements of the user. The numbers may pertain
only to the same kind of item within one process unit; or may be a com-

PE—



Symbols and Notations ’ 2-5

y —/if\ ’ / 1] v ~ Ml v
DISPLACEMENT~ FLOW ELEMENT (PRIMARY) FLOW INDICATOR,
TYPE FLOW METER (WHEN NO MEASURING DIFFERENTIAL TYPE,
INSTRUMENT 1S PROVIDED) . LOCALLY MOUNTED

FLOW RECORDER, FLOW RECORDER, ECORDE!

DIFFERENTIAL TYPE . QF ROTAMETER _ PNEUMATIC TRANSMISSION,
MECHANICAL TRANSMISSION, - OTHER TRANSNITTER LOCAL,
LOCALLY MOUNTED IN-THE-LINE TYPE RECEIVER MOUNTED ON BOARD

FLOW RECORDER, MECHAN!CAL TYPE, FLOW RECORDER WITH PRESSURE FLOW RECORDING
WITH DIRECT CONNECTED PRESSURE RECORDING PEN, BOTH ELEMENTS - CONTROLLER,
RECORDING PEN, LOCALLY MOUNTED PNEUMATIC TRANSMISSION, TRANS- PNEUMATIC
{NOTE THAT IN LISTING SUCH ACOM~  MITTERS LOCAL, AND RECE!VER TRANSMISSION

" BINATION TTEM IN SPECIFICATIONS, BOARD MOUNTED {RECEIVER SHOULD WITH RECEIVER
ETC., IT.WOULD BE WRITTEN AS BE WRITTEN AS .FR-5 AND PR-2, AND MOUNTED ON BOARD
FR=4 AND PR-2, THEREBY TREAT- EACH TRANSMITTER IDENTIFIED BY . AND LOCAL
ING %H ELEMENT AS SEPARATE TS OWN ELEMENT) . TRANSMITTER

F1c. 2-2. Typical instrumentation symbols for flow. (From ISA RP5.1.)

plete serial-number system for a plant or an organization. In any case -
the series of consecutive numbers will be suitable for use with the general
identifications. : ‘ ' -

When used in written work, the number shall be placed after the letters,
and separated from them by a hyphen. For example, temperature-record-
ing controller, item number one (1), is written as TRC-1. .

Applying the Identifications. The identifications, wherever possible,
shall be used to identify a complete instrumentation application with all
its components, instead of independent identifications being assigned to



