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PREFACE

The acceptance of previous editions of Instrumentation for Process
Measurement and Control has affirmed the need for a basic text on the
subject. In the years since the first edition of this book appeared, a
number of instructors have requested that the material be treated in
more detail. This edition is designed to meet that need. Questions at the
conclusion of each chapter have also been expanded to enable the
student to judge his progress. The answers appear at the back of the
book.

A third edition was also mandated by the need to convey informa-
tion about new equipment in the field of process control instrumenta-
tion. The material here attempts, in a basic way, to meet the needs of
the instrumentation engineer or technician who must learn how equip-
ment operates. Mathematics have been kept to a minimum throughout.

Digital devices are having increasing impact on the process control
field. While it is beyond the scope of this text to deal with these tech-
niques in detail, digital devices are introduced, as are some of the
associated terms.

The objectives of this edition, then, are: to introduce the fields of
process measurement and feedback control; to provide useful reference
material to students and persons working in the field; to bridge the gap

xi



xii PREFACE

between basic technology and more sophisticated systems that offer
promise for the future.

The author is indebted to the many people who assisted with the
preparation of this volume. Chief among them are David Fuller, who
checked its technical content; Richard Sherman, who edited the text;
and Roberta Kavanaugh, who typed the manuscript. The author would
be remiss if he did not also acknowledge the contributions of his fellow
workers at The Foxboro Company and the support of company man-
agement. A special acknowledgment is also appropriate for the thou-
sands of instrument students whose questions and responses over the
years have turned the author’s thinking toward this approach to the
understanding of a most challenging and fascinating field.

Norman A. Anderson, P.E.
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SECTION | FEEDBACK PROCESS CONTROL

Introduction to Process Control

The technology of process instrumentation continues to grow in both
application and sophistication. In 1774, James Watt employed the first
control system applying feedback techniques in the form of a flyball
governor to control the speed of his steam engine. Ten years later,
Oliver Evans used control techniques to automate a Philadelphia flour
mill.

Process instrumentation developed slowly at first because there
were few process industries to be served. Such industries began to
develop at the turn of the twentieth century, and the process instrumen-
tation industry grew with them. However, only direct-connected pro-
cess instruments were available until the late 1930s. In the 1940s,
pneumatic transmission systems made complex networks and central
control rooms possible. Electronic instrumentation became available in
the 1950s, and its popularity has grown rapidly since. The most recent
decade has produced digital computer techniques to improve the per-
formance of more complex processes. However, present trends indi-
cate that future process plants will employ combinations of analog and
digital systems.

True control balances the supply of energy or material against the
demands made by the process. The most basic (feedback) systems
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2 FEEDBACK PROCESS CONTROL

STEAM (MANIPULATED VARIABLE)

CONTROL
VALVE

TEMP. TRANSMITTER
(MEASURING MEANS)

HEATED
WATER
(CONTROLLED
VARIABLE) BUCKET TRAP

CONTROLLER

CONDENSATE
20 P.5.1 4
SUPPLY coLD
WATER
TC

EXTERNAL FEEDBACK LOOP —1

MEASURING
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MANIPULATED STEAM
l VARIABLE
CONTROLLED
VARIABLE HEAT
EXCHANGER

1

Fig. 1-1. (A) The process to be controlled occurs in a heat exchanger. All elements of
the pneumatic control system are shown—transmitter, controller, valve, input water,
output water, and steam. (B) Block diagram of the elements listed in A.
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INTRODUCTION TO PROCESS CONTROL 3

measure the controlled variable, compare the actual measurement with
the desired value, and use the difference between them (error) to gov-
ern the required corrective action. More sophisticated (feedforward)
systems measure energy and/or material inputs to a process to control
the output. These will be discussed in Chapter 16.

The control loop in Figure 1-1 is shown in both actual and schema-
tic form. The process is a shell and tube heat exchanger, and the tem-
perature of the heated water is the controlled variable. This tempera-
ture is measured by a pneumatic temperature transmitter, which sends
a pneumatic signal proportional to temperature to the pneumatic analog
controller. The desired water temperature is set on the controller’s
set-point dial. The controller changes a pneumatic output signal accord-
ing to the difference between the existing value (temperature) and the
desired value (set point). The output signal is applied to the valve
operator, which positions the valve according to the control signal. The
required quantity of heat (steam) is admitted to the heat exchanger,
causing a dynamic balance between supply and demand.

The various control equipment components that may be used to

Table 1-1. Analogy Between Characteristics of Basic Physical Systems

Electrical Hydraulic Preumatic Thermal
Variable System System System System
Quantity Coulomb ft* or m? Std. ft* or m? Btu or joule
Potential or emf Pressure Pressure Temperature
effort variable E P P T
(volt) (psi or kPa) (psi or kPa) (degrees
(ft or m of head) (m or mm of head) Fahrenheit or
Celsius)
Flow variable Coulomb/s Flow Flow Heat flow
Current Q Q dQ/dt
1 (ft®/s or L/s) (ft¥s or m%s) (Btu/s or
(amperes) (gal/min) (Ib/min) watts)
Resistance R psi/(ft¥/s) psi/(ft¥/s) deg/(Btu/s)
(ohm) ft head/ft¥s) deg/watt
_ volt sec/ft?
e
Capacitance q(farad) ft/ft = ft* ft* Btu/deg
Coulombs
volts

Time Seconds Seconds Seconds Seconds
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PROCESS REACTION CURVE
Ec
| R
E = -=C
TIME

h
(b} HEADI j
TIME
PRESSURE >RESSURE
IN TANK g IN TANK
(CAPACITY)
(c)
GAS PRESSURE
R c
SUPPLY
TIME
TEMF
7 TEMP.
_-._/ HEAT
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(d) HEAT |2 TEMP
HEAT SOURCE
TIME

Fig. 1-2. Four types of systems: (a) electric, (b) hydraulic, (c) pneumatic, and (d)
thermal. Each has a single capacity and a single resistance and all have identical
response characteristics.

regulate a process and certain aspects of process behavior will be dis-
cussed in this text. Examples of some completely instrumented process
systems will be given to demonstrate the practical application of the
instrument components.

The physical system to be controlled may be electrical, thermal,
hydraulic, pneumatic, gaseous, mechanical, or any other physical type.
Figure 1-2 and Table 1-1 compare several common systems. All follow
the same basic laws of physics and dynamics.
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The behavior of a process with respect to time defines its dynamic
characteristics. Behavior not involving time defines its static charac-
teristics. Both static (steady) and dynamic (changing with time) re-
sponses must be considered in the operation and understanding of a
process control system.

Types of Processes

The simplest process contains a single capacity and a single resistance.
Figure 1-2 illustrates a single-capacity, single-resistance process in (a)
electrical, (b) hydraulic, (c) pneumatic, and (d) thermal forms. To show
how these behave with respect to time, we can impose a step upset
(sudden change) in the input to the process and examine the output.
The resulting change in process variable with respect to time is plotted
in Figure 1-3. The reaction curve of all four types of systems will be
identical.

This type of curve (exponential) is basic to automatic control. It
can be obtained easily with an electrical capacitor and resistor arranged
as in Figure 1-2a.

100
et
\ —1 -
90
\ A v~
=
o 80
Y \
S 70 \
- 7 A. ENERGY INCREASE
£ 60 (SYSTEM CHARGES)
w
5 so0 B. ENERGY DECREASE
& (SYSTEM DISCHARGES)
-
35 40 /
w N\
Z TN
2 30
= /
S B8
& 20
a .
~
10 / ~ ~—]
B—
et
0
0 ] 2 3 4 5 6

TIME IN Rx C

Fig. 1-3. Universal time-constant chart, showing exponential rise and decay.
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Figure 1-2a shows a simple RC circuit—a resistor, capacitor, and
battery source in series. The instant the circuit is closed, the capacitor
starts to charge to the voltage of the battery. The rate at which the
capacitor charges gradually decreases as the capacitor - voltage ap-
proaches the battery voltage (voltage curve A in Figure 1-3). Although
the rate varies, the time it takes the capacitor to charge to 63 percent of
the battery voltage is a constant for any one value of R and C. Thus, no
matter what the voltage of the battery, the capacitor charges to 63
percent of the battery voltage in a time interval called the time con-
stant, or characteristic time (7') of the circuit. The value of T in seconds
is the product of the resistance (in ohms) and the capacitance (in
farads).

Note that the charging time increases with an increase in either R
orC. - '

This simple RC circuit is often used to produce the transient
waveform shown, which is called an exponential-rise transient.

On discharge, the circuit reacts similarly. For example, if the bat-
tery in Figure 1-2a is replaced by a solid conductor, the charged
capacitor discharges 63 percent of its charge in RC seconds.

The simple RC circuit shown in Figure 1-2a symbolizes many real
physical situations. It is important to examine the circuit in detail.

In RC seconds, the capacitor charges to 63.2 percent of the applied
voltage. In the next RC seconds, the capacitor charges to 63.2 percent
of the remaining voltage, or to 87 percent of the applied voltage. In the
third interval of RC seconds, the capacitor charges to 95 percent of the
applied voltage. Although the capacitor never charges to exactly 100
percent of the applied voltage, it does charge to 99 percent in 4.6 RC
seconds as shown in Figure 1-3, which is a curve of capacitor voltage
(or current) versus time. Note that time is plotted in RC (time-constant)
units.

Processes with More Than One Capacity and Resistance

In practice, a process will contain many capacitance and resistance
elements. Figure 1-4 illustrates a process containing two resistance
elements and two capacitance elements. Figure 1-5 shows the resulting
process reaction curve. Note that the additional capacitance and resis-
tance essentially affect the initial curve shape, adding a delay to the
process.

Dead Time

Dead time is a delay between two related actions. For example, assume
that the temperature sensor shown in Figure 1-1 was located 10 feet
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P S—
IN FLOW

LINEAR

~ -

Rp CAPACITY 2 R| CAPACITY 2
OUT FLOW

Fig. 1-4. Multicapacity system.

(3.048 m) away from the heat exchanger. If the liquid travels at a
velocity of 10 feet (3.048 m) per second, a dead time of one second will
occur. In some process control situations, dead time becomes the most
difficult factor in the equation: Dead time may also be called pure delay,
transport lag, or distance/velocity lag. Dead time is rarely found in its
pure form, but occurs frequently in combination with resistance-
capacitance and other types of lags. Dead time is a difficult factor to
equate when applying control to the process.

Measurement

To employ feedback control, we must first measure the condition we
wish to maintain at the desired standard. The condition (variable) may
be temperature, pressure, flow, level, conductivity, pH, moisture con-
tent, or the like.

100 % T~

HEAD /

0%
TIME —

Fig. 1-5. Characteristic curve of multicapacity system.
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The measuring element is connected to the control element. In
many installations, the measurement is located far from the controller.
This problem is solved by using a measuring transmitter (Figure 1-6).
The measuring transmitter usually develops an electrical signal for an
electronic controller or a pneumatic signal for a pneumatic controller.

Measuring transmitters have attained great popularity in the pro-
cess industries. They perform the measurement and develop a pneuma-
tic or electric signal proportional to the variable in one unit. This signal
can be transmitted long distances. Pneumatic transmitters generally
produce an air pressure change of 3 to 15 psi or 20 to 100 kPa (see p. 36
for definition of pascal unit) for measurement change of 0 to 100 per-

Fig. 1-6. Measuring transmitters convert the variable to be measured into a
proportional pneumatic or electrical signal.
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Table 1-2. Standard ISA and SAMA Functional Diagram Elements

FLOW
TRANSMITTER

LEVEL
TRANSMITTER

PRESSURE
TRANSMITTER

TEMPERATURE
TRANSMITTER

POSITION
TRANSMITTER

ONEONONONE)

AN

PANEL
LIGHT

O
7

INDICATOR

RECORDER

RELAY
COiL

AUTO/MANUAL
TRANSFER SWITCH

TRANSFER OR
TRIP RELAY

HIGH SIGNAL
SELECTOR

- LOW SIGNAL

SELECTOR
VELOCITY OR

RATE LIMITER

m ANALOGTO
DIGITAL CONV.

HRERSECKCNO

VOLTAGE CONV.

VOLTAGE TO
VOLTAGE CONV.

m MOTORIZED

OPERATOR

HYDRAULIC
OPERATOR

UNSPECIFIED
OPERATOR

THERMOCOUPLE TO

SQUARE ROOT
EXTRACTOR
[(x Jmurieuer
[= Jomioer

BIAS, ADDITION
OR SUBTRACTION

COMPARATOR,
DIFFERENCE

ADDER,
SUMMER

@ AVERAGER
@ INTEGRATOR

__| NORMALLY OPEN
RELAY CONTACT

MANUAL SIGNAL
GENERATOR

SOLENOID
ACTUATOR

HIGH SIGNAL
LIMITER

LOW SIGNAL
LIMITER
HIGH AND LOW
LIMITER

RESISTANCE TO
CURRENT CONV.

VOLTAGE TO
CURRENT CONV.

PNEUMATIC TO
CURRENT CONV.

CURRENT TO
PNEUMATIC CONV.

PNEUMATIC
OPERATOR

THREE-WAY
SELECTOR VALVE

PROPORTIONAL
CONTROL ACTION

INTEGRAL (RESET)
CONTROL ACTION

DERIVATIVE
CONTROL ACTION

TIME FUNCTION
CHARACTERIZER

UNSPECIFIED OR

@ NONLINEAR FUNCTION

CHARACTERIZER
@ QUOTATION
ITEM NUMBER

* MOUNTED ON THE
FRONT OF PANEL

REGULATED
PROCESS AIR

| F NORMALLY CLOSED

RELAY CONTACT
ANALOG SIGNAL
GENERATOR
ELECTRIC

MOTOR

HIGH SIGNAL
MONITOR

LOW SIGNAL
MONITOR

HIGH AND LOW
SIGNAL MONITOR

RESISTANCETO
VOLTAGE CONV.

CURRENT TO
VOLTAGE CONV.

PNEUMATIC TO
VOLTAGE CONV.

VOLTAGETO
PNEUMATIC CONV.

STEM ACTION
(GLOBE) VALVE

ROTARY ACTION
(BALL) VALVE

9
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cent; that is, 0 percent of measurement yields an output pressure of 3
psi or 20 kPa, 50 percent of measurement yields 9 psi or 60 kPa and 100
percent yields 15 psi or 100 kPa output. Electronic transmitters pro-
duce either voltage or current signal outputs. For instance, the output
of analog transmitters is commonly 4 to 20 mA dc.

Symbols

A set of symbols has been adopted to show instrumentation layouts and
to make these layouts more uniform. Once you become familiar with
these symbols, it will become easy to visualize the system.

At present, two sets of symbols are in use. One set is provided by
the Scientific Apparatus Makers Association (SAMA) and the other by
Instrument Society of America (ISA). In this book the ISA symbols
will be used where applicable. Figure 1-7 and Tables 1-2 and 1-3 de-
scribe the symbols and identification letters often used. If you are in-
volved in the preparation or use of instrument loop diagrams, it is
suggested that you obtain the publication that defines the standards
employed. A loop diagram must contain the information needed for
both engineering and construction. This includes identification, de-
scription, connections and location, as well as energy sources.

The Feedback Loop
The objective of a control system is to maintain a balance between
supply and demand over a period of time. As noted previously, supply

and demand are defined in terms of energy or material into (the manipu-

INSTRUMENT FOR SINGLE MEASURED VARIABLE

OIS TNS

INSTRUMENT INSTRUMENT INSTRUMENT
LOCALLY MOUNTED ON MOUNTED
MOUNTED BOARD BEHIND

BOARD

NSTRUMENT FOR TWO MEASURED VARIABLES @

Fig. 1-7. Instrument for measured variables.
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Table 1-3. Meanings of Identification Letters

FIRST LETTER SUCCEEDING LETTERS
Measured or Readout or
Initiating Passive Output
Variable Modifier Function Function Modifier
A Analysis Alarm
Burner flame User’s choice User’s choice User's choice
Conductivity Control
(electrical)
D Density (mass) Differential
or specific
gravity
E Voltage (EMF) Primary element
F Flow rate Ratio {fraction)
G Gaging Glass
(dimensional)
Hand (manually High
initiated)
I Current Indicate
(electrical)
J Power
X Time or time Control station
schedule
L Level Light (pilot) Low
M Moisture or Middle or inter-
humidity mediate
N User’s choice User’s choice User's choice User's choice
o User's choice Orifice
(restriction)
P Pressure or Point (test
vacuum connection)
Q Quantity or Integrate or
event totalize
Radioactivity Record or print
N Speed or Safety Switch
frequency
T Temperature Transmit
17 Multivariable Multifunction Multifunction Multifunction
v Viscosity Valve, damper,
or louver
w Weight or force Well
X Unclassified Unclassified Unclassified Unclassified
Y User’s choice Relay or compute
z Position Drive, actuate

or unclassified
final control
element
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C l - HOT WATER
COLD WATER

CONDENSATE

Fig. 1-8. Heat exchanger.

lated variable) and out of (the controlled variable) the process. The
closed-loop control system achieves this balance by measuring the de-
mand and regulating the supply to maintain the desired balance over
time.

The basic idea of a feedback control loop is most easily understood
by imagining what an operator would have to do if automatic control
did not exist. Figure 1-8 shows a common application of automatic
control found in many industrial plants: a heat exchanger that uses
steam to heat cold water. In manual operation, the amount of steam
entering the heat exchanger depends on the air pressure to the valve,
which is set on the manual regulator. To control the temperature manu-
ally, the operator would watch the indicated temperature, and by com-
paring it with the desired temperature, would open or close the valve to
admit more or less steam. When the temperature had reached the de-
sired value, the operator would simply hold that output to the valve to
keep the temperature constant. Under automatic control, the tempera-
ture controller performs the same function. The measurement signal to
the controller from the temperature transmitter is continuously com-
pared to the set-point signal entered into the controller. Based on a
comparison of the signals, the automatic controller can tell whether
the measurement signal is above or below the set point and move the
valve accordingly until the measurement (temperature) comes to its
final value.

The simple feedback control loop shown in Figure 1-9 illustrates
the four major elements of any feedback control loop.
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SET POINT

P4
CONTROLLED
SUPPLY _1; l——-’ PROCESS VARIABLE
FINAL ACTI

Fig. 1-9. Feedback control loop.

1. Measurement must be made to indicate the current value of the
variable controlled by the loop. Common measurements used in
industry include flow rate, pressure, level, temperature, analytical
measurements such as pH, ORP and conductivity; and many oth-
ers particular to specific industries.

2. For every process there must be a final actuator that regulates the
supply of energy or material to the process and changes the mea-
surement signal. Most often this is some kind of valve, but it might
also be a belt or motor speed, louver position, and so on.

3. The Kinds of processes found in industrial plants are as varied as
the materials they produce. They range from the commonplace,
such as loops to control flow rate, to the large and complex, such
as distillation columns in the petrochemical industry. Whether
simple or complex, they all consist of some combination of capac-
ity resistance and dead time.

4. The last element of the loop is the automatic controller. Its job is to
control the measurement. To ‘“‘control”” means to keep the mea-
surement at a constant, acceptable value. In this chapter, the
mechanisms inside the automatic controller will not be considered.
Therefore, the principles to be discussed may be applied equally
well to both pneumatic and electronic controllers and to the con-
trollers from any manufacturer. All automatic controllers use the
same general responses, although the internal mechanisms and the
definitions given for these responses may differ slightly from one
another.
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One basic concept is that for automatic feedback control to exist,
the automatic control loop must be closed. This means that information
must be continuously passed around the loop. The controller must be
able to move the valve, the valve must be able to affect the measure-
ment, and the measurement signal must be reported to the controller. If
this path is broken at any point, the loop is said to be open. As soon as
the loop is opened—for example, when the automatic controller is
placed on manual—the automatic unit in the controller is no longer able
to move the valve. Thus, signals from the controller in response to
changing measurement conditions do not affect the valve and automatic
control does not exist.

Feedback Control

Several principles associated with feedback control can be observed by
considering a familiar control situation—adjusting the temperature of
water in a bathtub. This is obviously a manually controlled system.
One hand feels the water in the tub while the other manipulates the
inflow to reach the desired temperature. If a thermometer were used to
measure the temperature, greater accuracy would result. Improved
measurement generally results in improved control.

The bathtub also illustrates the important effect of process capac-
ity. Capacity (Figure 1-2) is a measure of the amount of energy it takes
to change a system a unit amount; thermal capacity is Btu/°F, or the
amount of heat required to increase the temperature 1°F. Since the
bathtub has a large capacity, it can be controlled in any of several
ways—by partially filling the tub with cold water, for example, and
then adding enough hot water to reach the desired temperature; or by
mixing the hot and cold to get the same result. '

Controlling the Process

In performing the control function, the automatic controller uses the
difference between the set-point and the measurement signals to de-
velop the output signal to the valve. The accuracy and responsiveness
of these signals is a basic limitation on the ability of the controller to
control the measurement correctly. If the transmitter does not send an
accurate signal, or if there is a lag in the measurement signal, the ability
of the controller to manipulate the process will be degraded. At the
same time, the controller must receive an accurate set-point signal. In
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controllers using pneumatic or electronic set-point signals generated
within the controller, miscalibration of the set-point transmitter will
develop the wrong value. The ability of the controller to position the
valve accurately is yet another limitation. If there is friction in the
valve, the controller may not be able to move the valve to a specific
stem position to produce a specific flow, and this will appear as a
difference between measurement and set point. Repeated attempts to
position the valve exactly may lead to hunting in the valve and in the
measurement. Or, if the controller is able only to move the valve very
slowly, the ability of the controller to control the process will be de-
graded. One way to improve the response of control valves is to use a
valve positioner, which acts as a feedback controller to position the
valve at the exact position corresponding to the controller output sig-
nal. However, positioners should be avoided in favor of volume boo-
sters on fast-responding loops such as flow and liquid pressure.

For proper process control, the change in output from the control-
ler must be in such a direction as to oppose any change in the mea-
surement value. Figure 1-10 shows a direct-connected valve to control

CONTROLLER
e}y,
SPAN OF Fb(-r
MEASUREME i e INLET FLOW

L

LOAD
SN W T |
100 50 0
' * ‘ PERCENT OPENING OF VALVE
OUTLET
FLOW

Fig. 1-10. In proportional control, the controlling valve’s posmon is proportional to the
controlled variable (level).
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level in a tank at midscale. As the level in the tank rises, the float acts to
reduce the flow rate coming in. Thus, the higher the liquid level, the
more the flow will be reduced. In the same way, as the level falls, the
float will open the valve to add more liquid to the tank. The response of
this system is shown graphically. As the level moves from 0 to 100
percent, the valve moves from fully open to fully closed. The function
of an automatic controller is to produce this kind of opposing response
over varying ranges. In addition, other responses are available to con-
trol the process more efficiently.

Selecting Controller Action

Depending on the action of the valve, increases in measurement may
require either increasing or decreasing outputs for control. All control-
lers can be switched between direct and reverse action. Direct action
means that, when the controller sees an increasing signal from the
transmitter, its output will increase. For reverse action, increasing
measurement signals cause the controller output to decrease. To de-
termine which of these responses is correct, an analysis of the loop is
required. The first step is to determine the action of the valve.

In Figure 1-1, for safety reasons the valve must shut if there is a
failure in the plant air supply. Therefore, this valve must be air-to-
open, or fail-closed. Second, consider the effect of a change in mea-
surement. For increasing temperature, the steam flow to the heat ex-
changer should be reduced; therefore, the valve must close. To close
this valve, the signal from the automatic controller to the valve must
decrease. Therefore, this controller requires reverse, or increase/
decrease, action. If direct action is selected, increasing signals from the
transmitter will result in a larger steam flow, causing the temperature to
increase further. The result would be a runaway temperature. The
same thing will occur on any decrease in temperature, causing a falling
temperature. Incorrect selection of the action of the controller always
results in an unstable control loop as soon as the controller is put into
automatic.

Assuming that the proper action is selected on the controller, how
does the controller know when the proper output has been reached? In
Figure 1-10, for example, to keep the level constant, a controller must
manipulate the flow in to equal the flow out. Any difference will cause
the level to change. In other words, the flow in, or supply, must balance
the flow out, or demand. The controller performs its job by maintaining
this balance at a steady rate, and acting to restore this balance between
supply and demand whenever it is upset.
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Upsets

There are three conditions that require different flows to maintain the
level in the tank. First, if the position of the output hand valve is
opened slightly, more flow leaves the tank, causing the level to fall.
This is a change in demand, and to restore balance, the inlet flow valve
must be opened to supply a greater flow rate. A second type of unbal-
anced condition is a change in the set point. Maintaining any other level
besides midscale in the tank causes a different flow out. This change in
demand requires a different input valve position. The third type of
upset is a change in the supply. If the pressure output of the pump
increases, even though the inlet valve remains in the same position, the
increased pressure causes a greater flow, which at first causes the level
to begin to rise. Sensing the increased measurement, the level control-
ler must close the valve on the inlet to hold the level at a constant value.
In the same way, any controller applied to the heat exchanger shown in
Figure 1-1 must balance the supply of heat added by the steam with the
heat removed by the water. The temperature remains constant if the
flow of heat in equals the flow of heat out.

Process Characteristics and Controllability

The automatic controller uses changes in the position of the final ac-
tuator to control the measurement signal, moving the actuator to op-
pose any change it sees in the measurement signal. The controllability
of any process depends on the efficiency of the measurement signal
response to these changes in the controller output. For proper control,
the measurement should begin to respond quickly, but then not change
too rapidly. Because of the tremendous number of applications of au-
tomatic control, characterizing a process by what it does, or by indus-
try, is an almost hopeless task. However, all processes can be de-
scribed by the relationship between their inputs and outputs. Figure
1-11 illustrates the temperature response of the heat exchanger when
the control valve is opened by manually increasing the controller out-
put signal.

At first, there is no immediate response at the temperature indica-
tion. Then the temperature begins to change, steeply at first, then ap-
proaching a final, constant level. The process can be characterized by
the two elements of its response. The first element is the dead time, or
the time before the measurement begins to respond. In this example, a
delay arises because the heat in the steam must be conducted to the
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Fig. 1-11. Response of heat exchanger to step upset.

water before it can affect the temperature, and then to the transmitter
before the change can be seen. Dead time is a function of the physical
dimensions of a process and such things as belt speeds and mixing
rates. Second, the capacity of a process is the material or energy that
must enter or leave the process to change the measurements—for ex-
ample, the gallons necessary to change level, the Btu’s necessary to
change temperature, or the standard cubic feet of gas necessary to
change pressure. The measure of a capacity is its response to a step
input. Specifically, the size of a capacity is measured by its time con-
stant, which is defined as the time necessary to complete 63 percent of
its total response. The time constant is a function of the size of the
process and the rate of material or energy transfer. For this example,
the larger the tank and the smaller the flow rate of the steam, the longer
the time constant. These numbers can be as short as a few seconds, or
as long as several hours. Combined with dead time, they define the time
it takes the measurement signal to respond to changes in the valve
position. A process will begin to respond quickly, but then not change
too rapidly, if its dead time is small and its capacity is large. In short,
the larger the time constant of capacity compared to the dead time, the
better the controllability of the process.

Controller Responses

The first and most basic characteristic of the controller response has
been shown to be either direct or reverse action. Once this distinction
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has been made, several types of responses are used to control a pro-
cess. These are (1) on/off, two-position, control, (2) proportional ac-
tion, (3) integral action (reset), and (4) derivative action.

On/off Control

On/off control is illustrated in Figure 1-12 for a reverse-acting controller
and an air-to-close valve. An on/off controller has only two outputs,
either full maximum or full minimum. For this system, it has been
determined that, when the measurement falls below the set point, the
valve must be closed to cause it to increase. Thus, whenever the signal
to the automatic controller is below the set point, the controller output
will be 100 percent. As the measurement crosses the set point, the
controller output goes to 0 percent. This eventually causes the mea-
surement to decrease, and as the measurement again crosses the set
point, the output goes to maximum. This cycle will continue in-
definitely because the controller cannot balance the supply against the
load. This continuous oscillation may or may not be acceptable, de-
pending on the amplitude and length of the cycle. Rapid cycling causes
frequent upsets to the plant supply system and excessive valve wear.
The time of each cycle depends on the dead time in the process because
the dead time determines the time it takes for the measurement signal
to reverse its direction once it crosses the set point and the output of
the controller changes. The amplitude of the signal depends on how
rapidly the measurement signal changes during each cycle. On large
capacity processes, such as temperature vats, the large capacity causes
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Fig. 1-12. On-off control for reverse-acting controller and air-to-close valve.
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Fig. 1-13. Automatic controller with artificial signal.

a long time constant. Therefore, the measurement can change only
slowly. As a result, the cycle occurs within a very narrow band around
the set point, and this control may be quite acceptable, if the cycle is
not too rapid. The on/off control is the one used most frequently in
commercial and domestic installations. However, if the process mea-
surement is more responsive to changes in the supply, the amplitude
and frequency of the cycle begins to increase. At some point, this cycle
will become unacceptable and some form of proportional control will
be required.

In order to study the remaining three modes of automatic control,
open-loop responses will be used. Open-loop means that only the re-
sponse of the controller will be considered. Figure 1-13 shows an auto-
matic controller with an artificial signal from a manual regulator intro-
duced as the measurement. The set point is introduced normally and
the output is recorded. With this arrangement, the specific controller
responses to any desired change in measurement can be observed.

Proportional Action

Proportional response is the basis for the three-mode controller. If the
other two, integral and derivative are present, they are added to the
proportional response. ‘‘Proportional’’ means that the percent change
in the output of the controller is some multiple of the percent change in
the measurement.

This multiple is called the ‘“‘gain’’ of the controller. For some con-
trollers, proportional action is adjusted by such a gain adjustment,
while for others a ‘‘proportional band”’ adjustment is used. Both have
the same purposes and effect. (See Appendix for table showing the
controller adjustments from one manufacturer to another.) Figure 1-14
illustrates the response of a proportional controller from an input/
output pointer pivoting on one of three positions. With the pivot in the
center between the input and the output graph, 100 percent change in
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Fig. 1-14. Response of proportional controller, input to output, for three proportional
band values.

measurement is required to obtain 100 percent change in output, or full
valve travel. A controller adjusted to respond in this way is said to have
a 100 percent proportional band. When the pivot is moved to the right-
hand position, the measurement input would need to change by 200
percent in order to obtain full output change from 0 to 100 percent. This
is called a 200 percent proportional band. Finally, if the pivot were in
the left-hand position, and if the measurement moved over only 50
percent of the scale, the output would change over 100 percent of the
scale. This is called a 50 percent proportional band. Thus, the smaller
the proportional band, the smaller amount the measurement must
change to cause full valve travel. In other words, the smaller the pro-
portional band, the greater the output change for the same size mea-
surement change. This relationship is illustrated in Figure 1-15. This
graph shows how the controller output will respond as a measurement
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Fig. 1-15. Proportional diagram.
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deviates from set point. Each line on the graph represents a particular
adjustment of the proportional band. Two basic properties of propor-
tional control can be observed from this graph:

1. For every value of proportional band, whenever the measurement
equals the set point, the normal output is 50 percent.

2. Each value of the proportional band defines a unique relationship
between measurement and output. For every measurement value
there is a specific output value. For example, using the 100 percent
proportional band line, whenever the measurement is 25 percent
above the set point, the output from the controller must be 25
percent. The output from the controller can be 25 percent only if
the measurement is 25 percent above the set point. In the same
way, whenever the output from the controller is 25 percent, the
measurement will be 25 percent above the set point. In short, there
is one specific output value for every measurement value.

For any process control loop, only one value of the proportional
band is the best. As the proportional band is reduced, the controlier
response to any change in measurement becomes increasingly greater.
At some point, depending on the characteristic of each particular pro-
cess, the response in the controller will be large enough to drive the
measurement back so far in the opposite direction as to cause constant
cycling of the measurement. This proportional band value, known as
the ultimate proportional band, is a limit on the adjustment of the
controller in that loop. On the other hand, if too wide a proportional
band is used, the controller response to any change in measurement is
too small and the measurement is not controlled as tightly as possible.
The determination of the proper proportional band for any application
is part of the tuning procedure for that loop. Proper adjustment of the
proportional band can be observed by the response of the measurement
to an upset. Figure 1-16 shows several examples of varying the propor-
tional band for the heat exchanger.

Ideally, the proper proportional band will produce one-quarter am-
plitude damping, in which each half cycle is one-half the amplitude of
the previous half cycle. The proportional band that will cause one-
quarter wave damping will be smaller, thereby yielding tighter control
over the measured variable, as the dead time in the process decreases
and the capacity increases.

One consequence of the application of proportional control to the
basic control loop is offset. Offset means that the controller will main-
tain the measurement at a value different from the set point. This is
most easily seen in Figure 1-10. Note that if the load valve is opened,
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Fig. 1-16. Examples of varying proportional band for heat exchanger.

flow will increase through the valve and the valve would have to open.
But note that, because of the proportional action of the linkage, the
increased open position can be achieved only at a lowered level. Stated
another way, in order to restore balance between the flow in and the
flow out, the level must stabilize at a value below the set point. This
difference, which will be maintained by the control loop, is called
offset, and is characteristic of the application of proportional-only con-
trol to feedback loops. The acceptability of proportional-only control
depends on whether this offset can be tolerated. Since the error neces-
sary to produce any output decreases with the proportional band, the
narrower the proportional band, the less the offset. For large capacity,
small dead time applications accepting a very narrow proportional
band, proportional-only control will probably be satisfactory, since the
measurement will remain within a small percentage band around the set
point.

If it is essential that there be no steady state difference between
measurement and set point under all load conditions, an additional
function must be added to the controller. This function is called integral
action (an older term is reset).

Integral Action (Reset)

The open-loop response of the integral mode is shown in Figure 1-17,
which indicates a step change in the artificial measurement away from
the set point at some instant in time. As long as the measurement
remains at the set point, there is no change in the output due to the
integral mode in the controller. However, when any error exists be-
tween measurement and set point, the integral action will cause the
output to begin to change and continue to change as long as the error
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Fig. 1-17. Open-loop response of integral mode.

exists. This function, then, causes the output to change until the proper
output is achieved in order to hold the measurement at the set point at
various loads. This response is added to the proportional response of
the controller as shown in Figure 1-17. The step change in the mea-
surement first causes a proportional response, and then an integral
response, which is added to the proportional. The more integral action
there is in the controller, the more quickly the output changes due to
the integral response. The integral adjustment determines how rapidly
the output changes as a function of time. Among the various controllers
manufactured, the amount of integral action is measured in one of two
ways—either in minutes per repeat, or the number of repeats per min-
ute. For controllers measuring integral action in minutes per repeat,
the integral time is the amount of time necessary for the integral mode
to repeat the open-loop response caused by proportional mode, for a
step change in error. Thus, for these controllers, the smaller the inte-
gral number, the greater the action of the integral mode. On controllers
that measure integral action in repeats per minute, the adjustment indi-
cates how many repeats of the proportional action are generated by the
integral mode in one minute. Table 12-1 (p. 300) relates the controller
adjustments from one manufacturer to another. Thus, for these control-
lers, the higher the integral number, the greater the integral action.
Integral time is shown in Figure 1-18. The proper amount of integral
action depends on how fast the measurement can respond to the addi-
tional valve travel it causes. The controller must not drive the valve
faster than the dead time in the process allows the measurement to
respond, or the valve will reach its limits before the measurement can
be brought back to the set point. The valve will then remain in its
extreme position until the measurement crosses the set point, where-
upon the controller will drive the valve to its opposite extreme, where it
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Fig. 1-18. Open-loop response of proportional plus integral modes.

will remain until the measurement crosses the set point in the opposite
direction. The result will be an integral cycle in which the valve travels
from one extreme to another as the measurement oscillates around the
set point. When integral action is applied in controllers on batch pro-
cesses, where the measurement is away from the set point for long
periods between batches, the integral may drive the output to its maxi-
mum, resulting in ‘‘integral wind-up.”” When the next batch is started,
the output will not come off its maximum until the measurement
crosses the set point, causing large overshoots. This problem can be
prevented by including a ‘‘batch function’’ in the controller, a function
specifically designed to prevent ‘‘wind-up.”’

Derivative Action

The third response found on controllers is the derivative mode.
Whereas the proportional mode responds to the size of the error and
the integral mode responds to the size and time duration of the error,
the derivative mode responds to how quickly the error is changing. In
Figure 1-19, two derivative responses are shown. The first is a response
to a step change of the measurement away from the set point. For a
step, the measurement is changing infinitely fast, and the derivative
mode in the controller causes a considerable change or spike in the
output, which dies immediately because the measurement has stopped
changing after the step. The second response shows the response of the
derivative mode to a measurement that is changing at a constant rate.
The derivative output is proportional to the rate of change of this error.
The greater the rate of change, the greater the output due to the deriva-



26 FEEDBACK PROCESS CONTROL

% MEASUREMENT | _/—
% OUTPUT | I
B TivE

(/D)

Fig. 1-19. Two derivative responses.

tive response. The derivative holds this output as long as the measure-
ment is changing. As soon as the measurement stops changing, regard-
less of whether it is at the set point, above or below it, the response due
to derivative action will cease. Among all brands of controllers, deriva-
tive response is commonly measured in minutes, as shown in Figure
1-20. The derivative time in minutes is the time that the open-loop,
proportional-plus-derivative response, is ahead of the response due to
proportional action alone. Thus, the greater the derivative number, the
greater the derivative response. Changes in the error are the result of
changes in either the set point or the measurement, or both. To avoid a
large output spike caused by step changes in the set point, most mod-
ern controllers apply derivative action only to ehanges in the measure-
ment. Derivative action in controllers helps to control processes with
especially large time constants. Derivative action is unnecessary on
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Fig. 1-20. Open-loop response of proportional plus derivative modes.
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processes that respond fairly quickly to valve motion, and cannot be
used at all on processes with noise in the measurement signal, such as
flow, since the derivative in the controller will respond to the rapid
changes in measurement it seées in the noise. This will cause large and
rapid variations in the controller output, which will keep the valve
constantly moving up and down, wearing the valve and causing the
measurement to cycle.

As previously described, the response of an element is commonly
expressed in terms of a time constant, defined as the time that will
elapse until an exponential curve reaches 63.2 percent of a step change
in input. Although the transmitter does not have an exact exponential
response, the time constant for the pneumatic temperature transmitter
and its associated thermal system is approximately 2 seconds.

The reaction curve shown in Figure 1-21 incorporates the response
of the heat exchanger and measuring system, and it represents the
signal that will actually reach the controller. This curve indicates that,
given a sudden change inside the heat exchanger, more than 30 seconds
will elapse before the controller receives a signal that is a true represen-
tation of that change. From the reaction curve, or characteristic, we
can determine the type of controller required for satisfactory control
under this difficult, but common, delayed response characteristic.

Selecting the Controller

The heat exchanger acts as a small-capacity process; that is, a small
change in steam can cause a large change in temperature. Accurate
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Fig. 1-21. The process reaction curve is obtained by imposing a step change at input.
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regulation of processes such as this calls for proportional rather than
on/off control. '

Variations in water rate cause load changes that produce offset, as
described previously. Thus, the integral mode should also be used.

Whether or not to include the derivative mode requires additional
investigation of the process characteristic. Referring to the reaction
curve (Figure 1-19), notice that the straight line tangent to the curve at
the point of inflection is continued back to the 150°F or 66°C (starting)
level. The time interval between the start of the upset and the intersec-
tion of the tangential line is marked T ,; the time interval from this point
to the point of inflection is T. If T exceeds T, some derivative action
will prove advantageous. If Ty is less than T,, derivative action may
lead to instability because of the lags involved.

The reaction curve of Figure 1-21 clearly indicates that some de-
rivative will improve control action. Thus, a three-mode controller with
proportional, integral, and derivative modes satisfies the needs of the
heat exchanger process.

Figure 1-22 shows the combined proportional, integral, and deriva-
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Fig. 1-22. Open-loop response of three-mode controller.
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tive responses to a simulated-heat exchanger temperature measurement
that deviates from the set point due to a load change. When the mea-
surement begins to deviate from the set point, the first response from
the controller is a derivative response proportional to the rate of change
of measurement that opposes the movement of the measurement away
from the set point. This derivative response is combined with the pro-
portional response. In addition, as the integral mode in the controller
sees the error increase, it drives the valve further still. This action
continues until the measurement stops changing, at which point the
derivative response ceases. Since there is still an error, the measure-
ment continues to change due to integral action, until the measurement
begins to move back toward the set point. As soon as the measurement
begins to move back toward the set point, there is a derivative response
proportional to the rate of change in the measurement opposing the
return of the measurement toward the set point. The integral response
continues, because there is still error, although its contribution de-
creases with the error. Also, the output due to proportional is changing.
Thus, the measurement comes back toward the set point. As soon as
the measurement reaches the set point and stops changing, derivative
response again ceases and the proportional output returns to 50 per-
cent. With the measurement back at the set point, there is no longer any
changing response due to integral action. However, the output is at a
new value. This new value is the result of the integral action during the
time that the measurement was away from the set point, and compen-
sates for the load change that caused the original upset.

Conclusion

This chapter has described the responses of a three-mode controller
when it is used in the feedback control of industrial measurements. The
reader should have a clear understanding of the following points:

1. In order to achieve automatic control, the control loop must be
closed. .

2. In order to maintain a stable feedback control loop, the most im-
portant adjustment to the controller is the selection of the proper
action, either reverse or direct, on the controller. Proper selection
of this action will cause the controller output to change in such a
way that the movement of the valve will oppose any change in the
measurement seen by the controller.

3. The proper value of the settings of the proportional band, the in-
tegral mode, and derivative time depends on the characteristics of
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the process. The proportional band is the basic tuning adjustment on
the controller. The more narrow the proportional band, the more
the controller reacts to changes in the measurement. If too narrow
a proportional band is used, the measurement cycles excessively.
If too wide a proportional band is used, the measurement will
wander and the offset will be too large.

The function of the integral mode is to eliminate offset. If too much
integral action is used, the result will be an oscillation of the mea-
surement as the controller drives the valve from one extreme to the
other. If too little integral action is used, the measurement will
return to the set point too slowly.

The derivative mode opposes any change in the measurement. Too
little derivative action has no significant effect. Too much deriva-
tive action causes excessive response of the controller and cycling
in the measurement.

Questions

1-1. All control systems that fit into the usual pattern are:

a. Open-loop ¢. Closed-loop
b. Nonself-regulating d. On/off

1-2. If operating properly, automatic control will always:

1-

a. Reduce manpower

b. Reduce costs

¢. Make the process operate more uniformly
d. Decrease maintenance

3. Automatic controllers operate on the difference between set point and

measurement, which is called:

1-

1-

a. Offset c. Error
b. Bias d. Feedback

4. A two-position controller (on/off) always:
a. Controls with a fixed offset

b. Controls around a point

¢. Automatically adjusts its integral time

d. Requires precise tuning

5. Gain and proportional bands are:

a. Reciprocally related

b. Two different control modes

¢. Adjusted independently of one another

d. Controller functions calibrated in time units
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1-6. When we adjust integral time in a controller:
a. We determine an RC time constant in the controller’s internal feedback
path
b. We adjust the time it will take for integral to equal derivative
c. We set the process time constant so that it will always equal 1
d. What happens specifically depends on the type of controller, pneumatic
or electronic

1-7. Match the following:

Controller, two-position —___ a. Gain
Derivative b. Rate
Deviation c. Integral
Final-controlling element ____ d. Controller, on/off
Proportional band e. Valve

adjustment ____ f. Desired value
Regulated by control valve ___ g. Manipulated variable
Reset h. Error
Set point

1-8. A proportional controller will have an offset difference between set
point and control point:
a. At all times
b. Equal to the proportional band setting
¢. That depends upon process load
d. That will eventually vanish

1-9. If it were possible for a proportional controller to have a true 0 percent
proportional band, the controller gain would have to be:
a. Unity _ c. 100
b. 0 d. Infinite

1-10. If the proportional band of the controller is adjusted to minimum
possible value, the control action is likely to be:

a. On/off ¢. Excellent

b. With maximum offset d. Inoperative

1-11. The following symbol @ appears in an instrument diagram. It
represents a:
a. Flow rate controller ¢. Frequency converter
b. Fixed control point d. Final control element

1-12. With a proportional-only controller if measurement equals set point, the
output will be:

a. 0 ¢. 50 percent

b. 100 percent d. Impossible to define

1-13. If in a proportional-plus-integral controller measurement is away from
the set point for a long period, the controller’s output will be:
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a.
b.
c.
d.

1-14.
a.
b.

1-15.
a.
b.
c.
d.

0 or 100 percent, depending on action selected

Unknown

0

100 percent

In the modern controller, derivative action is applied only to the:
Error ¢. Set point
Measurement d. Integral circuit

The function of the integral (reset) mode is to:

Oppose change in measurement
Automatically adjust the controller’s gain
Eliminate offset

Stabilize the control loop



Process/Pressure Measuring
Instruments

Pressure is a universal processing condition. It is also a condition of life
on this planet: we live at the bottom of an atmospheric ocean that
extends upward for many miles. This mass of air has weight, and this
weight pressing downward causes atmospheric pressure. Water, a fun-
damental necessity of life, is supplied to most of us under pressure. In
the typical process plant, pressure influences boiling point tempera-
tures, condensing point temperatures, process efficiency, costs, and
other important factors. The measurement and control of pressure, or
lack of it—vacuum—in the typical process plant is critical. Instruments
are available to measure a wide range of pressures. How these instru-
ments function is the subject of this chapter.

What Is Pressure?

Pressure is force divided by the area over which it is applied. Pressure
is often defined in terms of ‘‘head.’’ For example, assume that we have
a water column 1 foot square and 23 feet tall. We want to find the
pressure in the bottom of the column. The weight of the column may be
calculated by first finding the volume of water. This is the area of the

33
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base multiplied by height, or 1 times 23 equals 23 cubic feet. Water
weighs 62.43 pounds per cubic foot. So the weight of 23 cubic feet will
be 23 times 62.43, or 1,435.89 pounds. The area of the base is 1 square
foot, or 12 inches times 12 inches, or 144 square inches. The pressure
equals 1,434.89 divided by 144 equals 9.9715, or approximately 10
pounds per square inch. In practice, we find that only the height of the
water counts. It may be present in a small pipe or beneath the surface
of a pond. In any case, at a depth of 23 feet, the pressure will amount to
approximately 10 pounds per square inch. If in your home the water
pressure is 50 pounds per square inch and the system uses a gravity
feed, the water tank, or reservoir, holds the water at a height of 50
divided by 10, or 5 times 23 equals 115 feet above the point where the
pressure measurement is made. Head and pressure, then, may mean
the same thing. We must be able to convert from one to the other. You
may encounter reference to inches of mercury for pressure measure-
ment. Mercury is 13.596 times as heavy as an equal volume of water.
Therefore, a head of mercury exerts a pressure 13.596 times greater than
an equivalent head of water. Because it is hazardous, mercury no
longer is used commonly in manometers.

The head or pressure terms cited thus far are called, collectively,
‘‘gauge pressure.”’ For example, if a tire gauge is used to check the
pressure in your automobile tires, it measures gauge pressure. Gauge
pressure makes no allowance for the fact that on earth we exist under a
head of air, or an atmosphere. The height of this head of air varies with
elevation, and also to some degree with weather conditions. If you ride
an elevator from the bottom to the top floor of a tall building, you will
likely feel your ears ‘‘pop.”’ This is caused by the change in atmos-
pheric pressure. ,

A simple method of measuring atmospheric pressure would be to
take a length of small diameter (0.25 inches) glass tubing about 35
inches long, sealed at one end. Fill the tube entirely with mercury and
temporarily seal the end. Invert this end into a deep dish of mercury
and remove the seal. The result will be a column of mercury as shown
in Figure 2-1 with some space remaining at the top. Atmospheric
pressure on the surface of the exposed mercury will balance the height
of mercury in the tube and prevent it from running out of the tube. The
height of the mercury above the level in the dish is, then, a measure of
atmospheric pressure. At sea level, this would amount to approxi-
mately 29.9 inches, or 14.7 pounds per square inch. When the effect of
the atmosphere is included in our measurement, we then must use
absolute pressure (gauge pressure plus atmospheric pressure).
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Fig. 2-1. Mercury barometer.

Units of Measurement

Every major country has adopted its own favorite units of measure-
ment. The United States has traditionally employed the English sys-
tem. However, international trade has made it necessary to standardize
units of measurement throughout the world. Fortunately, during this
standardization, there has been rationalization of the measurement sys-
tem. This has led to the adoption of the System International d’ Unites
(SI), a metric system of units. The force of common usage is so strong
that the familiar English system will undoubtedly persist for many
years, but the changeover is definitely underway. The time will soon
come when process industries will deal exclusively with SI units.

Pressure Measurement

Perhaps the area that has caused the most concern in the change to SI
units is pressure measurement. The new unit of pressure, the pascal, is
unfamiliar even to those who have worked in the older CGS (centime-
tre, gram, second) metric system. Once it is accepted and understood,
it will lead to a great simplification of pressure measurement from the
extremes of full vacuum to ultrahigh pressure. It will reduce the multi-
plicity of units now common in industry to one standard that is compati-
ble with other measurements and calculations. To understand the pas-
cal and its relationship to other units of pressure measurement, we
must return to a basic understanding of pressure.
As noted previously, pressure is force per unit area.
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From Newton’s laws, force is equal to mass times acceleration. In
the English system, the distinction between mass and force became
blurred with common usage of terms such as weight and mass. We live
in an environment in which every object is subject to gravity. Every
object is accelerated toward the center of the earth, unless it is re-
strained. The force acting on each object is proportional to its mass. In
everyday terms this force is called the weight of the object.

W=m-G
where:
W = weight of the object
= its mass

G = acceleration due to gravity

Because gravity on the earth’s surface is roughly constant, it has
been easy to talk about a weight of 1 pound and a mass of 1 pound
interchangeably. However, in fact, force and mass, as quantities, are as
different as apples and pears, as the astronauts have observed. A num-
ber of schemes have been devised to overcome this problem. For ex-
ample, a quantity called the pound-force was invented and made equal
to the force on a mass of one pound under a specified acceleration due
to gravity. The very similarity between these two units led to more
confusion. The pascal, by its definition, removes all these problems. -

The Pascal

The SI unit of pressure is defined as the pressure or stress that arises
when a force of one newton (N) is applied uniformly over an area of one
square metre (m?). This pressure has been designated one pascal (Pa).

Thus, Pa = N/m?. This is a small unit, but the kilopascal (KPa),
1,000 pascals, and the megapascal (MPa), one million pascals, permit
easy expression of common pressures. The definition is simple, be-
cause gravity has been eliminated. The pascal is exactly the same at
every point, even on the moon, despite changes in gravitational accel-
eration.

In ST units, the unit of force is derived from the basic unit for mass,
the kilogram (kg), and the unit of acceleration (metres per second per
second, m/s?). The product of mass times acceleration is force and is
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designated in newtons. One newton would be the force of one kilogram
accelerating at one metre per second per second (N = kg - m/s?).

Bar versus Pascal

After the introduction of SI units, the use of the ‘‘bar’’ (10°Pa) gained
favor, especially in European industry, where it closely resembles the
CGS unit of kg/cm? (kilograms per square centimetre). At that time, the
SI unit was called the ‘‘newton per square metre.”” As well as being
quite a mouthful, it was found to be inconveniently small (one N/m?
equals 0.000145 psi). The use of the millibar in meteorology lent weight
to the acceptance of the bar. However, the use of a multiple like (10%) in
such an important measurement and the resulting incompatibility of
stress and pressure units led to the adoption of the N/m?, giving it a new
name, the pascal (Pa), in October 1971. The kilopascal (kPa), 1,000
pascals, equals 0.145 psi and most common pressures are thus ex-
pressed in kPa. The megapascal (mPa) equals 145 psi and is convenient
for expressing high pressures.

Gauge, Absolute, and Differential Pressure

The pascal can be used in exactly the same way as the English or CGS
metric units. The pascal may be regarded as a ‘‘measuring gauge,’’ the
size of which has been defined and is constant. This gauge can be used
to measure pressure quantities relative to absolute vacuum. Used in
this way, the results will be in pascal (absolute). The gauge may also be
used to measure pressures relative to the prevailing atmospheric
pressure, and the results will be pascal (gauge). If the gauge is used to
measure the difference between pressures, it becomes pascal (differen-
tial).

The use of gauge pressure is extremely important in industry, since
it is a measure of the stress within a vessel and the tendency of fluids to
leak out. It is really a special case of differential pressure measurement,
inside versus outside pressure. Where there is any doubt about whether
a pressure is gauge, differential, or absolute, it should be specified in
full. However, it is common practice to show gauge pressure without
specifying, and to specify by saying ‘‘absolute’’ or ‘‘differential’’ only
for absolute or differential pressures. The use of ‘‘g’’ as in psig is
disappearing, and the use of ‘‘a’’ as in psia is frowned upon. Neither g
nor a is recognized in SI unit symbols. However, AP is recognized for
differential pressure in all units.
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Understanding the Effects of Gravity

Before discussing the effects of gravity on pressure measurement, it is
well to keep in mind the size of error that can arise if gravity is regarded
as constant.

The *““‘standard’’ gravitational acceleration is 9.806650 m/s2. This is
an arbitrary figure selected as a near average of the actual acceleration
due to gravity found all over the earth. The following are typical values
at different places:

Melbourne (Australia) 9.79966 m/s?
Foxboro (USA) 9.80368 m/s?
Soest (The Netherlands) 9.81276 m/s?

Hence the difference around the world is approximately +0.1 per-
cent from the average. This is of little practical importance in industrial
applications. However, with some transmitters being sold with a rated
accuracy of +0.25 percent, it is well to consider the effect of a gravity-
induced difference of more than half the tolerance that can arise if the
transmitter was calibrated in Europe and tested in Australia.

Gravity-Dependent Units

Units such as psi, kg/cm?, inches of water, and inches of mercury (Hg)
are all gravity dependent. The English unit pounds per square inch (psi)
is the pressure generated when the force of gravity acts on a mass of
one pound distributed over one square inch. Consider a dead weight
tester and a standard mass of one pound which is transported around
the earth’s surface: the pressure at each point on the earth will vary as
the gravitational acceleration varies. The same applies to units such as
inches of water and inches of mercury. The force at the bottom of each
column is proportional to the height, density, and gravitational acceler-
ation.

Dead weight testers are primary pressure standards. They generate
pressure by applying weight to a piston that is supported by a fluid,
generally oil or air. By selecting the weights and the cross-sectional
area of the piston, the pressure generated in any gravity field can be
calculated. Therefore, dead weight testers are gravity dependent. For
accurate laboratory work, the gravity under which the tester was cali-
brated and that at the place of use must be taken into account. Similarly,
the pressure obtained by a certain height of fluid in a manometer de-
pends on density and gravity. These factors must be corrected for the
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existing conditions if precision results are to be obtained. Factors given
in the conversion tables in the Appendix, it should be noted, deal with
units of force, not weight. Dead weight testers will be discussed in
more detail later in this chapter.

Gravity-Independent Units

While gravity plays no part in the definition of the pascal, it has the
same value wherever it is measured. Units such as pounds-force per
square inch and kilogram-force per square centimetre are also indepen-
dent of gravity because a specific value of gravitational acceleration
was selected in defining these units.

Under equal gravity conditions, the pound-mass and pound-force
are numerically equal (which is the cause of considerable confusion).
Under nonstandard gravity conditions (the usual case), correction fac-
tors are required to compensate for the departure from standard. It
should be noted that the standard value of actual gravity acceleration is
not recognized as such in the SI unit system, where only the SI unit of
acceleration of one metre per second per second is used. In the future,
only the measured actual gravity at the location of measurement (G)
will be used when gravity plays a part in the system under investiga-
tion. The pascal is a truly gravity-independent unit and will be used to
avoid the presently confusing question of whether a stated quantity is
gravity dependent.

Pressure Standards

Now let us consider the calibration standards that are employed with
pressure-measuring instruments and the basic instruments that are used
to measure pressure. It may help to look at the ways in which the
standards for pressure calibration are established. You will recall that
head is the same as pressure. A measure of head, then, can be a de-
pendable measure of pressure. Perhaps the oldest, simplest, and, in
many respects, one of the most accurate and reliable ways of measur-
ing pressure is the liquid manometer. Figure 2-2 shows a differential
manometer. When only a visual indication is needed and static
pressures are in a range that does not constitute a safety hazard, a
transparent tube is satisfactory. When conditions for the visual ma-
nometer are unsuitable, a variety of float-type liquid manometers are
often employed.
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PRESSURE

Low
PRESSURE

Fig. 2-2. Simple U-tube manometer.

The simplest differential gauge is the liquid-filled manometer: it is
basic in its calibration and free of frictional effects. It is often used to
calibrate other instruments. The most elementary type is the U-gauge,
which consists of a glass tube bent in the form of a U, or two straight
glass tubes with a pressure connection at the bottom. When a differen-
tial pressure is applied, the difference between the heights of the two
columns of liquid is read on a scale graduated in inches, millimetres, or
other units. In the more advanced designs, vertical displacement of one
side of the manometer is suppressed by using a chamber of large sur-
face area on that side. Figure 2-3 shows such a manometer. If the area
ratio is in the vicinity of 1,600 to 1, the displacement in the large
chamber becomes quite small and the reading on the glass tube will
become extremely close to true inches or true millimetres. The large
side would have to be of infinite area for the reading in the glass tube to
be exact. This problem is sometimes overcome with a special calibra-
tion of the scale. However, if the glass tube becomes broken and must
be replaced, the scale must be recalibrated.

A more common and quite reliable design features a zeroing gauge
glass as shown in Figure 2-4. The scale may be adjusted to zero for each
differential pressure change, and the reading may be taken from a scale
graduated in actual units of measurement after rezeroing. The filling

Low
» PRESSURE

HIGH
PRESSURE

Fig. 2-3. Well or reservoir manometer.
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Fig. 2-4. Well manometer with zeroing adjustment.

liquid is usually water or mercury, or some other stable fluid especially
compounded by the manometer manufacturers for use with their prod-
uct. Incline manometer tubes, such as those shown in Figure 2-5, will
give magnified readings, but must be made and mounted carefully to
avoid errors due to the irregularities of the tube. It is also essential that
the manometers be precisely positioned to avoid errors due to level.

Still other types of manometers for functions other than simple
indication, including those used with high pressure and hazardous
fluids, employ a float on one leg of the manometer. When reading a
manometer, there are several potential sources of error. One is the
effect of gravity, and another is the effect of temperature on the mate-
rial contained within the manometer. Correction tables are available
which provide the necessary correction for the conditions under which
the manometer is to be read. Perhaps even more important is the
meniscus correction (Figure 2-6). A meniscus surface should always be
read at its center—the bottom, in the case of water, and the top, in the
case of mercury. To be practical, gravity and temperature corrections
are seldom made in everyday work, but the meniscus correction, or
proper reading, must always be taken into account.
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Fig. 2-5. Inclined manometer.
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LIQUID DOES NOT WET
GLASS (MERCURY)

Fig. 2-6. Reading a manometer.

The dead weight tester is shown in Figure 2-7. The principle of a
dead weight is similar to that of a balance. Gravity acts on a calibrated
weight, which in turn exerts a force on a known area. A known
pressure then exists throughout the fluid contained in the system. This
fluid is generally a suitable oil. Good accuracy is possible, but requires
that several factors be well established: (1) the piston area; (2) the
weight precision; (3) gravity corrections for the weight if the measure-
ment is to be made in an elevation quite different from the original
calibration elevation; (4) buoyancy, since as each weight displaces its
volume of air, the air weight displaced should also be taken into consid-
eration; (5) the absence of friction; (6) head of transmitting fluid and (7)
operation technique (the weight should be spun to eliminate frictional
effect); unless the instrument being calibrated and the tester are at
precisely the same level, the head of material can contribute an appre-
ciable error. Perhaps the most important part of the procedure is to
keep the piston floating. This is accomplished generally by spinning the
weight platform.

WEIGHT
-

DEAD WEIGHT
TESTER

Fig. 2-7. Ranges 30 psi and up: increase pressure with crank until pressure supports an
accurately known weight. An accurate test gauge may be used with hydraulic pump in a
similar setup.
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A properly operated dead weight tester should have a pressure
output accurate to a fraction of a percent (actually, 0.1 percent of its
calibration or calibrated reading).

Still another type of dead weight tester is the pneumatic dead
weight tester. This is a self-regulating primary pressure standard. An
accurate calibrating pressure is produced by establishing equilibrium
between the air pressure on the underside of the ball against weights of
known mass on the top. A diagram of an Ametek pneumatic tester is
shown in Figure 2-8. In this construction, a precision ceramic ball is
floated within a tapered stainless steel nozzle. A flow regulator intro-
duces pressure under the ball, lifting it toward the annulus between the
ball and the nozzle. Equilibrium is achieved as soon as the ball begins
to lift. The ball floats when the vented flow equals the fixed flow from
the supply regulator. This pressure, which is also the output pressure,
is proportional to the weight load. During operation, the ball is centered
with a dynamic film of air, eliminating physical contact between the ball
and the nozzle. When weights are added or removed from the weight
carrier, the ball rises or drops, affecting the air flow. The regulator
senses the change in flow and adjusts the pressure beneath the ball to
bring the system into equilibrium, changing the output pressure accord-
ingly. Thus, regulation of output pressure is automatic with change of
weight mass on the spherical piston or ball. The pneumatic dead weight
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Fig. 2-8. Pneumatic tester. Courtesy of AMETEK Mfg. Co.
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tester has an accuracy of +0.1 of 1 percent of indicated reading. It is
commonly used up to a maximum pressure of 30 psi or 200 kPa gauge.

Plant Instruments That Measure Pressure Directly

Thus far in this chapter we have been concerned with the definition of
pressure, and some of the standards used have been described. In the
plant, manometers and dead weight testers are used as standards for
comparison and calibration.

The working instruments in the plant usually include simple me-
chanical pressure gauges, precision pressure recorders and indicators,
and pneumatic and electronic pressure transmitters. A pressure trans-
mitter makes a pressure measurement and generates either a pneumatic
or electrical signal output that is proportional to the pressure being
sensed. We will discuss transmitters in detail later in this chapter. Now
we will deal with the basic mechanical instruments used for pressure
measurement, how they operate and how they are calibrated. When the
amount of pressure to be measured is very small, the following instru-
ments might be used.

Bell Instrument

This instrument measures the pressure difference in the compartment
on each side of a bell-shaped chamber. If the pressure to be measured is
gauge pressure, the lower compartment is vented to atmosphere. If the
lower compartment is evacuated, the pressure measured will be in
absolute units. If the differential pressure is to be measured, the higher
pressure is applied to the top of the chamber and the lower pressure to
the bottom.

The bell chamber is shown in Figure 2-9. Pressure ranges as low as
0 to 1 inch (0 to 250 Pa) of water can be measured with this instrument.
Calibration adjustments are zero and span. The difficulty in reading a
manometer accurately to fractions of an inch are obvious, yet the ma-
nometer is the usual standard to which the bell differential instrument is
calibrated. The bell instrument finds applications where very low
pressures must be measured and recorded with reasonable accuracy.

Slack or Limp-Diaphragm

The slack or limp-diaphragm instrument is used when very small
pressures are to be sensed. The most common application of this gauge
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Fig. 2-9. Bell instrument.

is measurement of furnace draft. The range of this type instrument is
from 0 to 0.5 inches (125 Pa) of water to 0 to 100 inches (25 kPa) of
water above atmospheric pressure.

To make this instrument responsive to very small pressures, a large
area diaphragm is employed. This diaphragm is made of very thin,
treated nonporous leather, plastic, or rubber, and requires an ex-
tremely small force to deflect it. A spring is always used in combination
with the diaphragm to produce a deflection proportional to pressure.
Let us assume the instrument shown in Figure 2-10 is being used to
measure pressure. The low-pressure chamber on the top is vented to the
atmosphere. The pressure to be measured is applied to the high-pressure
chamber on the bottom. This causes the diaphragm to move upward. It

LINK_TO
FLAT POINTER

SPRING
L ]D

///////////

DIAPHRAGM

Fig. 2-10. Slack or limp-diaphragm instrument.
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will move until the force developed by pressure on the diaphragm is
equal to that applied by the calibrated spring. In the process of achiev-
ing balance, the lever attached to the diaphragm is tipped and this"
motion transmitted by the sealed link to the pointer. This instrument is
calibrated by means of zero and span adjustments. The span adjust-
ment allows the ridged connection to the spring to be varied, thus
changing the spring constant. The shorter the spring the greater the
spring constant; thus, a greater force is required to deflect it. As the
spring is shortened, a higher pressure is required for full deflection of
the pointer. The zero adjustment controls the spring’s pivot point,
thereby shifting the free end of the calibrated spring and its attached
linkages. Turning the zero adjustment changes the pointer position on
the scale, and it is normally adjusted to read zero scale with both the
high and low pressure chambers vented to the atmosphere. If pressure
. is applied to both the high- and low-pressure chambers, the resultant
reading will be in differential pressure. This instrument is extremely
sensitive to overrange, and care should be taken to avoid this problem.
The other long-term difficulty that can develop is damage to the dia-
phragm. The diaphragm may become stiff, develop leaks, or become
defective, which results in error. These difficulties may be observed by
periodically inspecting the diaphragm.

Pressure Gauges

In the process plant, we frequently find simple pressure gauges scat-
tered throughout the process and used to measure and indicate existing
pressures. Therefore, it is appropriate to devote some attention to the
operation of a simple pressure gauge.

The most common of all the pressure gauges utilizes the Bourdon
tube. The Bourdon tube was originally patented in 1840. In his patent,
Eugene Bourdon stated: ‘‘I have discovered that if a thin metallic tube
be flattened out then bent or distorted from a straight line, it has the
property of changing its form considerably when exposed to variations
of internal or external pressure. An increase of internal pressure tends
to bring the tube to a straight cylindrical form, and the degree of
pressure is indicated by the amount of alteration in the form of the
tube.”’

Figure 2-11A shows such a tube. As pressure is applied internally,
the tube straightens out and returns to a cylindrical form. The excur-
sion of the tube tip moves linearly with internal pressure and is
converted to pointer position with the mechanism shown. Once the
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Fig. 2-11. (A) Bourdon tube. (B) Typical pressure gauge.

internal pressure is removed, the spring characteristic of the material
returns the tube to its original shape.

If the Bourdon tube is overranged, that is, pressure is applied to the
point where it can no longer return to its original shape, the gauge may
take a new set and its calibration becomes distorted. Whether the gauge
can be recalibrated depends on the extent of the overrange. A severely
overranged gauge will be ruined, whereas one that has been only
slightly overranged may be recalibrated and reused.

Most gauges are designed to handle approximately 35 percent of
the upper range value as overrange without damage. Typically, a gauge
will exhibit some amount of hysteresis, that is, a difference due to
pressure moving the tube in the upscale direction versus the spring
characteristic of the tube moving it downscale. A typical gauge may
also exhibit some amount of drift, that is, a departure from the true
reading due to changes over a long period in the physical properties of
the materials involved. All of these sources of error are typically in-
cluded in the manufacturer’s statement of accuracy for the gauge. A
typical Bourdon tube gauge, carefully made with a Bourdon tube that
has been temperature-cycled or stress-relieved, will have an accuracy
of =1 percent of its upper range value. A carefully made test gauge will
have an accuracy of +0.25 to 0.50 percent of its upper range value. The
range of the gauge is normally selected so that it operates in the upper
part of the middle third of the scale.
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In addition to the gauges used for visual observations of pressure
throughout the plant, the typical instrument shop will have a number of
test gauges which are used as calibration standards. The gauge must be
vertical to read correctly. A typical pressure gauge is shown in Figure
2-11 B.

Liquid or Steam Pressure Measurement

When a liquid pressure is measured, the piping is arranged to prevent
entrapped vapors which may cause measurement error. If it is impossi-
ble to avoid entrapping vapors, vents should be provided at all high
points in the line.

When steam pressure is measured, the steam should be prevented
from entering the Bourdon tube. Otherwise, the high temperature may
damage the instrument. If the gauge is below the point of measurement,
a ““siphon’’ (a single loop or pigtail in a vertical plane) is provided in the
pressure line to the gauge. A cock is installed in the line between the
loop and the gauge. In operation, the loop traps condensate, preventing
the steam from entering the gauge.

Seals and Purges

If the instrument is measuring a viscous, volatile, corrosive, or ex-
tremely hot or cold fluid, the use of a pressure seal or a purge is
essential to keep the fluid out of the instrument. Liquid seals are used
with corrosive fluids. The sealing fluid should be nonmiscible with the
measured fluids. Liquid purges are used on hot, viscous, volatile, or
corrosive liquids, or liquids containing solids in suspension. The purg-
ing liquid must be of such a nature that the small quantities required (in
the order of 1 gph) (4 litres per hour) will not injure the product or
process. Mechanical seals will be described in detail later in this chap-
ter.

Pulsation Dampener

If the instrument is intended for use with a fluid under pressure and
subject to excessive fluctuations or pulsations, a deadener or damper
should be installed. This will provide a steady reading and prolong the
life of the gauge.

Two other elements that use the Bourdon principle are the spiral
(Figure 2-12) and helical (Figure 2-13). The spiral and helical are, in
effect, multitube Bourdon tubes. Spirals are commonly used for
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Fig. 2-12. Spiral. Fig. 2-13. Helical.

pressure ranges up to 0 to 200 psi or 1.4 MPa, and helicals are made to
measure pressures as high as 0 to 80,000 psi or 550 MPa. The higher the
pressure to be measured, the thicker the walls of the tubing from which
the spiral or helical is constructed. The material used in the construc-
tion may be bronze, beryllium copper, stainless steel, or a special Ni-
Span C alloy. Spirals and helicals are designed to provide a lever mo-
tion of approximately 45 degrees with full pressure applied. If this
motion is to be translated into pen or pointer position, it is common
practice to utilize a four-bar linkage, and this necessitates a special
calibration technique. If, instead of measuring gauge pressure, it is
necessary to read absolute pressure, the reading must make allowances
for the pressure of the atmosphere. This may be done by utilizing an
absolute double spiral element. In this element, two spirals are used.
One is evacuated and sealed; the second has the measured pressure
applied.

The evacuated sealed element makes a correction for atmospheric
pressure as read on the second element. Thus, the reading can be in
terms of absolute pressure, which is gauge plus the pressure of the
atmosphere, rather than gauge.

An absolute double spiral element of this type may be used to
measure pressures up to 100 psi or 700 Kpa absolute. This element is
shown in Figure 2-14.

Metallic Bellows

A bellows is an expandable element made up of a series of folds or
corrugations called convolutions (Figure 2-15). When internal pressure
is applied to the bellows, it expands. Because a sizable area is involved.
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Fig. 2-14. Absolute double spiral.

the applied pressure develops a sizable force to actuate an indicating or
recording mechanism. (In some instruments, the bellows is placed ina
sealed can and the pressure is applied externally to the bellows. The
bellows will then compress in a fashion similar to the expansion just
described. Such an arrangement is shown in Figure 2-16).

A variety of materials are used to fabricate bellows, including
brass, beryllium copper, copper nickel alloys, phospher bronze, Monel,
steel, and stainless steel. Brass and stainless steel are the most com-
monly used. Metallic bellows are used from pressure ranges of a few

RECEIVER URIT

Fig. 2-15. Bellows receiver unit.
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Fig. 2-16. Bellows in sealed can.

ounces to many pounds per square inch. A bellows will develop many
times the power available from a helical, spiral, or Bourdon tube.

A bellows is typically rated in terms of its equivalent square inch
area. To create a linear relationship between the excursion of the bel-
lows and the applied pressure, it is common practice to have the bel-
lows work in conjunction with a spring, rather than with the spring
characteristic of the metal within the bellows itself. Each bellows and
spring combination has what is called a spring rate. The springs used
with the bellows are usually either helical or spiral. Typically, the
spring rate of the helical spring is ten times or more that of the bellows
material itself.

Using a spring with a bellows has several advantages over relying
on the spring characteristics of the bellows alone. The calibration pro-
cedure is simplified, since adjustments are made only on the spring.
Initial tension becomes zero adjustment and the number of active turns
becomes span adjustment. A spring constructed of stable material will
exhibit long-term stability that is essential in any component.

. When a measurement of absolute pressure is to be made, a special
mechanism employing two separate bellows may be used. It consists of
a measuring bellows and a compensating bellows, a mounting support,
and an output lever assembly (Figure 2-17). The measuring and com-
pensating bellows are fastened to opposite ends of the fixed mounting
support: the free ends of both bellows are attached to a movable plate
mounted between them. The motion of this movable plate is a measure
of the difference in pressure between the two bellows.
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Fig. 2-17. Absolute pressure bellows.

Since the compensating bellows is completely evacuated and
sealed, this motion is a measure of pressure above vacuum, or absolute
pressure applied to the measuring bellows. This movable plate is at-
tached to the output lever assembly which, in turn, is linked to the
instrument pen, or pointer.

In many applications, the bellows expands very little, and the force
it exerts becomes its significant output. This technique is frequently
employed in force-balance mechanisms which will be discussed in
some detail in Chapter 8.

Pressure Transmitters
Signal Transmissions

In the process plant, it is impractical to locate the control instruments
out in the plant near the process. It is also true that most measurements
are not easily transmitted from some remote location. Pressure mea-
surement is an exception, but if a high pressure measurement of some
dangerous chemical is to be indicated or recorded several hundred feet
from the point of measurement, a hazard will be created. The hazard
may be from the pressure and/or from the chemical carried in the line.

To eliminate this problem, a signal transmission system was devel-
oped. In process instrumentation, this system is usually either pneuma-
tic (air pressure) or electrical. Because this chapter deals with pressure,
the pneumatic, or air pressure system, will be discussed first. Later it
will become evident that the electrical transmitters perform a similar
function.
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Using the transmission system, it will be possible to install most of
the indicating, recording, and control instruments in one location. This
makes it practical for a minimum number of operators to run the plant
efficiently.

When a transmission system is employed, the measurement is con-
verted to a pneumatic signal by the transmitter scaled from 0 to 100
percent of the measured value. This transmitter is mounted close to the
point of measurement in the process. The transmitter output—air
pressure for a pneumatic transmitter—is piped to the recording or con-
trol instrument. The standard output range for a pneumatic transmitter
is 3 to 15 psi, 20 to 100 kPa; or 0.2 to 1.0 bar or kg/cm?. These are the
standard signals that are almost universally used.

Let us take a closer look at what this signal means. Suppose we
have a field-mounted pressure transmitter that has been calibrated to a
pressure range of 100 psi to 500 psi (689.5 to 3447.5 kPa).

When the pressure being sensed is 100 psi (69 kPa), the transmitter
is designed to produce an output of 3 psi air pressure (or the approxi-
mate SI equivalent 20 kPa). When the pressure sensed rises to 300 psi
(2068.5 kPa), or midscale, the output will climb to 9 psi, or 60 kPa, and at
top scale, 500 psi (3447.5 kPa), the signal output will be 15 psi, or 100
kPa.

This signal is carried by tubing, usually Y4-inch copper or plastic, to
the control room, where it is either indicated, recorded, or fed into a
controller.

The receiving instrument typically employs a bellows element to
convert this signal into pen or pointer position. Or, if the signal is fed to
a controller, a bellows is also used to convert the signal for the use of
the controller. The live zero makes it possible to distinguish between
true zero and a dead instrument.

The top scale signal is high enough to be useful without the possibil-
ity of creating hazards.

Pneumatic Recorders and Indicators

Pressure recorders and indicators were described earlier in this chap-
ter. Pneumatic recorders and indicators differ only in that they always
operate from a standard 3 to 15 psi or 20 to 100 kPa signal. The
indicator scale, or recorder chart, may be labeled 0 to 1,000 psi. This
would represent the pressure sensed by the measuring transmitter and
converted into the standard signal that is transmitted to the receiver.
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The receiver converts. the signal into a suitable pen or pointer position.
Because the scale is labeled in proper units, it is possible to read the
measured pressure.
A typical pneumatic indicator is shown in Figure 2-18 (top) and its
operation may be visualized by studying Figure 2-18 (bottom, right).
The input signal passes through an adjustable needle valve to pro-
vide damping, then continues to the receiver bellows. This bellows,
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Fig. 2-18. Pneumatic indicator.
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acting in expansion, moves a force plate. A spring opposing the bellows
provides zero and span adjustments. Regulating the amount of spring
used (its effective length) provides a span adjustment. Setting the initial
tension on the spring provides a zero adjustment.

The force plate is connected to a link that drives the pointer arbor
assembly. Changing the length of the link by turning the nut on the link
provides an angularity adjustment. The arm connecting the pointer and
the arbor is a rugged crushed tube designed to reduce torsional effects.
A takeup spring is also provided to reduce mechanical hysteresis.
Overrange protection is provided to prevent damage to the bellows or
pointer movement assembly for pressures up to approximately 30 psi or
about 200 kPa.

A pneumatic recorder also uses a receiver bellows assembly as
shown in Figure 2-19 (top). This receiver provides an unusually high
torque due to an effective bellows area of 1.1 square inches.

The input signal first passes through an adjustable damping restric-
tor. The output of this signal is the input to the receiver bellows assem-
bly. The receiver consists of a heavy duty impact extruded aluminum
can containing a large brass bellows working in compression. The large
effective area of the bellows assures an extremely linear pressure-to-
pen position relationship. The motion, created by the input signal, is
picked up by a conventional link and transferred to an arbor. Calibra-
tion is easily accomplished by turning zero, span, and angularity ad-
justments on this simple linkage system. All calibration adjustments are
accessible through a door (Figure 2-19) on the side of the instrument
and may be made while instrument is in operation. The arm intercon-
necting the pen and the arbor incorporates a rugged tubular member to
reduce torsional effects and takeup spring to reduce mechanical hys-
teresis. Overrange protection is provided to prevent damage to the
bellows or pen movement assembly for pressures up to 30 psi or about
200 kPa.

Mechanical Pressure Seals

Application

A sealed pressure system is used with a pressure measuring instrument
to isolate corrosive or viscous products, or products that tend to sol-
idify, from the measuring element and its connective tubing.

Definition
A sealed pressure system consists of a conventional pressure measur-
ing element or a force-balance pressure transmitter capsule assembly
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connected, either directly or.by capillary tubing, to a pressure seal as
seen in Figure 2-20. The system is solidly filled with a suitable liquid
transmission medium.

The seal itself may take many forms, depending on process condi-
tions, but consists of a pressure sensitive flexible member, the dia-
phragm, functioning as an isolating membrane, with a suitable method of
attachment to a process vessel or line.

Principle of Operation

Process pressure applied to the flexible member of the seal assembly
forces some of the filling fluid out of the seal cavity into the capillary
tubing and pressure measuring element, causing the element to expand
in proportion to the applied process pressure, thereby actuating a pen,
pointer, or transmitter mechanism. A sealed pressure system offers
high resolution and rapid response to pressure changes at the dia-
phragm. The spring rate of the flexible member must be low when com-
pared with the spring rate of the measuring element to ensure that the
fill volume displacement will full stroke the measuring element for the
required pressure range. A low-diaphragm spring rate, coupled with
maximum fill volume displacement, is characteristic of the ideal sys-
tem.

Fig. 2-20. Seal connected to 6-inch pressure gauge.
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A sealed pressure system is somewhat similar to a liquid-filled
thermometer, the primary differences being a flexible rather than rigid
member at the process, and no initial filling pressure. The flexible
member of the seal should ideally accommodate any thermal expansion
of the filling medium without perceptible motion of the measuring ele-
ment. A very stiff seal member, such as a Bourdon tube, combined with
a low-pressure (high-volume change) element, will produce marked
temperature effects from both varying ambient or elevated process
temperatures.

The Foxboro 13DMP Series pneumatic d/p Cell transmitters with
pressure seals (Figure 2-21) measure differential pressures in ranges of
0 to 20 to 0 to 850 inches of water or 0 to 5 to 0 to 205 kPa at static
pressures from full vacuum up to flange rating. They transmit a propor-
tional 3 to 15 psi or 20 to 100 kPa or 4 to 20 mA dc signal to receivers
located up to several hundred yards or meters from the point of mea-
surement.

Fig. 2-21. Seals connected to differential pressure transmitter.
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Filling Fluids

Ideally, the filling fluid used in a sealed pressure system should be
noncompressible, have a high-boiling point, a low-freezing point, a low
coefficient of thermal expansion, and low viscosity. It should be nonin-
jurious to the diaphragm and containing parts, and should not cause
spoilage in the event of leakage. Silicone-based liquid is the most popu-
lar filling fluid.

The system is evacuated before the filling fluid is introduced. The
system must be completely filled with fluid and free from any air poc-
kets that would contract or expand during operation, resulting in er-
roneous indications at the pen or pointer or in an output signal. The
degree of accuracy of any filled pressure system depends on the perfec-
tion of the filling operation.

Calibration Techniques

The procedure for calibration of a pressure instrument consists of com-
paring the reading of the instrument being calibrated with a standard.
The instrument under calibration is then adjusted or manipulated to
make it agree with the standard. Success in calibration depends not
only on one’s ability to adjust the instrument, but on the quality of the
standard as well.

Field Standards

Field standards must be reasonably convenient to use and must satisfy
the accuracy requirements for the instrument under calibration. A 100-
inch water column, for example, is extremely accurate but not practical
to set up out in the plant. For practical reasons, we find that most field
standards are test gauges. The test gauge is quite similar, in most cases,
to the regular Bourdon gauges. However, more care has gone into its
design, construction, and calibration, making it very accurate. A good
quality test gauge will be accurate to within +0.25 percent of its span.
This is adequate for most field use.

Under some conditions, a manometer may be used in the field. This
usually occurs when a low-pressure range is to be calibrated and no
other suitable standard is readily available.

Portable Pneumatic Calibrator

All of the ingredients required to perform a calibration have been com-
bined into a single unit called a portable pneumatic calibrator. This unit
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Fig. 2-22. Portable pneumatic calibration. Courtesy of Wallace & Tiernan.

contains an accurate pressure gauge or standard, along with a pressure
regulator and suitable manifold connections. The portable pneumatic
calibrator will accurately apply, hold, regulate, and measure gauge
pressure, differential pressure, or vacuum. The gauge case may be
evacuated to make an absolute pressure gauge. The pointer in the
operation of the gauge in this calibrator differs in that it makes almost
two full revolutions in registering full scale, providing a scale length of
45 inches. This expanded scale makes the gauge very easy to read.

The calibrator is available in seven pressure ranges (SI unit
ranges). Of these, three are sized for checking 3 to 15 psi or 20 to 100
kPa pneumatic transmission instrumentation. The calibrator is shown
in both picture and schematic form in Figures 2-22 and 2-23. The air
switching arrangement makes it possible to use the calibrator as both a
source or signal and a precise gauge for readout. This portable pneu-
matic calibrator is manufactured by Wallace and Tiernan, Inc., Belle-
ville, New Jersey.

Force-Balance Pneumatic Pressure Transmitter

A pneumatic pressure transmitter senses a pressure and converts that
pressure into a pneumatic signal that may be transmitted over a reason-
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VENT

Fig. 2-23. Connections for different pressure readouts (courtesy of Wallace & Tiernan):
For Gauge Pressure: test pressure is applied to the capsule through the appropriate P
connection; the case is open to atmosphere through S.

For Differential Pressure: high-test pressure is applied to the capsule through the
appropriate P connection. Low-test pressure is applied to the case through S.

For Absolute Pressure: test pressure is applied to the capsule through the appropriate P
connection and the case is continuously subjected to full vacuum through S.

For Vacuum: the capsule is open to atmosphere through connection P; the case is
connected to test vacuum at S.

For Positive and Negative Pressures: test pressure is applied to the capsule through the
appropriate P connection and the case is open to atmosphere through S.

able distance. A receiving instrument is then employed to convert the
signal into a pen or pointer position or a measurement input signal to a
controller. The Foxboro Model 11GL force-balance pneumatic
pressure transmitter is an example of a simple, straightforward device
that performs this service (Figure 2-24). Before its operation is dis-
cussed, the operation of two vital components must be described: the
flapper and the nozzle, or detector; and the pneumatic amplifier, or
relay. These two mechanisms are found in nearly every pneumatic
instrument.

The flapper and nozzle unit converts a small motion (position) or
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Fig. 2-24. Model 11GM pressure transmitter is a force-balance instrument that
measures pressure and transmits it as a proportional 3 to 15 psi or 20 to 100 kPa
pneumatic signal.

force into an equivalent (proportional) pneumatic signal. Flapper
movement of only six ten-thousandths of an inch (0.0015 cm) will
change the nozzle pressure by 0.75 psi or 5.2 kPa. This small pressure
change applied to the pneumatic amplifier or relay becomes an
amplified change of 3 to 15 psi or 20 to 100 kPa in the amplifier output.

Let us take a closer look at the operation of the amplifier or relay.
It is shown in a cross-sectional view in Figure 2-25.

Pneumatic Relay

A relay is a pneumatic amplifier. Like its electronic counterpart, the
function of the relay is to convert a small change in the input signal (an
air pressure signal) to a large change in the output signal. Typically, a 1
psi or 7 kPa change in input will produce approximately a 12 psi or 80
kPa change in output.

The supply enters the relay through a port on the surface of the
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Fig. 2-25. Cross-sectional view of amplifier.

instrument on which the relay is mounted. The input signal (nozzle
pressure) enters the relay through another port and acts on the dia-
phragm. Since the diaphragm is in contact with a stem valve, the two
move in unison.

As the input signal increases, the stem pushes against a ball valve
which in turn moves a flat spring, allowing the supply of air to enter the
relay body. Further motion of the stem valve causes it to close off the
exhaust port. Thus, when the input pressure increases, the stem
(exhaust) valve closes and the supply valve opens; when the input
decreases, the stem valve opens and the supply valve closes. This
varies the pressure to the output.

Principle of Operation

The 11GM Pneumatic Transmitter (Figure 2-24) is a force-balance in-
strument that measures pressure and transmits it as a proportional 3 to
15 psi pneumatic signal (20 to 100 kPa).

The pressure is applied to a bellows, causing the end of the bellows
to exert a force (through a connecting bracket) on the lower end of the
force bar. The metal diaphragm is a fulcrum for the force bar. The force
is transmitted through the flexure connector to the range rod, which
pivots on the range adjustment wheel.

Any movement of the range rod causes a minute change in the
clearance between the flapper and nozzle. This produces a change in
the output pressure from the relay to the feedback bellows until the
force of the feedback bellows balances the pressure on the measure-
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ment bellows. The output pressure which is established by this balance
is the transmitted signal and is proportional to the pressure applied to
the measurement bellows.

If the pressure to be measured is high, such as 5,000 psi or 35 MPa,
a different sensing element is employed. ’

The pressure being measured is applied to a Bourdon tube. This
pressure tends to straighten the tube and causes a horizontal force to be
applied to the lower end of the force bar. The diaphragm seal serves as
both a fulcrum for the force bar and as a seal for the pressure chamber.
The force is transmitted through a flexure connector to the range rod,
which pivots on the range adjustment wheel.

Any movement of the range rod causes a minute change in the
clearance between the flapper and nozzle. This produces a change in
the output pressure from the relay to the feedback bellows until the
force in the bellows balances the force created by the Bourdon tube.

The output pressure, which establishes the force-balancing, is the
transmitted pneumatic signal that is proportional to the pressure being
measured. This signal is transmitted to a pneumatic receiver to record,
indicate, or control.

The calibration procedure for this transmitter is the same as for the
low pressure transmitter, but the calibration pressure is developed with
a dead weight tester. For safety, oil or liquid, never air, should be used
for high pressure calibrations.

Pressure measurements found in some applications require that
absolute, rather than gauge pressure, be determined. To handle these
applications, the absolute pressure transmitter may be used.

Absolute Pressure Transmitter

The pressure being measured is applied to one side of a diaphragm in a
capsule. The space on the other side of the diaphragm is evacuated,
thus providing a zero absolute pressure reference (Figure 2-26).

The pressure exerts a force on the diaphragm that is applied to the
lower end of the force bar. The diaphragm seal serves both as a fulcrum
for the force bar and as a seal for the pressure chamber. The force is
transmitted through the flexure connector to the range bar, which
pivots on the range adjustment wheel.

Any movement of the range bar causes a minute change in the
clearance between the flapper and nozzle. This produces a change in
the output pressure from the relay (Figure 2-26) to the feedback bellows
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until the force in the bellows balances the force on the diaphragm

capsule.

The output pressure, which establishes the force-balance, is the
transmitted pneumatic signal, which is proportional to the absolute
pressure being measured. This signal is transmitted to a pneumatic
receiver to record, indicate, or control.

Questions

2-1. An ordinary commercial Bourdon gauge has a scale of 0 psi to 250 psi,

and an accuracy of = 1 percent of span. If the gauge reads 175 psi, within

what maximum and minimum values will the correct pressure fall?

a. 174 to 176 psi
b. 172.5to 177.5 psi

2-2. A manometer, read carefully:
a. Always has zero error

¢. 176.5 to 178.5 psi
d. 179 to 180 psi

b. Has an error caused by the 11qu1d’s impurity unless corrected
¢. May have an error caused by temperature and gravity effects on the

various components and so on.

d. Has an error that varies only with altitude
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2-3. Absolute pressuré is:
a. Gauge pressure plus atmospheric pressure
b. Gauge pressure less atmospheric pressure
¢. Gauge pressure plus atmospheric pressure divided by two
d. Always referenced to a point at the peak of Mt. Washington, NH

2-4. The pressure at the bottom of a pond where it is exactly 46 feet deep
will be:
a. 100 psi c. 20 psi
b. 46 psi d. 20 psi absolute

2-5. The advantages of making absolute pressure measurements rather than
gauge are:
a. Greater accuracy
b. Eliminates errors introduced by barometric variations
¢. Is more indicative of true process conditions
d. Is more related to safety than gauge pressure

2-6. A bellows element is used as a receiver for a 3 to 15 psi pneumatic
signal and by error a 30-psi pressure is applied to it. The result will be:
a. A damaged bellows
b. An instrument in need of recalibration
¢. No damage
d. A severe zero shift

2-7. A pressurev instrument is calibrated from 100 to 600 psi. The span of this
instrument is:

a. 600 c. 500
b. 100 d. 400

2-8. Instruments that measure pressure are generally classified as:
a. nonlinear ¢. free of hysteresis
b. linear d. none of the above

2-9. When reading a manometer, it is good practice to:
a. Read at the bottom of the meniscus
b. Read at the top of the meniscus
c. Read at the center of the meniscus
d. Carefully estimate the average of the meniscus

2-10. If a pressure range of 0 to 1 inch of water is to be measured and
recorded, an instrument capable of doing this would be:

a. A bellows ¢. A Bourdon tube

b. A bell with a liquid seal d. A mercury manometer

2-11. When measuring a pressure that fluctuates severely:
a. A large-capacity tank should be installed
b. A pulsation dampener should be employed
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c. No problem is created
d. Read the peak and minimum and divide by two to obtain the true
pressure

2-12. A measurement of absolute pressure is to be made using a mechanism
employing two separate bellows. Measurement is applied to one bellows and
the other:

a. Is sealed at an atmospheric pressure of 14.7 psi

b. Is completely evacuated and sealed

c. Contains alcohol for temperature compensation

d. Has an active area twice that of the measuring bellows and is sealed at a

pressure twice atmospheric

2-13. The danger of having a high-pressure line carrying a dangerous
chemical rupture in the control room is:

a. Eliminated by using special duty piping

b. Ignored

¢. Eliminated through the use of a transmission system

d. Minimized by placing the line within a protective barrier

2-14. The standard pneumatic transmission signal most generally used in the
United States is:

a. 3to27 psi ¢. 3to 15 psi

b. 10 to 50 psi d. 2to 12 psi

2-15. A sealed pressure system:
a. Is similar in some ways to a liquid-filled thermometer
b. Seals the process material in the instrument
¢. Must be used at a fixed temperature
d. Is always used with manual temperature compensation

2-16. A pneumatic relay:
a. Is a set of electrical contacts pneumatically actuated
b. Is a signal booster
c. Is a pneumatic amplifier
d. Contains a regulator actuated by a bellows

2-17. When the clearance between flapper and nozzle changes by 0.0006
inches the output of the transmitter will change by:

a. 3 psi c. 12 psi

b. 15 psi d. 6 psi

2-18. An instrument is to be calibrated to measure a range of 0 to 6,000 psi.
For such a calibration:

a. oil or liquid should be used

b. Air must be used

c. An inert gas such as nitrogen is required

d. Any source of high pressure is acceptable
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2-19. The kilopascal (kPa), an SI unit of pressure:
a. Is always equivalent to psi X 6.895
b. Is gravity dependent
c. Is a force of 1.000 newtons (N) applied uniformly over an area of one
square metre
d. Changes substantially from place to place

2-20. A pneumatic pressure transmitter is calibrated to a pressure range of
100 to 500 psi. The signal output is 10.2 psi. What is the measured pressure in

psi?
a. 272 psi ¢. 267 psi
b. 340 psi d. 333 psi

2-21. A viscose line is located 100 feet from the control room where a record
of line pressure must be made. The maximum pressure is approximately 85
psi. Select the instrumentation that can handle this job:
a. A sealed system with 100 feet of capillary connected to a special
element in a recording instrument.
b. A sealed system connected to a nearby pneumatic transmitter sending a
signal to a pneumatic receiving recorder
c. A direct connected spiral element recorder
d. A pneumatic transmitter directly connected to the line

2-22. A pressure recorder reads 38 psi and the barometer reads 30.12 inches
of mercury. The absolute pressure is

a. 23.21 psi absolute ¢. 52.79 psi absolute
b. 68.12 psi absolute d. 38 psi absolute
2-23. The lowest ranges of pressure may be measured by
a. a water column ¢. a bell meter
b. a bellows d. a slack or limp-diaphragm

2-24. A slack diaphragm indicator is to be calibrated 0 to 1 inch of water. The
standard would likely be:

a. a water column

b. a column of kerosene

¢. a mercury-filled inclined manometer

d. a water-filled inclined manometer



Level and Density Measurements

Level Measurement Methods

The typical process plant contains many tanks, vessels, and reservoirs.
Their function is to store or process materials. Accurate measurement
of the contents of these containers is vital. The material in the tanks is
usually liquid, but occasionally it may consist of solids.

Initially, level measurement appears to present a simple problem.
However, a closer look soon reveals a variety of problems that must be
resolved. The material may be very corrosive; it may tend to solidify; it
may tend to vaporize; it may contain solids; or it may create other
difficulties.

The common methods employed for automatic continuous liquid
level measurements are as follows (see also Table 3-1):
Float-and-cable
Displacement (buoyancy)

Head (pressure)
Capacitance
Conductance
Radiation (nucleonic)
Weight

Ultrasonic

Thermal

eEAFMBE LD

(3



70 FEEDBACK PROCESS CONTROL

Table 3-1. Liquid Level Measurement

Closed or
Available Upper Open Condition
Method Range Values Tank of Liquid
Bubble tube 10 in to 250 ft Open Any type including
0.25t0 75 m corrosive or dirty
Diaphragm 4 in to 250 ft Open Clean
box 0.1t0 75 m
Head Pressure 2 in to many ft. Open Any type with proper
50 mm to many metres selection
Diff. Pressure S in to many ft. Both Any type with proper
0.25 to many metres selection
Displacement 6in to 12 ft Both Any type with proper
(buoyancy) 0.15t0 3.6 m selection
Float-and- 3 in to 50 ft. Open Any type
Cable 75 mm to 15 m
Weight Inches to Feet Both Any type
mm to m
Depends on Tank Dim.
Radiation Wide Both Any type
(nucleonic)
Capacitance Wide Both Nonconductive
Ultrasonic Wide Both Any type
Conductance One or more Points Both Conductive

Float-and-Cable

A float-and-cable or float-and-tape instrument (Figure 3-1) measures
liquid level by transmitting to a mechanism the rise and fall of a float
that rides on the surface of the liquid. Mechanisms are available to
accommodate level variations ranging from a few inches to many feet.
Float-and-cable devices are used primarily in open tanks, whereas float
level switches may be designed to operate in a pressurized tank.

Float devices have the advantage of simplicity and are insensitive
to density changes. Their major disadvantage is their limitation to rea-
sonably clean liquids. Turbulence may also create measurement prob-
lems. The float and cable technique does not lend itself to the transmit-
ter concept as well as do some of the following techniques.
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FLOAT AND
CABLE RECORDER,
SINGLE DRUM

Fig. 3-1. Float-and-cable recorder.

Displacement (Buoyancy)

The displacement, or buoyancy, technique is a type of force-balance
transmitter (Figure 3-2). It may be used to measure liquid level, inter-
face, or density by sensing the buoyant force exerted on a displacer by
the liquid in which it is immersed. The buoyant force is converted by a
force-balance pneumatic or electronic mechanism to a proportional 3 to
15 psi, 20 to 100 kPa, 4 to 20 mA/dc or 10 to 50 mA/dc signal.

Fig. 3-2. Buoyancy type level measuring transmitter.
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Archimedes’ principle states that a body immersed in a liquid will
be buoyed upward by a force equal to the weight of the liquid dis-
placed. The displacer element is a cylinder of constant cross-sectional
area and heavier than the liquid displaced. It must be slightly longer
than the level change to be measured (Figure 3-3). Since the displacer
must accurately sense the buoyant force throughout the full range of
measurement, displacer lengths and diameters will vary according to
the particular process requirements.

The formula to determine the buoyant force span for liquid level
applications is as follows:

F=v (%) ®so)

where:
f = buoyant force span (Ibf or N)

V = total displacer volume (cubic inches or cubic centimeters)
Lw = working length of displacer (inches or millimeters)

L = total displacer length (inches or millimeters)

B = a constant (weight of unit volume of water) (0.036 1b%in?

or 9.8 x 1073 N/cm?
SG = specific gravity of the liquid

The minimum buoyant force span for the buoyancy level transmit-
ters is 1.47 pounds-force or 6.7 newtons. The maximum mass of the
displacer-plus-hanger cable must not exceed 12 pounds or 5.4 kilo-
grams (or buoyant force span X 6, whichever is smaller).

For a cylindrical displacer, the formula for the volume is:

(1)

Fig. 3-3, Buoyancy type level transmitter installation.
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In the above formula, as well as the sizing of displacers, the working
volume considered is limited to the cylindrical volume of the displacer
and does not include the volume of the dished end pieces or hanger
connection.

Unless certain precautions are taken, buoyancy transmitters are
not recommended for extremely turbulent process conditions. The tur-
bulence may cause the displacer to swing erratically, resulting in un-
predictable measurement effects or physical damage to the displacer,
transmitter, or vessel. In such cases, some form of displacer contain-
ment should be used.

Buoyancy transmitters may be applied readily to glass-lined ves-
sels, vessels in which a lower connection is not permissible or possible,
density applications with fluctuating pressures or levels, and high-
temperature service. Interface level measurement may be accom-
plished by permitting the interface level to vary over the length of the
displacer.

f =V (B) (§G diff)
SG diff = SG lower liquid minus the SG upper liquid

Head or Pressure

Measurement of head, or pressure, to determine level is the most
common approach. The ways in which level may be determined by
measuring pressure are many and varied. Some of the more common
techniques are presented here.

Bubble Tube Method

In the air purge, or bubble tube system (Figure 3-4), liquid level is
determined by measuring the pressure required to force a gas into the
liquid at a point beneath the surface. In this way, the level may be
obtained without the liquid entering the piping or instrument.

A source of clean air or gas is connected through a restriction to a
bubble tube immersed a fixed depth in the tank. The restriction reduces
the air flow to a minute amount, which builds up pressure in the bubble
tube until it just balances the fluid pressure at the end of the bubble
tube. Thereafter, pressure is kept at this value by air bubbles escaping
through the liquid. Changes in the measured level cause the air pres-
sure in the bubble tube to build up or drop. A pressure instrument
connected at this point can be made to register the level or volume of
liquid. A small V-notch is filed in the bottom of the tube so that air
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Fig. 3-4. Using bubble pipe.

emerges in a steady stream of small bubbles rather than in intermittent

large bubbles (Figure 3-5).

An advantage of the bubble tube method is that corrosive or solids
bearing liquids can damage only an inexpensive, easily replaced pipe.

Diaphragm Box

The diaphragm box is shown in Figure 3-6. It is similar to the dia-
phragm seals used for pressure gauges (Figure 2-20, p. 57) except that
the fill is air and the diaphragm is very slack, thin, and flexible. The

MILL OR FILE
TO SHARP EDGE
I3
o
=

60°

DETAIL OF NOTCH ©
IN BUBBLE PIPE

Fig. 3-5. Detail of notch in bubble pipe.
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Fig. 3-6. Diaphragm box.

diaphragm box is usually suspended from a chain. The instrument that
senses the pressure changes and relates them to level may be mounted
above or below the vessel. The diaphragm box is used primarily for
water level measurement in open vessels.

Pressure and Differential Pressure Methods Using Differential Pressure
Transmitters
These are the most popular methods of measuring liquid level and are
shown in Figure 3-7. With an open tank, the pressure at the high
pressure side of the cell is a measure of the liquid level. With a closed
tank, the effect of tank pressure on the measurement is nullified by
piping this pressure to the opposite side of the cell.

When a sealing fluid is used, it must possess a specific gravity
higher than that of the liquid in the vessel. The sealing fluid must also
be immiscible with the liquid in the vessel.
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Fig. 37.
Span = xG, Span = xG, Span = xG.
Suppression = yG, + zG, Suppression = yG; + zG, Elevation ="dG, - yG.

Where G, = specific gravity of liquid in tank
G, = specific gravity of liquid in outside filled line or lines
If transmitter is at level of lower tank tap, or if air purge is used, z = 0.

(Note: The density of the gas in the tank has been disregarded in these calculations.)

EXAMPLE: Assume an open tank with X = 80 inches,y = 5 inches, and
z = 10 inches. The specific gravity of the tank liquid is 0.8; the specific
gravity of the liquid in the connecting leg is 0.9.
Span = 80 (0.8) = 64 inches head of water
Suppression = 5 (0.8) + 10 (0.9
= 4 + 9 = 13 inches head of water

Range = 13 to 77 inches head of water
EXAMPLE: Assume a closed tank with X = 70 inches, y = 20 inches,

and d = 100 inches. The specific gravity of the tank liquid is 0.8; a
sealing liquid with a specific gravity of 0.9 is used.
Span = 70 (0.8) = 56 inches head of water
Elevation = 100 (0.9) — 20 (0.8)
= 90 — 16 = 74 inches head of water

Range = —74 to —18 inches head of water
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Fig. 3-8. The repeater is a flanged, force-balance, pneumatic instrument that measures
pressure and delivers an output equal to the measured pressure.

(minus sign indicates that the higher pressure is applied to the low side
of the cell.)

At times the liquid to be measured possesses characteristics that
create special problems. Assume, for example, that the liquid being
measured will solidify if it is applied to a wet leg and it is virtually
impossible to keep the leg dry. This type of application could use
a pressure repeater. The repeater (Figure 3-8) is mounted above
the maximum level of the liquid, and the liquid level transmitter is
mounted near the bottom of the tank. The pressure in the vapor section
is duplicated by the repeater and transmitted to the instrument below,
(Figure 3-9). Thus, the complications of a wet leg are avoided, and a
varying pressure in the tank will not affect the liquid level measure-
ment.

The pressure range that may be repeated is 0 to 100 psi or 0 to 700
kPa. The supply pressure must exceed the pressure to be repeated by
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Fig. 3-9. Liquid-level transmitter (electronic or pneumatic) used with a repeater.

20 psi or 140 kPa. A somewhat similar configuration may be arranged
by using a sealed system as described in Chapter 2 and shown in Figure
2-21, p. 58.

Capacitance

?

If a probe is inserted into a tank and the capacitance measured between
it and the tank, a sizable change in capacitance will occur with liquid
level. This phenomenon is due primarily to the substantial difference
between the dielectric constant of air and that of the liquid in the tank.
This technique is best applied to nonconductive liquids, since it is best
to avoid the problems generated by conducting materials like acids
(Figure 3-10).

INDICATOR, RECORDER
OR TRANSMITTER —>

CAPACITANCE

L~
-i 7’
1 l‘:-
~PROBE
CAPACITANCE

Fig. 3-10. Capacitance.
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Conductance

Conductivity level sensors consist of two electrodes inserted into the
vessel or tank to be measured. When the level rises high enough to
provide a conductive path from one electrode to the other, a relay (solid
state or coil) is energized. The relay may be used for either alarm or
control purposes. Conductivity then becomes either point control or an
alarm point. The liquid involved must be a conductor and must not be
hazardous if a spark is created. Level by conductivity finds occasional
applications in process plants (Figure 3-11).

Radiation

A radiation level measurement generally consists of a radioactive
source on one side of the tank and a suitable detector on the other. As
the radiation passes through the tank, its intensity varies with the
amount of material in the tank and can be related to level. One ad-
vantage is that nothing comes in contact with the liquid. Among the
disadvantages are the high cost and the difficulties associated with
radioactive materials. Radioactive techniques do have the ability to
solve difficult level-measuring problems (Figure 3-12).

Weight

Occasionally the measurement of the contents of a tank is so difficult
that none of the usual schemes will work. When this occurs it may be
advantageous to consider a weighing system. Weight cells, either hy-

<«
|+

\

Line

Fig. 3-11. Conductivity.
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draulic or strain gauge, are used to weigh the vessel and its contents.
The tare weight of the tank is zero adjusted out of the reading, which
will result in a signal proportional to tank contents (Figure 3-13).
One advantage of the weight system is that there is no direct con-
tact with the contents of the tank and the sensor. However, the system
is not economical, and varying densities may confuse the relationship
between signal and true level.

Ultrasonic

The ultrasonic level sensor (Figure 3-14) consists of an ultrasonic
generator or oscillator operating at a frequency of approximately

INDICATOR
RECORDER

OR
TRANSMITTER

WEIGHT CELLS

Fig. 3-13. Level measurement using weight method.
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TRANSMITTER RECEIVER

Fig. 3-14. Ultrasonic technique.

20,000 Hz and a receiver. The time required for the sound waves to
travel to the liquid and back to the receiver is carefully measured. The
time is a measure of level. This technique has excellent reliability and
good accuracy. Furthermore, nothing comes in contact with liquid in
the tank, which minimizes corrosion and contamination. The only gen-
eral limitation is economic. '

Thermal

One approach employing a thermal sensor to determine level relies on a
difference in temperature between the liquid and air above it. When the
liquid contacts the sensor, a point determination of level is made.

Another approach depends on a difference in thermal conductivity
between the liquid level sensed and the air or vapor above it. Thermal
techniques are inexpensive, but have achieved only modest popularity
in process applications.

Density Measurement Methods for Liquids and Liquid Slurries

Density is defined as mass per unit volume. Specific gravity is the
unitless ratio of the density of a substance to the density of water at
some standard temperature. In Europe, this is known as relative den-
sity.

The measurement and control of liquid density are critical to a great
number of industrial processes. Although density can be of interest, it
is usually more important as an inference of composition, of concentra-
tion of chemicals in solution, or of solids in suspension.
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Many methods are available to determine concentration, including
measurement of changes in electrolytic conductivity and of rise in boil-
ing point. This section deals with common industrial methods of
measuring density continuously (Table 3-2).

Agitation in a process tank where density is being measured must
be sufficient to ensure uniformity of the liquid. Velocity effects must be
avoided; agitation should be sufficient to maintain a uniform mixture
without affecting head pressure at measurement points.

Nearly all industrial liquid density instruments utilize the effect of
density changes on weight as a measurement. Such instrumentation
falls into three major categories, defined by the principles employed.
These include two other categories, radiation and vibration methods.

For density measurement, a cylindrical displacer is located so as to
be fully submerged. The buoyant force on the displacer changes only as
a function of changing liquid density, and is independent of changing
liquid level in the vessel. Buoyancy transmitters based upon the Ar-
chimedes principle may be readily adapted to the measurement of
liquid density or specific gravity.

Hydrostatic Head

Proved suitable for many industrial processes is the method that con-
tinuously measures the pressure variations produced by a fixed height
of liquid (Figure 3-15). Briefly, the principle is as follows: The differ-
ence in pressure between any two elevations below the surface (A and
B) is equal to the difference in liquid head pressure between these
elevations. This is true regardless of variation in level above elevation

TABLE 3-2. Liquid Density Measurement

Minimum Condition Accuracy
Method Span of Liquid as % Span
Hydrometer 0.1 Clean +1%
Displacer 0.005 Clean +1%
Hydrostatic head 0.05 Any Y to 1%
Radiation 0.05 Any 1%
Weight of fixed volume 0.05 Clean 1%

Vibrating U-Tube 0.05 Clean 1-3%
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Fig. 3-15. Fixed height of liquid for density measurement.

A. This difference in elevation is represented by dimension H. Dimension
(H) must be multiplied by the specific gravity (G) of the liquid to obtain
the difference in head in inches or metres of water, which are the
standard units for instrument calibration.

To measure the change in head resulting from a change in specific
gravity from G, to G,, it is necessary only to multiply H by the differ-
ence between G, and G,. Expressed mathematically:

P =H(G:- Gy (3-3)

The change in head (P) is differential pressure in inches or metres of
water. G, is minimum specific gravity and G, iz maximum specific
gravity. ‘

It is common practice to measure only the span of actual density
changes. Therefore, the measurement zero is suppressed; that is, the
instrument ‘‘zero,” or lower range value, is elevated to the mini-
mum head pressure to be encountered. This allows the entire instru-
ment measurement span to be devoted to the differential caused by
density changes. For example, if G, is 1.0 and H is 100 inches, the span
of the measuring device must be elevated 100 inches of water
(H x G,). For a second example, if G, is 0.6 and H is 3 metres, the
zero suppression should be 1.8 metres of water.

The two principal relationships that must be considered in selecting
a measuring device are:
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Span = H X (G,-— Gy) (3-4)

Zero suppression = H X G,

For a given instrument span, a low gravity span requires a greater H
dimension (a deeper tank).

Radiation

Density measurements by this method are based on the principle that
absorption of gamma radiation increases with the increasing specific
gravity of the material measured.

The principal instrumentation includes a constant gamma source
(usually radium), a detector, and an indicating or recording instrument.
Variations in radiation passing through a fixed volume of flowing pro-
cess liquids are converted into a proportional electrical signal by the
detector.

Vibration

Damping a vibrating object in contact with the process fluid increases
as the density of the process fluid increases. This principle is applied to
industrial density measurement. The object that vibrates (from exter-
nally applied energy) is usually an immersed reed or plate. A tube or
cylinder that conducts, or is filled with, the process fluid can also be
used. Density can be inferred from one of two measurements: changes
in the natural frequency of vibration when energy is applied constantly,
or changes in the amplitude of vibration when the object is ‘‘rung’’
periodically, in the ‘‘bell”” mode.

Temperature Effects and Considerations

The density of a liquid varies with expansion due to rising temperature,
but not all liquids expand at the same rate. Although a specific gravity
measurement must be corrected for temperature effects to be com-
pletely accurate in terms of standard reference conditions for density
and concentration, in most cases this is not a practical necessity.

For applications in which specific gravity measurement is ex-
tremely critical, it may be necessary to control temperature at a con-
stant value. The necessary correction to the desired base temperature
can then be included in the density instrument calibration.
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Differential Pressure Transmitter

There are a variety of system arrangements for hydrostatic head den-
sity measurements with d/p Cell transmitters. Although flange-mounted
d/p Cell transmitters are often preferred, pipe-connected transmitters
can be used on liquids where crystallization or precipitation in stagnant
pockets will not occur.

These d/p Cell transmitter methods are usually superior to those
using bubble tubes. They can be applied wherever the vessel is high
enough to satisfy the minimum transmitter span. They are also well
suited for pressure and vacuum applications.

Constant level overflow tanks permit the simplest instrumentation
as shown in Figure 3-16. Only one d/p Cell transmitter is required. With
H as the height of liquid above the transmitter, the equations are still:

Span = H X (G,  G,), zero suppression = H X G,

Applications with level and/or static pressure variations require com-
pensation. There are three basic arrangements for density measurement
under these conditions. First, when a seal fluid can be chosen that is
always heavier than the process fluid and will not mix with it, the
method shown in Figure 3-17 is adequate. This method is used exten-
sively on hydrocarbons with water in the wet leg.

OVERFLOW FOR
CONSTANT LEVEL

DENSITY
SIGNAL

AT UITITTTTIIHIATII SN NSNS SOSSSGSSSE

Fig. 3-16. Constant level, open overflow tanks require only one d/p Cell transmitter for
density measurement.
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Fig. 3-17. In an open or closed tank with varying level and/or pressure, a wet leg can be
filled with seal fluid heavier than the process liquid.

For a wet leg fluid of specific gravity G;, an elevated zero transmitter
must be used. The equations become:

Span = H X (G, — G)), zero elevation = H X (G, — G,)

When no seal or purge liquid can be tolerated, there are ways to pro-
vide a ‘‘mechanical seal” for the low-pressure leg, or for both legs, if
needed. Figure 3-18 shows the use of a pressure repeater for the upper
connection.

The repeater transmits the total pressure at elevation B to the low
pressure side of the d/p Cell transmitter. In this way, the pressure at
elevation B is subtracted from the pressure at elevation A. Therefore,
the lower transmitter measures density (or H X G, where G is the

specific gravity of the liquid). The equations for the lower transmitter
are:

Span =H X (G2 - Gl)

Zero suppression = H X G,
The equation for the upper repeater is:

Output (maximum) = d, (max) X G, + P (max),
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Fig. 3-18. In an open or closed tank with varying level and/or pressure where seal fluid
or purge is not suitable, a pressure repeater can be used.

where d, is the distance from elevation B to the liquid surface, and P is
the static pressure on the tank, if any. When there is no pressure on the
tank, the upper repeater output is a measurement of level.

Transmitter locations should be as high as possible above the bot-
tom of the tank. The process liquid then can be drained below this level
for removal and maintenance of the transmitter.

Questions

3-1. An open tank contains a liquid of varying density and the level within
the tank must be accurately measured. The best choice of measuring system
would be:

a. Bubble tube

b. Diaphragm box

¢. Float and cable

d. Head type with differential pressure transmitter

3-2. A chain-suspended diaphragm box and pressure instrument are used to
measure liquid level in a tank which is 10 feet in diameter and 15 feet deep.
The tank contains a liquid that has a specific gravity of 0.9 at ambient
temperature. The span of the pressure instrument required is approximately:

a. 10 psi c. 5 psi
b. 25 psi d. 15 psi



88 FEEDBACK PROCESS CONTROL

3-3. A pressurized tank contains a liquid, SG = 1.0, and the level measuring
pressure taps are 100 inches apart. A pneumatic differential pressure
transmitter is used to measure level. The leg that connects the top of the tank
to the transmitter is filled with tank liquid. The top tap should be connected
to:

a. The low-pressure tap on the transmitter.
b. The high-pressure tap on the transmitter.
¢. Either the high- or the low-pressure tap.
d. The high-pressure tap but through a seal chamber.

3-4. In Question 3-3 the bottom connection is made to the low-pressure tap
on the transmitter and the top is made to the high-pressure tap. The signal
output, if the transmitter is calibrated 0 to 100 inches, when the tank is full
will be:

a. Top scale value c. 0
b. Bottom scale value d. A measure of density

3.5. A plant has a water tower mounted on top of an 80-foot platform. The
tank is 30 feet high. What is the height of water in the tank if a pressure gauge
on the second floor, height 15 feet, reads 40 psi.

a. Full c. 4.74 feet
b. 12.42 feet d. 27.42 feet

3-6. A displacer is S inches in diameter and 30 inches long. If it is submerged
to a depth of 20 inches in liquid SG = 0.8, what force will it exert on the top
works? '

a. 11.3 pounds ¢. 35.5 pounds
b. 426.3 pounds d. 1.47 pounds

3.7. A closed tank level (SG = 0.83) is measured with a differential pressure
transmitter. The level may vary from 10 to 100 inches. The high-pressure tap
is 10 inches above the transmitter and a water seal fluid is used. A pressure
repeater is used for the top tank pressure. The differential pressure
transmitter should be calibrated:

a. 10 to 100 inches

b. 10 to 84.7 inches
c. 8.3 to 74.7 inches
d. 8.3 to 98.3 inches

3-8. To resist the corrosive effects of a very unusual, highly explosive
chemical, a storage tank is lead-lined. Level measurement is difficult because
the material also solidifies once it enters a measuring tap. To measure the level
with accuracy the best choice would be:

a. Weigh the tank and its contents and zero out the tare weight of the tank.
b. Use a radioactive level measurement.

¢. Install a conductivity level measurement.

d. Use a thermal conductivity level detector. -
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3-9. A displacer 48 inches long and 15% inches in diameter is used to measure
density on a 4 to 20 mA dc transmitter. Its total submerged weight changes
from 1.42 pounds to 5.7 pounds. If the density is checked and determined to
be 0.4 when the output is 4 mA dc, the density at an output of 12 mA dc is:

a. 0.6 c. 1.0
b. 0.8 d. 1.6

3-10. A density measuring system is set up as shown in Figure 3-18. The H
distance is 100 inches and the lower transmitter is calibrated to a 120-inch
span. If the transmitter is pneumatic and delivering a 12-psi signal, the
specific gravity of the tank’s contents is:

a. 1.0 c. 0.9

b. 0.83 d. 1.2



Flow Measurement

The process industries by their very nature deal constantly with flowing
fluids, and measurement of these flows is essential to the operation of
the plant. These measurements are indicated, recorded, totalized, and
used for control. Flow measurement is generally the most common
measurement found in the process plant.
Fluid flow measurement is accomplished by:
A. Displacement
1. Positive displacement meters
2. Metering pumps
B. Constriction Type, Differential Head
1. Closed conduit or pipe
a. Orifice plate
b. Venturi tube
¢. Flow nozzle
d. Pitot tube
e. Elbow
f. Target (drag force)
g. Variable area (rotameter)
2. Open channel
a. Weir
b. Flume

90
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C. Velocity Flowmeters
1. Magnetic
2. Turbine
3. Vortex or swirl
4. Ultrasonic
5. Thermal
D. Mass Flowmeters
1. Weight types
2. Head and magnetic types compensated for temperature, pressure,
and density
3. Gyroscope precision types
4. Centrifugal force (torque) types

Positive displacement meters and metering pumps measure dis-
crete quantities of flowing fluid. This flow is indicated in terms of an
integrated or totalized flow volume (gallons, cubic feet, litres, cubic:
metres, and the like). A typical application of this type of flow mea-
surement is custody transfer, and familiar examples are domestic water
metres and gasoline pumps. The other types of meters listed above
measure flow rate.

It is flow rate—quantity per time, such as gallons per minute or
liters per second—which is most generally used for measurement and
related control applications in the process plant. The most common
rate meter is the constriction or head type.

Constriction or Differential Head Type

In this type of flow measurement a primary device or restriction in the
flow line creates a change in fluid velocity that is sensed as a differential
pressure (head). The instrument used to sense this differential pressure
is called the secondary device, and this measurement is related to flow
rate. The flow-measuring system, often called a flowmeter, consists of
primary and secondary devices properly connected.

The operation of the head-type flow-measuring system depends on
a theorem first proposed by Daniel Bernoulli (1700-1782). According to
this theorem the total energy at a point in a pipeline is equal to the total
energy at a second point if friction between the points is neglected.

The energy balance between Points 1 and 2 in a pipeline can be
expressed as follows:

(sz) +2Z,= (le)

T ot G T4
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where:
P = Static pressure, absolute
Vm = Fluid stream velocity
Z = Elevation of center line of the pipe
p = Fluid density
G = Acceleration due to gravity

If the energy is divided into two forms, static head and dynamic or
velocity head, some of the inferential flow devices can be more easily
studied.

For example, with an orifice plate, the change in cross-sectional
area between the pipe and the orifice produces a change in flow velocity
(Figure 4-1). The flow increases to pass through the orifice. Since total
energy at the inlet to, and at the throat of, the orifice remains the same
(neglecting losses), the velocity head at the throat must increase, caus-
ing a corresponding decrease in static head. Therefore, there is a head
difference between a point immediately ahead of the restriction and a
point within the restriction or downstream from it. The resulting differ-
ential head or pressure is a function of velocity that can then be related
to flow. Mechanical flow-measuring instruments use some device or
restriction in a flow line that results in such a differential head.

The following should clarify these relationships. Assume a tank as
shown in Figure 4-2. A flow line enters the tank and replaces the out-

DATUM LINE

Fig. 4-1. Orifice plate differential producer. The difference in head (pressure) at P, and
P, is a function of velocity which can be related to flow.
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Fig. 4-2. Free and tank-to-tank flow, used to simplify concept of flow formula (4-1).

flow through the orifice located near the bottom of the tank. If the level
in the tank is H, the velocity of outflow will be:

V* = 2GH
or
V = V2GH

This is the law of falling bodies that is developed in most physics
books. The volume of liquid discharged per time unit through the
orifice can be calculated by geometry.

Q=AvV
Substituting the expression for velocity in this equation:

Q =AV2GH (CH))

This expression may also be used to calculate the rate of flow past a
point in a pipe. The actual flow rate will be less than this equation will
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calculate. The reduction is caused by several factors, including friction
and contraction of the stream within the pipe. Fortunately all common
primary devices have been extensively tested and their coefficients
determined. These data become part of the flow calculations.

Primary Devices

The orifice plate is the most popular primary device found in most
process plants. Orifice plates are applicable to all clean fluids, but are
not generally applicable to fluids containing solids in suspension (dirty
fluids).

A conventional orifice plate consists of a thin circular plate contain-
ing a concentric hole (Figure 4-3). Thé plate is usually made of stainless
steel but other materials, such as monel, nickel, hastelloy, steel, glass,
and plastics, are occasionally used. The most popular orifice plate is the
sharp-edged type. The upstream face of the plate usually is polished
and the downstream side is often counterbored to prevent any interfer-
ence with the flowing fluid. The bore in the plate is held to a tolerance
of a few ten-thousandths of an inch in small sizes and to within a few
thousandths in sizes above 5 inches in diameter.

In addition to the conventional, sharp-edged, concentric plate,
there are others that have been designed to handle special situations.
These special types constitute only a small percentage of the total, but
they do occasionally solve a difficult problem.

There are two plates (Figure 4-3) designed to accommodate limited
amounts of suspended solids. The eccentric plate has a hole that is
bored off-center, usually tangent to the bottom of the flow line (inside
periphery of the pipe). The segmental orifice plate has a segment re-
moved from the lower half of the orifice plate. In addition, there are

CONCENTRIC ECCENTRIC SEGMENTAL

Fig. 4-3. Orifice plate types.
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quadrant-edged or special-purpose orifice plates with rounded edges.
This design minimizes the effect of low Reynolds number (see below).

Orifice plates along with other primary devices operate most satis-
factorily at high flow rates. The reason is the change in flow coefficient
that occurs when the flow rate changes from high to very low. When
this happens the flow velocity distribution changes from uniform to
parabolic. This may be related to a ratio of inertia forces to viscous
forces called Reynolds number.

Average Fluid Velocity X Orifice Diameter
Absolute Viscosity

Reynolds Number =

In most process plants the Reynolds numbers encountered will be
high—between 10,000 and 1,000,000. Under these conditions the flow
coefficients stay fixed and head-type flow measurements are reasonably
accurate. To achieve the ultimate in accuracy, a Reynolds number
correction is made and this is described in the text Principles and Prac-
tices of Flowmeter Engineering by L. K. Spink. At low Reynolds num-
ber, the flow changes from turbulent to parabolic or laminar and the
coefficients undergo a change. The changeover cannot be precisely
defined, which makes the application of head-type flow measurements
difficult at low-flow velocities. The quadrant-edged orifice has the abil-
ity to perform well at lower velocities than the square-edged plate.
However, it does not perform as well at high Reynolds numbers (ve-
locities).

Orifice plates that are to handle liquids containing small amounts of
dissolved air should contain a small vent hole bored at the top to permit
the air to pass through the plate. Specifications have been established
for the size of this vent hole in relation to the size of the orifice. Plates
for use with steam should have a similar hole drilled at the bottom to
drain any condensed steam. In certain flow measurements, the orifice
plate should also have a bottom drain hole to permit the condensation
to drain.

Table 4-1 summarizes application factors to help in deciding
whether the orifice plate can do a particular job.

Another primary device that is frequently found in the process
plant is the Venturi tube shown in Figure 4-4. The Venturi tube pro-
duces a large differential with a minimum permanent pressure loss. It
has the added advantage of being able to measure flows containing
suspended solids. The most significant disadvantage is its cost which,
when compared with other primary devices, is high.
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Table 4-1. Primary Flow Measurement Devices

LA

il esf

L

£ R
BE 2 3 . N
(= £ 2 2 S
- s S ) Z
Accuracy (empirical
data) E E G G G
Differential produced
for given flow and size  None G E E E G G
Pressure loss # « P P P P P G P
Use on dirty service P E P P E G
For liquids containing
vapors E E G
For vapors containing
condensate P E $ E ¥ E G
For viscous flows F G F U E G G
First cost P G E G G P F
Ease of changing
capacity E G E G E P F
Ease of installation F G G G G F F

Pitot

F
None
VP

VP
E

e
a % E x
2 3 2§ H3
§ 1% §& 5%
5] & T =%
P G E E

None E E G
P G E u
F G E u

U F E VP
E P P P
VW P E G
G F F F

Excellent
Good
Fair
Poor

P Very poor
Unknown

#C<vTQM

E indicates lowest loss, P highest, etc.

* For measuring velocity at one point in conduit the
well-designed Pitot tube is reliable. For measuring
total flow, accuracy depends on velocity traverse.

+ Excellent in vertical line if flow is upward.

1 Excellent in vertical line if flow is downward.

§ Requires a velocity traverse.

Several other primary devices may be classified as modifications of
the Venturi tube. The Lo-Loss and Dall tubes are similar in many ways
to the Venturi. The flow nozzle (Figure 4-5) has some similarity but
does not have a diffuser cone, and this limits its ability to minimize
permanent pressure loss. The Venturi family of primary devices is often

HIGH PRESSURE

LOW PRESSURE

PIPE CONNECTION PIPE CONNECTION
e )
—
D d
{ EE
| — A A J
~ v g
INLET THROAT OUTLET

Fig. 4-4. The Herschel Venturi tube, developed in 1888, to produce a large differential
pressure with a small head loss.
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Fig. 4-5. Flow nozzle assembly.

chosen to minimize permanent pressure loss or to cope with solids
suspended in the flowing material. Table 4-1 provides aid in making a
selection.

The Pitot tube is another primary device. It has the advantage of
practically no pressure drop. Its limitations are its inability to handle
solids carried by the flowing material and somewhat limited accuracy.
Solids tend to plug the openings in the tube, and the classical Pitot tube
senses impact pressure at only one point, thus decreasing accuracy. A
multi-impact opening type (annubar tube) is available which improves
the potential accuracy. In the process plant Pitot tubes are used more
for testing than for continuous use. It is possible to install a Pitot tube
into a flow line under pressure if the required equipment is available.

Occasionally a pipe elbow (Figure 4-6) may be used as a primary
device. Elbow taps have an advantage in that most piping configura-
tions contain elbows that can be used. If an existing elbow is used, no
additional pressure drop is created and the expense involved is mini-
mal. The disadvantages are that accuracy will be lacking and dirty
flows may tend to plug the taps. Repeatability should be reasonably
good. Two taps locations are used at either 45 or 224 degrees from the
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Fig. 4-6. Elbow (used as primary device).

inlet face of the elbow. At low-flow velocities, the differential produced
is inadequate for good measurement, thus the elbow is a usable choice
only for high top-scale velocities.

The target or drag body flow device (Figure 4-7) is in many ways a
variation of the orifice plate. Instead of a plate containing a bore
through which the flow passes, this device contains a solid circular disc
and the flow passes around it. An essential part of the measurement is
the force-balance transducer that converts this force into a signal. This
signal is related to flow squared, just as it would be with any other
primary device connected to a differential pressure transmitter. The

Fig. 4-7. Target flowmeter.
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target meter may be generally applied to the measurement of liquids,
vapors, and gases. Condensates pass freely along the bottom of the
pipe, while gases and vapors pass easily along at the top. The target
flow device has demonstrated the ability to handle many difficult as-
signments not possible with other primary elements. Both pneumatic
and electronic force-balance transducers can be used, making either
type signal, pneumatic or electric, available.

Secondary Devices

Secondary instruments measure the differential produced at the pri-
mary devices and convert it into a signal for transmission or into a
motion for indication, recording, or totalization.

Secondary instruments include the mercury manometer, the so-
called mercuryless or diaphragm (bellows) meter and various types of
force-balance and motion-balance pneumatic and electronic transmit-
ters.

In the past the mercury manometer was an extremely popular sec-
ondary device, but the high price and danger of mercury have all but
eliminated it from everyday use. However, a few mercury manometers
are still employed for flow rate measurements in gas pipelines. The
bellows or diaphragm secondary devices are popular when a direct
indication or record is desired. The most popular secondary device is
the force-balance transmitter. The reasons for this popularity are vir-
tually unlimited adjustability, no harm from extensive overrange, and
the availability of a standard signal that can be fed into a recorder, a
controller, or other instruments that may be combined to form a sys-
tem.

Still another detail is the mounting of the secondary device (loca-
tions are shown in Figure 4-8). With liquid flow, the secondary device is

o [t - 4
fa ) e
.
e W = s i, W, Oy =
- = - | - o,
':I L= ——— A :""' N
| id J i i)
i S
LIQUID FLOW GAS FLOW STEAM FLOW

Fig. 4-8. Flow.
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below the pipeline being measured to ensure that the connecting lines
attached to the side of the pipe remain liquid filled. With steam, the
lines should always remain filled with condensate; but with gas, the
secondary device is mounted above the flow line to drain away any
liquid that may be present.

When any primary device is installed in a pipeline, the accuracy
will be improved if as much straight run as possible precedes it.
Straight run beyond the primary device is of far less concern.

Still another important consideration is the location of the pressure
taps. With nozzles, Venturi, Dall and Pitot tubes, and elbows, the
pressure tap locations are established. For orifice plates, however, a
variety of tap locations are used. These are flange, corner, vena con-
tracta, or D and D/2, along with full flow or pipe taps. Figure 4-9
describes these tap locations, and Figure 4-10 shows the importance of
tap location. In general, flange taps are preferred except when physical
limitations make pipe taps advantageous. Corner taps require a special
flange and vena contracta tap locations relate to orifice openings.
Corner taps are advantageous for pipe sizes under 2 inches.

Figure 4-11 describes the permanent head loss caused by the pri-
mary device selected.

Relating Flow Rate to Differential

The two basic formulas have already been introduced. In the English
system, G = 32 feet per second squared, and in the metric system,
G = 980 centimetres per second squared. The height (h) would be ex-
pressed in feet in the English system and centimetres in the metric

CORNER TAPS CC VENA CONTRACTA AND RADIUS TAPS
FLANGE TAPS DD PIPE TAPS
A A
c c

Fig. 4-9. Tap locations for orifices.
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Fig. 4-10. Differential pressure profile with orifice plate.

+

system. In Equation 4-1, area (A) would be expressed in square feet
and in the metric system in square centimetres yielding cubic feet per
second or cubic centimetres per second. In the United States, the
English system is the most common. This system is in the process of
being changed to the SI metric, but it appears that the total conversion
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Fig. 4-11. Permanent head loss in a differential producer may be plotted as a percent of
measured differential for the several types of primary devices. These values must be
interpreted according to the acceptable head loss limit for any particular application.
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will take a long time to complete. For this reason the sample calcula-
tions that follow will use the English system.

In Equation 4-1, V is in feet per second; the acceleration due to
gravity (G) is in feet per second squared; H is the height in feet of a
column of the fluid caused by the differential pressure across a primary
device. To express this equation in terms of an equivalent differential
(h), in inches of water, H is replaced by (#/12)G, where G, is the
specific gravity of the fluid at flowing temperature.

Substituting V into Equation 4-1:

_ h
Q=A+/2G X6, 4-2)

where:
Q = Volumetric flow (cubic feet per second) ‘
A = Cross-sectional area of the orifice or throat of the primary
device (square feet)
h = Differential across the primary device (inches of water)
G, = Specific gravity of the fluid (dimensionless)
G = Acceleration due to gravity (a constant: 32.17 feet per second?)

For liquids, it is more useful to express Q in gallons per minute.

Also, it is convenient to express the area of the orifice or throat in
terms of its diameter (d in inches). Substituting in Equation 4-2:

- wd? /2 X 32.17 /h_
QO (gpm) = 60 X 7.4805 X 7% 144 B X G

Q (gpm) = 5.667 X d? x ,/g,
f

4-3)

Equation 4-3 must be modified to take into account several factors,
such as the contraction of the jet, frictional losses, viscosity, and the
velocity of approach. This modification is accomplished by applying a
discharge coefficient (K) to the equation. K is defined as the actual
flow rate divided by the theoretical flow rate through the primary
device. Basic texts carry K factors for most primary devices. For
instance, K is listed according to various pressure tap locations, and
d/D ratios. Where extremely accurate results are required, however,
the K factor must be determined in the laboratory by actual flow
calibration of the primary device.
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Applying K to Equation 4-3 gives:

O (gpm) = 5.667 Kd? \/—”é
f

Since both K and d are unknown, another value is defined. The

quantity (S) is set equal to K (d/D)% Since Kd? then equals SD2
substitution produces:

O (gpm) = 5.667 SD* | &
G;

S values (sizing factor) are tabulated against beta ratios (d/D) for varlous
differential devices in Table 4-2.

Effect of Temperature on Flow Rate

The above equations give the flow through the primary device at condi-
tions that exist at the time the measurement is made. In most indus-
tries, it is more desirable to know the equivalent volume flow at a stated
reference temperature, usually 60°F (15.6°C).

For liquids, this correction can be applied by multiplying the equa-
tion by the ratio of the liquid specific gravity at the flowing temperature
(G divided by the liquid specific gravity at the reference temperature
(G)). Thus Q gallons per minute at the reference temperature:

h G
= 7 2, , hed 3

which simplifies to:

Q = 5.667 S—————HG” G

Similar equations can be developed for steam or vapor flow in weight
units (such as pounds per hour) or for gas flow in volume units such
as standard cubic feet per hour (scfh).

W (pounds per hour) = 359 8D? V hy,

T hp
= 226 (M)
Q (scfh) = 218.4 SD T,G
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Table 4-2. Sizing Factors

Beta Square-Edged Full-Flow
or' Orifice, Flange (Pipé) Nozzle Quadrant-
d/D Corner or 2% & 8D and Lo-Loss Dall Edged
Ratio Radius Taps Tap.; Venturi Tube Tube Orifice
0.100 0.005990 0.006100
0.125 0.009364 0.009591
0.150 0.01349 0.01389
0.175 0.01839 0.01502
0.200 0.02402 0.02499 0.0305
0.225 0.03044 0.03183 0.0390
0.250 0.03760 0.03957 0.0484
0.275 0.04558 0.04826 0.0587
0.300 0.05432 0.05796 0.08858 0.0700
0.325 0.06390 0.06874 0.1041 0.0824
0.350 0.07429 0.08068 0.1210 0.1048 0.0959
0.375 0.08559 0.09390 0.1392 0.1198 0.1106
0.400 0.09776 0.1085 0.1588 0.1356 0.1170 0.1267
0.425 0.1109 0.1247 0.1800 0.1527 0.1335 0.1443
0.450 0.1251 0.1426 0.2026 0.1705 0.1500 0.1635
0.475 0.1404 0.1625 0.2270 0.1900 0.1665 0.1844
0.500 0.1568 0.1845 0.2530 0.2098 0.1830 0.207
0.525 0.1745 0.2090 0.2810 0.2312 0.2044 0.232
0.550 0.1937 0.2362 0.3110 0.2539 0.2258 0.260
0.575 0.2144 0.2664 0.3433 0.2783 0.2472 0.292
0.600 0.2369 0.3002 0.3781 0.3041 0.2685 0.326
0.625 0.2614 0.3377 0.4159 0.3318 0.2956 0.364
0.650 0.2879 0.3796 0.4568 0.3617 0.3228
0.675 0.3171 0.4262 0.5016 0.3939 0.3499
0.700 0.3488 0.4782 0.5509 0.4289 0.3770
0.725 0.3838 0.6054 0.4846 0.4100
0.750 0.4222 0.6667 0.5111 0.4430
0.775 0.4646 0.5598 0.4840
0.800 0.5113 0.6153 0.5250
0.820 0.6666 0.5635
i
D
T
r
EN

FOR AN ELBOW WITH
45° TAPS. 5=.68/7
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In Equations 4-8 and 4-9: -

v = Specific weight of the steam or vapor at operating conditions
in pounds per cubic foot

T, = Reference temperature (absolute); (i.e., 460 plus the reference
temperature in °F.)

P» = Reference pressure (psi absolute)

T; = Operating temperature at the primary device (absolute); (i.e.,
460 plus operating temperature in °F.)

Ps = Operating pressure (psi absolute)

G = Specific gravity of the gas (molecular weight of the gas divided
by the molecular weight of air or the weight of a volume of the
gas at a given temperature and pressure divided by the weight
ofanequal volume of air at the same temperature and pressure).

The reference temperature is very often 60°F and the reference
pressure atmospheric 14.7 psi absolute. If these are the standard condi-
tions, Equation 4-9 can be simplified to:

O(scfh) = 7,727 SD* Zﬂ% 4-10)

f

Equation 4-10 is applicable to gas flow only when the pressure
differential is small enough so that gas density does not change signifi-
cantly. A simple rule of thumb is that the maximum differential in inches
of water should not exceed the absolute operating pressure in psi abso-
lute. For example, if the gas operating pressure is 22 psi absolute, at a
particular .installation, and the maximum differential is 20 inches of
water, Equation 4-10 can be used.

Flow rate ‘measurements for gas and steam are more difficult to
make with accuracy than those for liquid. The reason is changes in
specific gravity, weight, temperature, pressure, and so on, that may
occur under operating conditions.

These changes will have an effect on measurement accuracy and
under certain conditions may be difficult to predict. An abbreviated set
of tables for the formulas given are included in this book. If more
accuracy is required, more exact equations, along with detailed tables,
such as those found in Principles and Practice of Flow Meter Engineering
by Spink, should be used.

Another method of performing these flow calculations is to use a
flow slide rule. The flow slide rule has the table values incorporated
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into its scales. If the -tables given are used, the resulting accuracy
should be as good as the flow slide rule.

Now several sample problems are given to demonstrate the proce-
dure followed for each type of calculation. Additional problems are
given at the end of this chapter.

SAMPLE PROBLEM | A 4inch schedule 40 pipe carries water that is
measured by a concentric, sharp-edged, orifice plate,d = 2.000 inches,
with flange taps. The differential is measured with an electronic differ-
ential pressure transmitter. The transmitter is calibrated 0 to 100 inches
of water pressure and has an output of 4 to 20 mA dc. If the signal from
the transmitter is 18.4 mA dc, find the flow rate.

Step 1. Convert the electrical signal to differential pressure.

18.4 — 4

S0 -4 x 100 = 90 inches of water

Step 2. Determine ID of 4-inch schedule 40 pipe (see Appendix, table
A-4) = 4.026 inches.

d _ 2.000

Step 3. Calculate D= 40% " 0.4968

Step 4. From Table 4-2 determine S. This will require interpolation.

0.475 0.1404
0.4968 s
0.5000 0.1568
_ (04968 — 0.475 )
S = (0_5000 =) 475) (0.1568 — 0.1404) 4, 0.1404

S = 0.1547
Step 5. Substitute in Equation 4-7:

O (gpm) = 5.667 x 0.1547 x 4.026 x 4.026 \/91—0

= 5.667 X 0.1547 x 16.21 x 9.487
= 134.83 or 135 gpm
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SAMPLE PROBLEM 2 An elbow is used as a primary device. The taps are
made at 45 degrees. The line is a 6-inch schedule 40 pipe. What is
the water flow rate if the effective radius of curvature is 9 inches
and a differential pressure of 35 inches of water pressure is produced.

_ n 9
S = 0.68 D 0.68 £.065

0 (gpm) = 5.667 SD*+/ é’_;
f

= 0.8283

5.667 x 0.8283 X 6.065 x 6.065 \/31—5

172.66 V35 = ,021.47 gpm

SAMPLE PROBLEM 3 Dry-saturated steam is measured with a flow noz-
zle. The d/D is 0.45 and the line size is a 8-inch schedule 80 pipe. The
static pressure is 335 psi. Calculate the flow rate at a differential
pressure of 200 inches of water in pounds per hour.

W(pounds per hr.) = 359 SD*V hy, (4-8)
from Table 4-2

S = 0.2026
D = 7.625 inches (Table A-4)
Y¢ = 0.754 pounds per cubic feet

W(pounds per hour) = 359 x 0.2026 X 7.6252 V200 x 0.754
= 4,228.77 x 12.28
W = 51,929 pounds per hour

SAMPLE PROBLEM 4 A 6-inch schedule 40 pipe (ID-6.065) carries fuel
gas with a specific gravity of 0.88. The line pressure is 25 psi. Flowing
temperature is 60°F and the flow is measured with an orifice plate with
flange taps. The maximum flow rate is 2,000,000 standard cubic feet per
day. Find the diameter of the hole to be bored in the concentric orifice
plate if 20 inches of water pressure is full-scale differential.
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: / hP
Q (scfh) = 7,727 SD T.G

2,000,000 . | 20025 + 15)
== = 1,727 X § X 6.065 \/( 460 + 60)0.88

8,3333.33 = 7,727 X § X 36.78 X 1.322
~ 83.333.33 ©
S = 7777 x 3678 x 1302 - 02218

From Table 4-2

575 2144
d
D 2218
.600 .2369

d _ (.2218 — .2144 _
D~ (.2369 - .2144) 025 + .575 = .5832

d = (.583)(6.065) = 3.536 inches

SAMPLE PROBLEM 5 Gasoline is carried in a 2-inch schedule 40 pipe
(ID = 2.067). A concentric sharp-edged orifice plate with corner taps
is used to measure flow rate. The orifice bore is 1 inch in diameter,
and at full flow, 50 inches of water differential is produced. The
specific gravity of the gasoline is 0.75. What is the flow rate?

QO (gpm) = 5.667 SD? \[ flG—

f
d _ 1.0
D

0.0978

0.5 0.1568
[ Interpolation ]
0.484 - 0.4) )
0.5-04) * (0.1568 — 0.0978) | + 0.0978

S = [0(')0?4 X 0.059] + 0.0978 = 0.1474

O = 5.667 x 0.1474 x 2.067 x 2.067 X ‘/65715

= 5.667 x 0.1474 x 2.067 x 2.067 x 8.165
- =29.14 gpm
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Variable Area Meters (Rotameter)

The variable area (Figure 4-12) meter is a form of head meter. In this
flowmeter the area of the flow restriction varies so as to maintain a
constant differential pressure. The variable area meter, which is often
called a rotameter, consists of a vertical tapered tube through which the
fluid flow being measured passes in an upward direction. A float or
rotor is contained within the tapered tube. This rotor or float is made of
some material—usually metal—more dense than the fluid being mea-
sured. As the flow moves up through the tapered tube, it elevates the
float until balance between gravity acting on the float and the upward
force created by the flow is achieved. In achieving this balance of
forces, the area through which the fluid passes has automatically been
adjusted to accommodate that flow rate.

The tapered tube is often made of transparent material so the float
position can be observed and related to a scale calibrated in units of
flow rate. The rotameter is often used to measure low-flow rate. When
very large flow rates are to be measured, a bypass rotameter may be
used. This consists of an orifice in the main flow line with the variable
area meter connected in parallel. An industrial rotameter is useful over
the upper 90 percent of its scale. The accuracy of the rotameter, like
any head type, depends on many factors. Typical errors may vary
between 1 and 10 percent of full scale value.

Open-Channel Flow Rate Measurements

Flow rate measurements in open channels are fundamental to handling
water and waste. Environmental considerations have made these mea-

Fig. 4-12. Variable area (rotameter) flowmeter.
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surements common in-the typical process plant. Open-channel mea-
surements utilize head meter techniques.

Primary Devices

The primary devices used in open-channel flow rate measurements are
weirs and flumes. There are two basic weirs—the rectangular and the
V-notch. The rectangular weir is made in three varieties (Figure 4-13).
The first has contractions or extensions into the channel that produce a
boxlike opening. The second modification completely suppresses these
contractions, extending the weir across the entire width of the channel.
The third type, the so-called Cippoletti weir, has end contractions set at
a 4:1 angle, rather than being perpendicular to the edge of the weir.
Rectangular weirs are primarily designed for larger flow; their limit on
range is dictated by the design of the associated channels. Figure 4-14
shows the ranges of weir capacity for the different types and sizes of
weirs.

V-notch weirs are essentially plates (usually metal) that contain a
V-shaped notch (Figure 4-13). The angle of the V can vary, but the
formulas given are for the most common angles 30, 60, and 90 degrees.
V-notch weirs are employed for lower flow rates than those that would
be measured by a rectangular weir.

In weir measurement (Figure 4-15) the nappe, or profile of water
over the weir, must be completely aerated if good accuracy is to be
obtained. All weirs then produce some head loss as the liquid falls free.
If head loss is a problem, a flume might be a better choice.

Flumes, a further development of the basic weir concept, are de-
signed primarily to reduce the head loss that is experienced with the

S)2H MAX }e—— CIPPOLETTI WEIR ——= - $52H MAX > SY2H MAX -
| <— RECTANGULAR WEIR—|
L - —\ | ————
W Max
i a
T H MAX

DY3H MAX

Fig. 4-13. Rectangular, Cippoletti, and V-notch weirs.
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AERATION UNDER NAPPE

Fig. 4-15. Aeration under nappe of weir.

weir. Flumes are also able to handle solids suspended in the flowing
liquid. .

A very popular flume is the Parshall flume. It is somewhat similar
to one-half of a rectangular Venturi tube. In flume measurement, head
losses are reduced because it is not necessary to create the nappe. The
Parshall flume is shown in Figure 4-16 and Table 4-3 gives the dimen-
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Fig. 4-16. Diagram and dimensions of Parshall flume.
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sions. By referring to Figure 4-17 the dimensions of a flume capable of
measuring a prescribed flow rate may be selected. Small flumes may be
purchased and installed while large flumes are generally fabricated on
site. Several companies specialize in the construction and calibration of
flumes.

Under ideal conditions, measurements by weirs are very accurate.
In actual plant measurement, however, this may not be true because it
is not practical to minimize the velocity of approach factor. The corre-
lation between level and flow typically has an error of 3 to 5 percent.
When the error of making the level measurement and relating it to flow
rate is added, the total overall error may be as high as +=5 percent.
Equations for the more common open-channel flow devices are given in
Table 4-4.

The equations for most open-channel primary devices are non-
linear. To convert head into flow rate it would be necessary to perform
an extensive calculation. This step is generally eliminated by having the
instrument perform the calculation. This is accomplished either with a

Table 4-4. Equations for Common Open-Channel
Flow Devices

V-Notch Weir

30° Q. = .6650 H3?2
60° Qs = 1.432 H3?
90° Qs = 2.481 H2

Rectangular Weir (with end contractions)
Q = 3.33 (L-0.2H) H3®

Rectangular Weir (without end contractions)

Q = 3.33 LH3*"
Cippoletti Weir
Q = 3.367 LH3*
Parshall flume
Flume Flume
size (in.) size (in.)
3 Q = 0.992 H!347 18 Q= 6.00 H!33
6 Q = 2.06 H'3® 24 Q= 8.00 H!%0
9 Q = 3.07 H*# 36 Q = 12.00 H'3%
12 Q = 4.00 H'522 48 Q = 16.00 H'5™

Q = cfs; L = crest length (ft); H = head (ft)
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cam or by means of a special chart or scale. The head is measured with
any one of several instruments. Several popular types are: float-and-
cable, ball float, bubble, and pressure-sensing. A typical installation is
shown in Figure 4-18.

installation and Selection Considerations

To determine the type of primary device to be used for open-channel
flow measurement, the following factors must be considered:

Probable flow range
Acceptable head loss
Required accuracy
Condition of liquid

Probably all of the devices will work, but usually one type will be
the most suited to the installation. It must be remembered that a weir
will not function properly if the weir nappe is not aerated, and the flume
must be maintained at critical depth; otherwise these devices do not
function properly. Nappe aeration is largely a question of level in the
receiving channel. If the liquid rises so that clearance is insufficient for
aeration, accurate flow measurement is impossible. When the flow
drops so that the nappe is not aerated but is drawn to the weir edge by
capillary attraction, the device does not operate properly.

Minimum weir flows are difficult to calculate because they depend
to some degree on the nature of the weir. If the weir is properly sized,
minimum flow will produce a substantial, measurable amount of head
over the weir. Figure 4-17 shows the relationship between level and
flow for the Parshall flume (Figure 4-16). Dimensions and maximum
and minimum flows for the flume are tabulated in Table 4-3.

Fig. 4-18. V-Notch weir with float-and-cable.
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Velocity Flowmeters
Magnetic Flowmeter

The principle of the magnetic flowmeter was first stated by Faraday in
1832, but did not appear as a practical measurement for the process
plant until the 1950s. Its advantages are no obstruction to flow, hence
no head loss; it can accommodate solids in suspension; and it has no
pressure connections to plug up. It is very accurate and has a linear
flow rate to output relationship. Its disadvantages are that measured
material must be liquid; the liquid must have some electrical con-
ductivity; and it is expensive.

Operation

Operation of the magnetic flowmeter is based on Faraday’s well-known
law of electromagnetic induction: The voltage (E) induced in a con-
ductor of length (D) moving through a magnetic field (&) is proportional
to the velocity (V) of the conductor. The voltage is generated in a plane
that is mutually perpendicular to both the velocity of the conductor and
the magnetic field. Stated in mathematical form:

E = CHDV (4-11)

where C is a dimensional constant. Industrial power generators and
tachometer generators used for speed measurement operate on the
same principle, electrically conductive process liquid acts in a similar
manner to a rotor in a generator. That is, the liquid passes through a
magnetic field (Figure 4-19) induced by coils (Figure 4-20) built around
a section of pipe. The process liquid is electrically insulated from the
pipe, or flow tube, by the use of a suitable lining when a metal tube is
used, so that the generated voltage is not dissipated through the
pipeline. Two metallic electrodes are mounted in the flow tube and
insulated from it; a voltage is developed across these electrodes that is
directly proportional to the average velocity of the liquid passing
through the magnetic field. Because the coils are energized by alternat-
ing current power, the magnetic field and resultant induced voltage is
alternating. This generated voltage is protected from interference,
amplified, and transformed into a standard dc current signal by a
transmitter or converter. Line voltage variations are canceled by the
circuits employed.

The magnetic flowmeter measures volume rate at the flowing tem-
perature independent of the effects of viscosity, density, turbulence or
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suspended material. Most industrial liquids can be measured by mag-
netic flowmeters. Exceptions are some organic chemicals and most refin-
ery products. Water, acids, bases, slurries, liquids with suspended sol-
ids, and industrial wastes are common applications. The limitation is
the electrical conductivity of the liquid. The magnetic flowmeter offers
no more restriction to flow than an equivalent length of pipe, Figure
4-21.

Structurally, a magnetic flowmeter consists of either a lined metal
tube, usually stainless steel because of its magnetic properties, or an
unlined nonmetallic tube. Linings for the metal tubes can be poly-
tetrafluoroethylene (Teflon), polyurethane, or some other nonmagnetic,
nonconducting material.

The electrodes are suitably insulated from the metal tube. Non-
metallic fiberglass flow tubes do not require any lining. The electrodes
must be insulated so that the voltage generated can be measured across
the electrodes. The insulation has no bearing on the actual voltage
generation, but without the insulator, voltage would bleed off through
the metallic walls of the tube.

The coils are similar in design to the deflection coils used on a
television picture tube. Two coils are used and work together to create
a uniform magnetic field. The coils are generally series-connected, but
may be parallel-connected if the measured flow velocity is low.

The signal output from the flow tube’s electrodes is an alternating

Fig. 4-21. Unobstructed flow.
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voltage at supply frequency. This low-level voltage is generally be-
tween 1 mV and 30 mV at full flow rate.

This low-level alternating voltage must be measured and converted
either into a record or display or into a dc common denominator trans-
mission signal. This signal, typically 4 mA at zero and 20 mA at full
scale, can be fed into a recorder or controller. The device that can
accomplish this is a special type of transmitter. This transmitter is
located either directly on the flow tube (Figure 4-22), near it, or within
the control room. The preferred location is as near to the flow tube as
possible; temperature and corrosive conditions are the constraints that
dictate location. In some applications a digital or pulse rate signal out-
put from the transmitter may be required, and this option is available.

Accuracy

The accuracy of most magnetic flowmeter systems is 1 percent of full-
scale measurement. This includes the accuracy of both the meter itself
and its secondary instrument. Because this type of meter is inherently
linear, its accuracy at low-flow rates exceeds the practical accuracy of
such inferential devices as the Venturi tube. Accuracy of the Venturi is
+0.75 percent, according to ASME Fluid Meters Report, and that of
the secondary instrument is about +0.5 percent. At the low end of the
measurement scale, secondary instrument readability decreases owing
to the square root relationship. The magnetic flowmeter can be labora-

Fig. 4-22. Foxboro magnetic flow tube and transmitter.
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tory calibrated to an accuracy of 0.5 percent of full scale and is linear
throughout.

Vortex Flowmeter

The Foxboro Vortex flowmeter, as shown in Figure 4-23, measures
liquid, gas, or steam flow rates using the principle of vortex shedding.
The transmitter produces either an electronic analog or pulse rate sig-
nal linearly proportional to volumetric flow rate.

Principle of Operation
The phenomenon of vortex shedding can occur whenever a nonstream-
lined obstruction is placed in a flowing stream. As the liquid passes
around the obstruction, the stream cannot follow the sharp contours
and becomes separated from the body. High-velocity liquid particles
flow past the lower-velocity (or still) particles in the vicinity of the body
to form a shear layer. There is a large velocity gradient within this shear
layer, making it inherently unstable. The shear layer breaks down after
some length of travel into well-defined vortices as shown in Figure 4-24.
These vortices are rotational flow zones that form alternately on
each side of the element with a frequency proportional to the liquid flow

Fig. 4-23. Vortex flowmeter.



122 FEEDBACK PROCESS CONTROL

Fig. 4-24. Vortex shedding phenomenon.

rate. Differential pressure changes occur as the vortices are formed and
shed. This pressure variation is used to actuate the sealed sensor at a
frequency proportional to vortex shedding.

Thus, a train of vortices generates an alternating voltage output
with a frequency identical to the frequency of vortex shedding. This
frequency is proportional to the flow velocity.

The voltage signal from the detector (Figure 4-25) is conditioned
and amplified for transmission by electronics located in a housing
mounted integral with the flowmeter body. The final output signal is
available either in pulse form with each pulse representing a discrete
quantity of fluid for totalizing or, optionally, as a 4 to 20 mA dc analog
signal for flow rate recording or control.

Turbine Flowmeter

The turbine meter derives its name from its operating principle. A
turbine wheel (rotor) is set in the path of the flowing fluid. As the fluid
enters the open volume between the blades of the rotor, it is deflected
by the angle of the blades and imparts a force causing the rotor to turn.
The speed at which the rotor turns is related, over a specified range,
linearly to flow rate,

Several methods are employed to transmit this motion to a readout
device outside of the conduit. In some applications a mechanical device
conveys the rotor motion directly to a register. In process applications,

—
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2

Fig. 4-25. Geometry of vortex generator.
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however, the usual method is to use an electrical method. A coil con-
taining a permanent magnet is mounted on the meter body. The turbine
flowmeter (Figure 4-26) consists of a section of metal pipe, a multi-
bladed rotor mounted in the center of the straight-through passage, and a
magnetic pickup coil mounted outside the fluid passage. A shaft held in
place by fixed radian vanes supports the rotor assembly. As each blade
tip of the rotor passes the coil it changes the flux and produces a pulse.
The total number of pulses indicates the volume of fluid which has
passed through the meter and the rate of the pulses generated becomes
a measure of flow rate.

Turbine flowmeters are frequently employed as sensors for inline
blending systems.

Turbine flowmeters have excellent accuracy and good rangeability.
They are limited to clean fluids. They are expensive, but do have
unique features.

Other Flowmeters

Other flowmeters that may be found in some process plants include the
ultrasonic, the thermal, a variety of positive displacement types, meter-
ing pumps, and others. The flowmeters described account for the ma-
jority of the flow rate measuring devices in everyday use.

Fig. 4-26. Turbine flowmeter.
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Conclusion

Unfortunately, there is no best flowmeter. Factors such as accuracy,
pressure loss, material to be measured, ease of changing capacity, and
ease of installation along with cost must be carefully considered. Once
the details of the problem have been gathered and the possible alterna-
tives considered, the best selection will usually be clear. Some of the
systems described read correctly to within a few percent. Some are
considerably better. All should have good repeatability—the all impor-
tant criterion for control.

Questions

4-1. Match the head meter primary devices with the application (select a
single best answer for each):
a. High-pressure recovery
. b. Air ducts
- c. Sediment in liquid
‘ d. Economy and accuracy are
important
Elbow taps e. No straight run available

4-2. A differential pressure transmitter is calibrated 0 to 80 inches of water
and transmits a 4 to 20 mA dc signal. This transmitter is placed across an
orifice plate which is sized to create 80 inches of water differential at 6 gallons
per minute.

What is the flow rate when the signal is 13 mA d¢?
a. 4.5 gpm c. 3.4gpm
b. 3.9 gpm d. 4.9 gpm

4-3. For the equipment described in the preceding question, what will the
signal be if the flow rate is 4 gpm?
a. 13.3mA dc c. 8.9 mA dc
b. 11.2 mA dc d. 6.7 mA dc

4-4. Assume the line used in Questions 2 and 3 is a Y-inch schedule 40 pipe
(ID = 0.622 inches). Find the orifice bore used to satisfy the conditions given
if the measured fluid is water at 60°F.

a. 0.190 inches ¢. 0.414 inches
b. 0.556 inches d. 0.352 inches

4-5. The best choice of orifice taps in the preceding problem would be:
a. flange taps ¢. pipe taps
b. vena contracta taps d. corner taps
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4-6. A 2-inch schedule 40 line /D = 2.067) is used to carry gasoline (SP
GR = 0.75). The flow rate is measured with an orifice plate (d = 1.034) and
pipe taps are used. At full flow rate a differential pressure of 50 inches of
water is produced. What is the approximate full flow rate in gpm?

a. 30 gpm c. 250 gpm
b. 53 gpm d. 36 gpm

4-7. Assume an 8-inch schedule 160 pipe (ID = 6.813 inches) carries a full
flow of 40,000 pounds per hour of dry saturated steam. The static pressure is
335 psi. Flange taps are used and the differential pressure across the orifice
plate at full-flow rate is 100 inches of water. What is the size of the bore in the
orifice plate?

a. 4.357 inches ¢. 2.271 inches
b. 3.645 inches d. 5.109 inches

4-8. Fuel gas is carried in a 6-inch schedule 40 pipe (ID= 6.065 inches).
Flow rate is measured with an orifice plate using flange taps and the bore in
the orifice is 3.457 inches. The specific gravity is 0.88, the flowing temperature
is 60°F, and the static pressure is 25 psi. Maximum flow rate creates a
differential of 20 inches of water. What is the approximate flow rate in
cubic feet per day?

a. 1,500,000 SCFD ¢. 2,500,000 SCFD
b. 2,000,000 SCFD d. 3,000,000 SCFD

4-9. The output of a target flowmeter is:
a. Proportional to volumetric flow rate
b. Proportional to the square of volumetric flow rate
¢. Proportional to the square root of volumetric flow rate

4-10. The output signal or reading of a magnetic flowmeter is:
a. Proportional to volumetric flow rate
b. Proportional to the square of volumetric flow rate
¢. Proportional to the square root of volumetric flow rate
d. Inversely proportional to volumetric flow rate

4-11. With suspended solids and/or entrapped gas in a flowing liquid, the
magnetic flowmeter will:

a. Read high

b. Read low

¢. Read the liquid flow only

d. Read the correct total volume of the mixture

4-12. A turbine flowmeter produces an output in the form of pulses. The total
number of pulses is:

a. Inversely proportional to flow

b. Directly proportional to total flow

¢. Proportional to the square root of flow

d. Proportional to the square of flow



Temperature and Humldlty
Measurements.. ..

Temperature and moisture measurements are important in process con-
trol, both as direct indications of system or product state and as indi-
rect indications of such factors as reaction rates, energy flow, turbine
efficiency, and lubricant quality.

Temperature

Present temperature scales have been in use for about 200 years. The
earliest instruments—variations of the common stem thermometer—
were based on the thermal expansion of gases and liquids. Such filled
systems are still employed frequently for direct temperature measure-
ment, although many other types of instruments are available. Rep-
resentative temperature sensors include:

Filled thermal systems

Liquid-in-glass thermometers
Thermocouples

Resistance temperature detectors (RTDs)

126
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Thermistors

Bimetallic devices

Optical and radiation pyrometers
Temperature-sensitive paints

Various types of measurement control systems are compared in Table
5-1.

Instrument selection must anticipate overall control requirements.
Low cost often justifies consideration of filled systems for measure-
ments below 1,200°F or 650°C. Other advantages of mechanically or
pneumatically transmitted temperature measurements include low-
explosion hazard, simple maintenance requirements, high reliability,
and independence from external power. Advantages of electrical sys-
tems include higher accuracy and sensitivity, practicality of switching
or scanning several measurement points, larger distances possible be-
tween measuring elements and controllers, replacement of components

Table 5-1. Comparison of Temperature Measuring Systems

Most Least
Comparison Factors Favorable Intermediate Favorable
Purchase cost F P R
Long distance transmission E P F
Change or replacement
of components T E and P F
Installation costs E° F P
Maintenance F P E
Averaging measurement F T R
Surface measurement R T F
Time constant
(bare bulb and no well) T F R
Temperature difference R F T
Sensitivity E P F
Accuracy R F Pand T
Operating costs F E P
Key: F Filled system. R Electrical RTD system.
P Pneumatically transmitted filled system. E Electrical thermocouple and RTD sys-
T Electrical thermocouple system. tems equally rated.

°General purpose wiring only. Explosion-proof
electrical systems cost considerably more than
other types.
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(rather than complete systems) in the event of failure, fast response,
and ability to measure higher temperatures.

Filled Thermal Systems

Filled thermal systems, which traditionally have been used most in
the food, paper, and textile industries, consist of sensors (bulbs) con-
nected through capillary tubing to pressure or volume sensitive ele-
ments (Figure 5-1). These systems are simple and inexpensive and
generally have fast dynamic responses. Their use with pneumatic and
electronic transmitters has removed inherent distance limitations of
filled systems and has minimized the danger of capillary damage.
Moreover, transmitter amplification has made narrow spans practical
and has improved linearity and response.

Application specifications of several types of filled systems are
listed in Table 5-2. These include the Scientific Apparatus Makers As-
sociation (SAMA) Classes I (liquid-expansion), II (vapor-pressure), 111
(gas-pressure), and V (mercury-expansion). The SAMA Class II
classifications also include alphabetical designations, by which A and B
indicate sensor above and below case ambient, respectively; C indicates
a system in which the sensor can cross ambient; and D denotes a system
which can operate at ambient conditions.

Liquid-expansion systems are characterized by narrow spans,
small sensors, uniform scales, high accuracy, and capability for differen-
tial measurements. Class IA devices have an auxiliary capillary and

Fig. 5-1. Filled measurement systems generally are the most inexpensive way of
measuring and controlling temperature.
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Table 5-2. Instruments for Filled Thermal System Sensors

Type Liquid Vapor (a) Gas

Principle Volume change Pressure change Pressure change
SAMA Class 1 n m

Fluids Organic liquids Organic liquids Pure gases

Lower range limit
Upper range limit
Narrowest span (b)
Widest span
Ambient temperature
Compensation
Sensor size

Typical sensor size
for 100°C span

{Hydro-carbons)
—200°F (- 130°C)
+600°F (+315°C)
40°F (25°C)
600°F (330°C)

TA Full
1B Case

Smallest

9.5mm (0.375in.) OD x
48mm (1.9 in.) long

(Hydro-carbons), water

—425°F (—255°C)
+600°F (+315°C)

70°F (40°C) (¢)
400°F (215°C)
Not required

Medium

9.5mm (0.375 in.) OD x
50mm (2 in.) long

—455°F (-270°C)
+1,400°F (+760°C)
120°F (70°C)
1,000°F (550°C)

IIIB case
Largest

22mm (% in.) OD x
70mm (6 in.) long

Overrange capability Medium Least Greatest
Sensor elevation effect None Class I1A, Yes None
Class 1IB, None
Barometric pressure None Slightly (greatest on Slightly (greatest o
effect (altitude) small spans) small spans)
Scale uniformity Uniform Non-Uniform Uniform
Accuracy +0.5 to +£1.0% of span +0.5 to =1.0% of span +0.5 to +1.0% of
upper % of scale span
Response (d) #1—Class IIA #2
#1 Fastest #3—Class IIB
#4 Slowest
Cost Highest Lowest Medium
Maximum standard Class IA 30m or 100 ft. 30m or 100 ft. 30m or 100 {
Capillary length Class 1B 6m or 20 ft.

(a) Class II systems are supplied as either SAMA Class IIA or IIB. In Class IIA, sensor is always
hotter than tubing or instrument case. In Class I1IB, sensor is always cooler than tubing or case.

(b) Narrowest spans vary at elevated temperatures.

(c) Smaller spans available in cryogenic regions.

(d) Actual values depend on range, capillary length, sensor dimensions, and type of instrument used.

element to provide ambient temperature compensation and IB systems
often utilize bimetallic techniques. However, fully compensated
liquid-expansion systems are complex and, therefore, expensive.
Vapor-pressure systems are reliable, inherently accurate, and re-
quire no compensation for ambient temperature effects. Instruments
follow the vapor-pressure curves of the filled fluid, and associated dials
and charts are thus nonuniform, featuring more widely spaced
increments at high temperatures. Measurements occur at the interface
between liquid and vapor phases of the filling medium. If the tempera-
ture in the sensor exceeds that in the capillary and indicating element, the
sensor is filled with vapor while the capillary and indicator contain liquid.
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The converse is true when the relative temperature polarity is reversed.
A transition between liquid and vapor can cause erratic operation, so
that vapor systems may be unsuitable for ranges that cross the element
and capillary temperatures. Systems may also be unacceptable if uni-
form recording or indicating scales are desired.

Gas-pressure systems, which rank second to the vapor-pressure
devices in simplicity and cost, offer the widest range of all filled sys-
tems. Conventional designs use large-volume sensors, which may be
shaped to suit particular applications. For example, in duct-tem-
perature averaging, the sensor may be constructed of a long length of
tubing of small cross section. Conventional recorders are not recom-
mended for temperature spans of less than 200°F or 110°C, but trans-
mitters operating on force-balance principles can be utilized with spans
as narrow as S0°F or 28°C. With gas-filled systems, it is difficult to
compensate for ambient temperature errors, but a sufficiently large sensor
size may reduce effects to acceptable limits.

Mercury-expansion systems are classified separately from other
liquid-filled systems because of the unique properties of the fluid. For
example, mercury is toxic and harmful to some industrial processes
and products, and high-liquid density places limitations on sensor-to-
instrument elevation differences. Sensors used in mercury-expansion
systems are generally larger in diameter and more expensive than those
used in either liquid or vapor systems. For these reasons, mercury is
frequently bypassed in favor of other filling media.

Electrical Systems

Electrical temperature sensors have long been popular in the metal and
paper industries, but increasing use of elegtronic devices has stimu-
lated application in a variety of other areas. Thermocouples and resis-
tance temperature detectors (RIDs) are most widely used, and represen-
tative application data are given in Table 5-3.

Thermocouples

Thermoelectricity was discovered by Seebeck in 1821. He observed an
electromotive force (emf) generated in a closed circuit of two dissimilar
metals when their junctions were at different temperatures. This elec-
tricity, produced by the direct action of heat, is used today to measure
temperatures from subzero to high ranges.
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Table 5-3. Quick-Reference Selector Chart for Standard
Thermocouples & RTDs

TEMPERATURE LIMITS
Sensor Calibration °C °F
RTDs Nickel SAMA Type 11 —200 to 315 —320 to 600
Platinum SAMA 100 ohm, or
DIN 43760 —-200 to 650 —320to 1,200
Copper SAMA 0to 150 32 to 300
Thermocouples  Iron-Constantan, ISA Type J —-210to 760 —350 to 1,400
Copper-Constantan, ISA Type T —270 to 370 —455 to 700
Chromel-Alumel, ISA Type K —-270to 1,260  —455 to 2,000
Chromel-Constantan, ISA Type E  —270 to 870 —455 to 1,600
Platinum-Platinum Rhodium, -50 to 1,480 —S55 to02,700
ISA TypesR & S
ISA Type B 0to 1,700 0 to 3,100

A thermocouple consists basically of two dissimiliar metals, such
as iron and constantan wires, joined to produce a thermal electromotive
force when the junctions are at different temperatures (Figure 5-2). The
measuring, or hot, junction is inserted into the medium where the tem-
perature is to be measured. The reference, or cold, junction is the open
end that is normally connected to the measuring instrument terminals.

The emf of a thermocouple increases as the difference in junction
temperatures increases. Therefore, a sensitive instrument, capable of
measuring emf, can be calibrated and used to read temperature di-

rectly.

REFERENCE
JUNCTION

MEASURING
JUNCTION

¥
< i THERMOCOUPLE INSTRUMENT
MEASURING REFERENCE

JUNCTION JUNCTION

Fig. 5-2. Thermocouple.
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Figure 5-3 indicates the approximate emf-millivolt output versus
temperature relationship for the most popular thermocouple types. De-
viation from the essentially linear relationship is generally less than 1
percent.

Introduction of intermediate metals into a thermocouple circuit will
not affect the emf of the circuit, provided the new junctions remain at
the same temperature as the original junction. The algebraic sum of the
emf’s in a circuit consisting of any number of dissimilar metals is zero,
if all of the circuit is at a uniform temperature. Repeating the law, if in
any circuit of solid conductors the temperature is uniform from Point 1
through all the conducting material to Point 2, the algebraic sum of the
emf’s in the entire circuit is totally independent of the intermediate
material and is the same as if Points 1 and 2 were put in contact. If the
individual metals between junctions of the circuit are homogeneous, the

THERMOCOUPLE TEMPERATURE-EMF VALUES
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Fig. 5-3. Temperature-emf values approximate the relationship of six standard
thermocouples. The conditions of a particular installation may require lowering the
maximum temperature to a value below that listed. Temperature/millivolt curves are
available in the appendix.



TEMPERATURE AND HUMIDITY MEASUREMENTS 133

sum of the thermal emf’s will be zero, provided only that the junctions
of the metals are all at the same temperature.

The emf in a thermoelectric circuit is independent of the method
employed in forming the functions as long as all the junction is at a
uniform temperature and the two wires make good electrical contact.
The junction may be made directly, by welding, or by soldering. Fur-
thermore, an instrument for measuring the emf may be introduced into
a circuit at any point without altering the resultant emf, provided the
junctions that are added to the circuit by introducing the instrument are
all at the same temperature. If the temperatures of the new junctions
are not uniform, the effect is that of introducing additional ther-
mocouples into the circuit.

Reference Junction

To make accurate temperature measurements with thermocouples, the
reference junction temperature must remain constant; if it varies, suit-
able compensation for these variations must be provided.

Should there be an uncompensated variation in the reference junc-
tion temperature, there will be a corresponding change in the millivolt-
age with a resultant error in temperature measurement (Table 5-4).

When used in the laboratory and for other checking and testing
purposes, the thermocouple reference junction can be placed in a vac-
uum bottle filled with shaved ice saturated with water. This method
provides close temperature control (within a fraction of a degree) and
permits accurate reading.

Table 5-4. Standard Limits of Error

Couple or Wire Range Limits
Copper-constantan —300 to —75°F +2% of reading

—-75 to +200°F +11%°F

200 to 700°F +34% of reading
Iron-constantan —100 to +530°F +4°F

530 to 1,400°F *+34% of reading
Chromel-alumel 0 to 530°F +4°F

530 to 2,300°F +34% of reading
Platinum rhodium- 0 to 1,000°F +3°F
platinum 1,000 to 2,700°F +0.3% of reading
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Fig. 5-4. Typical thermocouple and extension leads.

To ensure accurate readings, most thermocouples are now installed
with instruments that provide automatic reference junction compensa-
tion. In most instruments, this is accomplished by passing current
through a temperature-responsive resistor, which measures the varia-
tions in reference temperature and automatically provides the neces-
sary compensating emf by means of the voltage drop produced across
it.

An industrial installation generally consists of a thermocouple with
its connection head, the necessary length of extension wire, and an
indicating, recording, or controlling instrument with internal and auto-
matic reference junction compensation. The extension wires generally
consist of the same materials as the thermocouple elements, or may be
composed of other materials and alloy wires that generate essentially
the same millivoltage as the thermocouple for application temperatures
up to approximately 400°F or 200°C (Figure 5-4). The ISA symbols and
color codes for thermocouple lead wires are given in Table 5-5.

Table 5-5. Extension Wire Type Designations and Standard Limits of Error

ISA Extension Color Temperature Limits of  Couple
Type Wire Code Range F Error Used With
TX Copper- + (blue) _75 to +200 <1 F Copper-
constantan — (red) constantan
IX Iron- + (white) 0to 400 +4 F Iron-
constantan — (red) constantan
WX Iron- + (green) . Chromel-
cupronel — (red) 75t0 400 *6F alumel
KX Chromel- + (yellow) - Chromel-
alumel — (red) 75to 400 *4F alumel
SX Copper- + (black) . Platinum
CuNialloy - (red) 75to 400 x10F  ppdium-

platinum
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Fig. 5-5. Thermocouples in parallel.

Average Temperatures

To measure the average temperature across a large duct or vessel, or
around a retort, any number of thermocouples may be used in parallel
connections. The voltage at the instrument, or at the point of parallel
connection, is the average of that developed by the number of ther-
mocouples used. This voltage is equal to the sum of the individual
voltages divided by the number of thermocouples. For accurate mea-
surement, the resistances of all thermocouples and extension wire
circuits should be identical. Since the resistance of the actual ther-
mocouple will vary with temperature, and since the lengths of exten-
sion wires may also vary, the effect of these variations can be mini-
mized by using swamping resistors. The values of the swamping
resistors should be high in comparison with the change or difference in
resistances encountered. A resistor value of 1,500 ohms generally
works well.

In order to prevent the flow of current through a ground loop, the
thermocouples should not be grounded. All thermocouples must be of
the same type and must be connected by the correct extension wires
(Figures 5-5 and 5-6). .

Parallel connection of thermocouples for average temperature
measurement is advantageous because the instrument construction and

THERMOCOUPLES
< ] /4
) INSTRUMENT
.
—EXT ION
.... g

Fig. 5-6. Parallel thermocouples with swamping resistors.



136 FEEDBACK PROCESS CONTROL

calibration can be the same as that for a single thermocouple. Two or
more thermocouples may be connected in series to measure average
temperatures; however, this circuit requires that the instrument have
special reference junction compensation to provide the increased com-
pensating emf for the specific number of thermocouples in the circuit.
The instrument also must be calibrated for the total millivoltage output
of the number of thermocouples used in series. Extension wires from
each thermocouple must be extended back to the actual reference junc-
tion at the instrument.

Differential Temperatures

Two thermocouples may be used for measuring differential tempera-
tures between two points. Two similar thermocouples are connected
with extension wire of the same material as is used in the ther-
mocouples. The connections are made in such a way that the emf’s
developed oppose each other. Thus, if the temperatures of both ther-
mocouples are equal, regardless of the magnitude, the net emf will be
zero. When different temperatures exist, the voltage generated will
correspond to this temperature difference, and the actual difference
may be determined from the proper calibration curve. An instrument
calibrated either for 0 millivolts at midscale or 0 millivolts at the end of
the scale, depending upon whether thermocouples are operated at high
or low temperatures with respect to each other, may be furnished and
used to read temperature difference directly.

Copper leads may be used between the instrument and the connec-
tion box that links the instrument to the thermocouple or extension
wires (Figure 5-7). The instrument should not have the reference junc-
tion compensation normally furnished when measuring temperatures
with thermocouples. As in the case of parallel thermocouple connec-
tions, the thermocouples should not be grounded and the resistance of
both thermocouple circuits should be the same.

THERMOCOUPLES CONNECTION
—+ BOX

1

[ copper
< " 1 LEADS | NSTRUMENT

[l &

CONNECTION  EXTENSION
HEADS WIRES

Fig. 5-7. Two thermocouples used to measure temperature difference.
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Thermocouple Calibration Curves

Thermocouples develop an extremely small dc voltage, measured in
thousandths of a volt. The millivolt output falls within a range of — 11 to
+75 millivolts, depending on the type of thermocouple and its tempera-
ture working range. Calibration curves for thermocouples are included
in the Appendix. Now let us consider some typical thermocouple in-
struments and investigate their functions.

Potentiometric Recorder

Figure 5-8 shows a simplified circuit diagram of the Foxboro poten-
tiometric recorder (Figure 5-9). An emf input (E,) is derived from a
thermocouple or other measuring element. A constant emf (E,) is
supplied by a Zener diode regulated power supply. As E, varies, an
error signal is developed, and the circuit becomes unbalanced.

The error signal is converted to an ac voltage by a field effect
transistor chopper and amplified by the integrated circuit amplifier. The
amplified output drives a two-phase balancing motor. The direction of
rotation depends on whether E, has become greater or smaller. The
motor moves the wiper contact on the slidewire R, to a position where
the circuit is rebalanced. The slidewire coritact is mechanically con-
nected to the recorder pen, and both are positioned simultaneously.

With a thermocouple input, a temperature sensitive resistor (R,)
automatically compensates for reference junction ambient temperature
variations. This resistor changes the balance of the circuit to cancel
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Fig. 5-8. Simplified circuit of potentiometric recorder.
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Fig. 5-9. Foxboro strip chart recorder.

changes in E, with reference junction temperature variations. For
straight millivolt inputs, R, is a temperature-stable resistor.

~—~._The slidewire is characterized to allow the use of uniform charts
and scales with thermocouple and certain other nonlinear measure-
ments. This is accomplished by varying the resistance per unit length
along the slidewire.

If the temperature measurement is used in conjunction with an
electrical control system, a thermocouple-to-current transmitter may
be used. A typical transmitter is shown in Figure 5-10. The transmitter
provides a two-wire output; the same wiring is used for both power and
output. The load resistance is connected in series with a dc power
supply (approximately 25 volts), and the current drawn from the supply
is the 4 to 20 mA dc output signal.

Field mounting the transmitter at or near the actual measurement
point eliminates the installation of special thermocouple extension
wires to the receiver. In some cases, this procedure can alsc
the performance of the measurement loop, since the possibi
tension wire error is avoided.

As shown in Figure 5-10, the thermocouple/millivolt bri¢
consists of a precision-constant current source, a referenc
compensator, a burn-out detection current source, and associ:
tors. The amplifier is a very high gain, chopper-stabilized difference
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Fig. 5-10. Simplified circuit diagram of the Foxboro thermocouple transmitter.
(Bottom) Foxboro thermocouple transmitter.

amplifier. It functions as a null detector by controlling the 4 to 20 mA dc
output current to maintain a null between the compensated ther-
mocouple and feedback voltages. The transmitter is protected from
reverse polarity connection of the power supply by means of a diode in
the negative lead of the output circuit. The maximum error for this
transmitter is approximately +0.25 percent of span.

Many control instruments, such as this transmitter, feature ther-
mocouple burn-out protection. In the event of an open thermocouple, a
small voltage applied to the instrument causes it to read full-scale out-
put. This causes the control system to shut off the heat and prevent
damage.

Resistance Thermal Detectors

Resistance thermometry is based on the change of electrical con-
ductivity with temperature. Therefore, a coil of wire can act as a tem-
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perature sensor, with a direct relationship established between resis-
tance and temperature. Standard curves are available, with certified
accuracies within 0.1°F or °C. Platinum RTDs used as laboratory stan-
dards can be obtained with tolerances well within this limit, and are
capable of precise temperature measurement up to 1,650°F or 900°C. If
an RTD is adjusted to conform to its curve, it may be interchanged with
other RTDs calibrated according to the same curve.

Resistance-thermal detector temperature measurement may be
read out on many different types of instruments. If the measurement of
temperature were to be used in conjunction with a pneumatic control
system, the RTD could be attached to a resistance-to-pneumatic con-
vertor, such as the Foxboro Model 34B (Figure 5-11).

The resistance-to-pneumatic convertor converts the temperature
measured by a resistance-temperature element into a proportional 3 to
15 psi or 20 to 100 kPa pneumatic output signal. This signal is suitable
for use with many types of pneumatic receiving instruments, such as
controllers, recorders, and various computing instruments.

This transmitter has several features. For example, when used with

Fig. 5-11. Foxboro 34B Series resistance pneumatic transmitter.
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Fig. 5-12. Simplified circuit diagram of 34B Series nickel RTD transmitter.

the appropriate nickel bulb, the converter has an output that is linear
with temperature. Spans as low as 5°F or 3°C can easily be achieved.
An adjustable range allows a simple field calibration procedure to
change the temperature input range required for a 3 to 15 psi or 20 to
100 kPa output. It also operates on all normal supply voltages.

This transmitter is an electromechanical device consisting of a
solid-state, integrated circuit amplifier and an output transducer. Fig-
ure 5-12 is a simplified circuit diagram of the nickel RTD version of the
transmitter. The transducer is shown in Figure 5-13.

The RTD is wired into a measurement bridge and excited from a
regulated direct current power supply. The change in resistance of the
RTD causes a bridge output change that is proportional to temperature.
Negative feedback is obtained from the output current and applied to
the opposite side of the measurement bridge. A change in feedback by
the span adjustment changes the gain of the amplifier and thereby
changes the span of measurement.

Fig. 5-13. Output transducer.
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The platinum RTD transmitter incorporates a negative impedance,
integrated circuit amplifier that shunts the platinum RTD to linearize
the temperature versus the RTD characteristic.

The amplifier section provides the high input impedance and gain
required to amplify the low-input signal. The input signal is first con-
verted to ac by an FET (used as a chopper) and then applied to a
high-gain ac amplifier. The signal is next demodulated and applied to a
voltage follower. The output of this amplifier is applied to a power
transistor to supply the 10 to 50 mA dc required by the transducer coil.

A functional diagram applying to the output transducer is shown in
Figure 5-13. The direct current input signal is converted into a propor-
tional air output signal as follows: A coil is positioned in the field of a
fixed, permanent magnet. When a direct current flows through the coil,
the electromagnet and permanent magnet forces are in opposition. Any
increase in the current, which causes a proportional increase in the
force on the coil, tends to close the flapper against the nozzle. The air
output pressure from the pneumatic relay is thereby increased. This
increased pressure is fed to the feedback bellows to exert a force on the
force beam to rebalance the force from the coil. All of the forces which
act upon the force beam are balanced in this manner, and the pneuma-
tic output tracks the current input. The capacity tank (C,) and the
associated restrictor provide dynamic compensation to the circuit. Dur-
ing rapid input changes, the restrictor will effectively keep the capacity
tank out of the circuit for faster feedback response through the relay.
For slow changes, the capacity tank acts to damp pressure fluctuations
and to provide a smoother output. The small capacity tank (C,) in the
output circuit provides necessary constant damping.

During alignment or calibration of the output transducer, zero ad-
justment is made by turning a screw to advance or retract a spring
which bears on the force beam. Coarse span adjustments are made by
repositioning the feedback bellows with respect to the pivot.

Wheatstone Bridge Recorder

One of the most popular instruments used with RTDs is the slidewire
type Wheatstone bridge recorder. This instrument is almost identical
to the potentiometric recorder previously described and shown in
Figure 5-9.

Figure 5-14 shows a simplified circuit diagram of the Wheatstone
bridge recorder. The resistance temperature detector (RTD) is one arm
of a Wheatstone bridge excited by a Zener diode regulated dc power
supply. Point A (the slidewire contact) and point B form the input to the
amplifier. When the temperature changes, the resistance of the RTD
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Fig. 5-14. Simplified Wheatstone bridge recorder circuit.

changes. This unbalances the bridge and creates an error signal be-
tween Points A and B.

As in the potentiometric recorder, the error signal is converted to
an ac voltage by a field-effect transistor chopper and amplified by the
transistorized amplifier. The output drives a two-phase balancing
motor. The direction of rotation depends on the polarity of the error
signal. The motor moves the wiper contact on the slidewire until the
bridge is rebalanced and no error signal exists. The pen and slidewire
contact are mechanically connected and therefore positioned simulta-
neously.

With all resistance-temperature measurements, the use of three-
conductor RTD cable is recommended. The effect of ambient tempera-
ture variations on the cable is thereby minimized.

If the cable connecting the RTD to the instrument has only two
conductors, these conductors become part of the resistance being mea-
sured. The result then is an error that will vary with ambient tem-
perature. Remember, with all resistance temperature measurements,
three-conductor RTD cable is recommended. The purpose of the three-
conductor cable is to stretch out the measuring bridge. Note the three-
conductor cable in Figure 5-14. One of the conductors is common to
both sides of the bridge while the other two connect one to each side of
the bridge. Any change in cable temperature will be canceled as both
sides of the bridge are changed a like amount.

Occasionally RTD sensors use a four-wire cable. This is generally
in conjunction with a Kelvin double bridge. The four-wire method does
an excellent job of reducing temperature effects on the cable. The
improvement over the three-wire method, however, is minimal. In
practice, an RTD may be used with as much as 500 feet of three-
conductor cable without the cable creating a perceptible error.
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Thermistors

Thermistors are made of heat-treated metallic oxides, and most ther-
mistors differ from ordinary resistors by having a negative coefficient of
resistance. Thermistors are available with a nearly linear temperature
resistance relationship, and other types are available with a sharp
change in slope at some characteristic temperature.

A thermistor can replace an RTD as a temperature sensor. The
difficulty lies in obtaining units that fit the desired characteristic curve
within acceptable limits of accuracy. When this is accomplished and
the thermistor is mounted so as to stand up under process conditions, it
performs the same function as the conventional RTD.

One advantage of the thermistor is that it has a greater resistance
change for a given temperature change than that of the conventional
wire RTD. A disadvantage is that the accuracy available, although
good, is slightly inferior to that of the conventional RTD. This presum-
ably accounts for the thermistor’s limited application in the process
instrumentation field.

Radiation pyrometers utilize an optical system to focus energy
radiated from a body onto a sensing system. Manual devices are often
used;’in which energy at infrared or visible wavelengths is focused on a
target and compared with the light output of a calibrated optical fila-
ment. Ip automated devices, the energy (usually in the infrared band) is
focused on a series array of thermocouples. This thermopile produces a
millivolt output related to the temperature of the source. Pyrometers
are used where high temperatures are to be measured or where contact
with the object is impossible. Accuracy is influenced by such factors as
reflections, gases present in the radiation path, and surface emissivity
of the body under measurement.

Humidity Measurements

Humidity, or the amount of moisture in gases, is expressed in several
different ways, including:

1. Relative humidity—the actual quantity of water vapor present in a
given space expressed as a percentage of the quantity of water
vapor that would be present in the same space under saturated
conditions at the existing temperature.

2. Absolute humidity—mass of vapor per unit mass of dry gas.

3. Dew point—the saturation temperature of the mixture at the corre-
sponding vapor pressure. If the gas is cooled at constant pressure
to the dew point, condensation of vapor will begin.
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A list of the methods used to measure humidity would include the
following:

Relative Humidity Measurement
Mechanical (hair, wood, skin)
Wet and dry bulb thermometers
Surface resistivity devices (including Dunmore)
Crystal frequency change

Absolute Moisture Measurement
Gravimetry
Electrolysis
Infrared
Conductivity
Capacitance
Color change
Karl Fischer titration
RF power absorption
Neutron reflection
Heat of absorption or desorption
Nuclear magnetic resonance

Dew Point Measurement
Chilled mirror
Lithium chloride (including DEWCEL)
Wet bulb thermometer

Direct measurement of relative humidity may be accomplished by
equating the change in dimension of a hygroscopic substance with the
variation in the moisture content of the air. The hair element (Figure
5-15) consists of a band composed of a number of selected and treated
human hairs. The membrane element consists of a strip of treated
animal membrane.

The instrument will record relative humidity between 20 and 90
percent with a maximum error of =5 percent. The calibration should be
adjusted initially by means of a psychrometer. If the hair element is
exposed to humidities over 90 percent or to free moisture, the calibra-
tion should be checked.

Hair elements can be used at temperatures as high as 160°F or 70°C
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Fig. 5-15. Hair element.

without damage. However, in this event, they should be calibrated
under these temperature conditions.

The hair element is extremely responsive to changes in humidity,
and will follow gradual or small changes with good speed. However,
following a sudden large change, at least 30 minutes should be allowed
for the measuring element to reach a state of equilibrium.

The psychrometer consists of two temperature measurements.
One, called the dry bulb, measures the ambient temperature, while the
second, the wet bulb, is provided with a wick or sleeve saturated with
water that is evaporating. The wet bulb temperature will normally be
lower than that of the dry bulb. The lowering of this wet bulb tempera-
ture (wet bulb depression) is an indication of the moisture content of the
surrounding air, or of its humidity. See Appendix for convenient con-
versions of wet and dry bulb readings into relative humidity.

Example: dry bulb reads 90°F; wet bulb 80°F; difference is 10°F.
Following the coordinates to their intersection, we find the relative
humidity to be 65 percent.

A portable version of this instrument, called a sling psychrometer,
provides a convenient way to check the calibration of relative humidity
instruments. Their air velocity past the bulb should be 15 feet (4.6
metres) per second or higher for accurate results.
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Fig. 5-16. Dewcel operating characteristics.

The Foxboro dew point measuring system consists of an element,
the DEWCEL, a source of power to energize it, and a temperature
instrument to sense the dew point temperature. The dew point element
consists of a cylinder of woven glass fabric with two windings of care-
fully spaced gold wires. The two windings do not contact each other.
The fabric is impregnated with lithium chloride. The windings carry
low-voltage power applied through an incandescent lamp ballast resis-
tor.

Moisture determination by this lithium chloride element is based on
the fact that, for every water vapor pressure in contact with a saturated
salt solution, there is an equilibrium temperature at which this solution
neither absorbs nor yields moisture to the surrounding atmosphere.
This equilibrium temperature is shown in Figure 5-16 as the ‘‘DEW-

AMBIENT TEMPERAT!URE of
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CEL® Characteristic -Line.”” Below this equilibrium temperature, the
salt solution absorbs moisture. Above this equilibrium temperature, the
saturated salt solution dries out until only dry crystals are left.

The temperature thus determined may be used as a measure of dew
point temperature, absolute humidity, or vapor pressure.

The relative humidity of the atmosphere can be determined from a
knowledge of the dew point and reference to a vapor pressure curve or
chart (see Appendix, Table A-29).

Absolute measurements are less common in process applications
than relative humidity or dew point determinations, but blast furnace
control is one common application of absolute humidity measurement.

Questions

5-1. To obtain the most accurate temperature record for the range 100° to
150°F, the filled thermal system selected would be:

a. Class I ¢. Class III

b. Class II d. Class V

5-2. A resistance thermometer would be chosen because of:
a. Ability to measure high temperatures
b. Economy
¢. Higher accuracy
d. Simplicity

5-3. Thermocouples are often chosen because of:
a. High accuracy
b. Ability to measure high temperatures
c. Economy
d. Ability to measure an extremely narrow span of temperature

5.4. The Class II (vapor-pressure) thermometer employs a nonlinear scale
because:
a. It is easier to read
b. It may be ratioed to flow measurements
¢. The vapor pressure curve is nonlinear
d. The mechanism employed causes nonlinearity

5-5. Which filled thermal system, or systems, would you select for
measuring the room temperature in your house?
a. Class I ¢. Class III
b. Class II d. Class V

5.6. A Class IIIB (gas-filled) system employs a large bulb to:
a. Minimize the ambient effects on the connecting capillary
b. Obtain the optimum dynamic performance
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¢. Make a maximum bulb area available for measurement
d. Reduce the power produced in the element

5-7. A temperature range between 300°F and 310°F or 149°C to 154°C must
be measured with the greatest possible accuracy. The best choice of system
would be:

a. A copper-constantan thermocouple
b. A copper RTD

c. A nickel RTD

d. A Class 1A filled thermal system

5-8. A hair element is used because it:
a. Measures absolute humidity
b. Is the most accurate type of humidity measurement
¢. Is simple and inexpensive
d. Measures dew point

5-9. A lithium chloride element is usually calibrated to read:
a. Relative humidity c. Absolute humidity
b. Wet bulb temperature d. Dew point

5-10. Lithium chloride is used because:
a. It is nonpoisonous
b. It is inexpensive
c. It is extremely hygroscopic
d. It does not corrode the equipment

5-11. When a wet and dry bulb psychrometer is read to determine relative
humidity:
a. The dry bulb will read lower than the wet bulb
b. The two thermometers may read the same
c. The wet bulb will read lower than the dry bulb
d. A formula may be employed to relate the wet bulb reading to relative
humidity

5-12. The purpose of using extension lead wires that have the same
thermoelectric characteristics as the thermocouple is to:

a. Prevent corrosion at all junctions

b. Extend the reference junction back to the instrument

c. Prevent creating an unwanted reference junction

d. Make the thermocouple system operate in standard fashion

5-13. Relative humidity is:
a. The moisture present in a body -of air expressed as a percentage of
saturation at the existing temperature
b. The moisture in a body of air, in grams per cubic meter
¢. The temperature at which moisture will condense from a body of air
d. The ratio of actual moisture in a volume of air to the moisture that
would exist at optimum comfort in a similar volume
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5-14. A psychrometer is:
a. A hair element instrument
b. A “wet and dry bulb’’ humidity instrument
¢. An instrument that senses psychological disturbances
d. An instrument that reads directly in dew point

5-15. A hygrometer is:
a. Convenient for measuring specific gravity
b. An instrument that measures gas weight
¢. Any instrument that measures moisture content
d. Another name for psychrometer

5-16. A certain thermocouple has a specified time constant of 2 seconds. If
the process temperature changes abruptly from 800° to 900°C, the temperature
readout on the indicator attached to the thermocouple after 6 seconds elapse
will be approximately:

a. 860°C c. 900°C

b. 835°C d. 895°C

5-17. The air velocity past the sensors of a ‘‘wet and dry’’ bulb instrument
should be:

a. 50 feet per second, minimum

b. 2 metres per second, maximum

¢. Approximately 4.6 metres per second

d. Any value

5-18. The advantage of using a three-wire cable to connect an RTD to its
associated instrument is that:
a. Reference junction errors are eliminated
b. The effect of ambient temperature on the cable will be minimized
¢. Potential failures will be minimal
d. Resistance in the external circuit is reduced

5-19. A thermocouple instrument has an input resistance of 50,000 ohms and
is used with an IC Type J couple. The lead wire is # 18 gauge, 120 feet long.
What is the approximate error contributed by the lead wire?

a. *+5.0 percent c. *=0.05 percent

b. =0.5 percent d. =0.1 percent

5-20. The difference between an RTD calibrated to the NR 226 curve and one
calibrated to the NR 227 curve is:

a. A different resistance-to-temperature relationship

b. Nonexistent

c. Greater accuracy with the NR 226 curve

d. Greater accuracy with the NR 227 curve



Analytical Measurements

Analytical measurements seek to define the contents of a process
stream and thus enable control of its composition. Some analytical
measurements are physical; others are electrochemical. The physical
types include humidity, density, differential vapor pressure, boiling
point rise, chromotography, ultraviolet, infrared, and turbidity, some
of which have been discussed previously. Still others, such as spec-
troscopy, osmometry, and polarography, are laboratory techniques
and not usually associated with automatic control. Some are occasion-
ally used, but are beyond the scope of this book.

Many other analytical measurements, such as conductivity, pH
(hydrogen ion concentration), ORP (oxidation-reduction potential), and
specific ion concentration, are electrochemical. These measurements,
along with capacitance, will be covered in this chapter.

Electrical Conductivity
While dissociation into ions and the resulting ion concentration have
been adequate concepts in the past, the fact is that not all the ions

present are necessarily effective. Some of them may be ‘‘complexed,”’’
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that is, ‘‘tied up’’ to-other ions and unavailable for reaction. The con-
cept of activity covers this situation. In short, a given compound will
dissociate to some degree, described by the dissociation constant, into
ions, and some portion of these ions will be active, described by the
activity coefficient. However, in many common reactions, the activity
coeflicient is so near unity that concentration and activity may be used
interchangeably. In a growing number of processes, the actual ion ac-
tivity is different enough from the ion concentration to make it neces-
sary to use the proper term. In general, electrochemical measurements
measure activity rather than concentration, and it is always desirable to
refer to the measurements as ion activity rather than ion concentration.

Electrochemical measurements all rely upon the current-carrying
property of solutions containing ions. Some techniques measure all ions
present (electrolytic conductivity). Others respond mainly to particular
types of ions—hydrogen ions (pH); oxidizing/reducing ions (ORP); se-
lected ions (ion-selective). These will be discussed separately below.

The ability to conduct electricity, or the reciprocal of electrical
resistance, is called conductance. The unit in which it is measured is the
reciprocal ohm, commonly called mho. The conductance of any con-
ductor depends on the nature of the material, the shape of the conduct-
ing path, and the temperature. In analytical work, only the nature of the
material, in this case the type and activity of the ions present, is impor-
tant. Thus, the term conductivity, the conductance of a volume of the
material of unit length and area, is generally used. (Conductivity has
largely replaced an earlier term, specific conductance.)

In actual measurement, a conductivity cell of known geometry is
immersed in the material, and the resistance (or conductance) across
the cell is measured. This gives a measurement that can be calibrated
directly in conductivity due to the known shape of the cell. Con-
ductance and conductivity are related as follows: the greater the length
of a material of given conductivity, the higher its resistance (the lower
the conductance); but the greater the area of the material, the lower the
resistance (the greater the conductance). That is,

araan

conductance = conductivity iength (6-1)

Since the unit of conductance is mho, the unit of conductivity must be

centimeters (6-2)
square centimeters

conductivity =mho X



ANALYTICAL MEASUREMENTS 153

or,
conductivity = mho - cm™!

It is unfortunately common practice to omit the dimensional unit,
so that conductivity is then referred to as mhos. This practice leads to
confusion with conductance, and should be avoided.

The conductivity of most electrolytes at the concentrations and the
temperature ranges normally encountered fall well below unity. For
this reason, the micromho per centimetre, the millionth part of the mho
per centimetre, is normally used.

In the SI system of units, the siemens replaces the mho. One mho
equals one siemens. In conductivity units, one micromho per cen-
timetre (umho/cm) equals one microsiemen per centimetre (uS/cm).
However, the actual SI unit is the microsiemens per metre, since the
unit of length in the SI system is the metre rather than the centimetre.
One uS/cm equals 100 uS/m.

The conductivity of material of unit length and area which has a
resistance of 1,000 ohms is 0.001 mho - cm™! or 1,000 micromho - cm™!
(sometimes called simply 1,000 micromhos).

Since the measurement depends on the geometry of the cell used, a
cell constant (F) has been defined to describe this geometry simply:

_ length (cm)
" area (cm? (6-3)
When the length is 1 centimetre and the area 1 square centimetre,
F = 1.0 cm™'. Here, also, the dimensional unit is omitted in common
use, so that the cell is said to have a cell constant of 1.0. Note that the
critical dimensions are length and area, not volume. Thus while the
above example has a volume of 1 cubic centimetre if the length were 0.5
centimetre and the area were 0.5 square centimetre, the cell constant
would still be 1.0. But the volume would only be 0.25 cubic cen-
timetres. Thus it is not correct to say that the resistivity is the resis-
tance of unit volume, but only of unit length and cross-sectional area.

A cell with greater area and the same length will have a lower cell
constant. But for the same solution (that is, for a given conductivity)
the conductance will be greater with this cell. If we solve Equation 6-1
for conductivity,

length

conductivity = conductance
area

(6-9
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and substituting Equation 6-2,
conductivity = conductance X cell constant

A given measuring instrument will have a certain conductance (re-
sistance) range. But it may have a variety of conductivity ranges by
simply using cells of different cell constants. For example, an instru-
ment with a range of 0 to 100 micromhos per centimeter with a cell
having a constant of 0.01 will have a range of 0 to 1,000 micromhos per
centimeter if a cell with a constant of 0.1 is substituted.

Types of Calibration

Conductivity instruments can normally be furnished with
1. Calibration in conductivity (uS X cm™ or umho X ¢cm™)
2. Calibration in terms of concentration of electrolyte
3. Calibration in terms of conductivity difference

Calibration in Conductivity

Instruments of this type are measured in absolute units, ohms, mhos,
siemens, or microsiemens. Such instruments can be used to measure
the conductivity of any electrolyte at any solution temperature using
a measuring cell with known cell factor. The conductivity of most
solutions increases as the temperature increases. Therefore, if a con-
ductivity instrument calibrated in umho X ¢m™is used with a solution
of given concentration, the instrument reading will change if the tem-
perature of the solution changes.

Compensation for this effect of temperature on the conductivity of
the solution is possible only if the solution’s conductivity temperature
coefficient is known. For example, if an instrument calibrated from 0 to
1,000 umho X cm~" were provided with temperature compensation for
sodium chloride (NaCl), the instrument would not correctly compen-
sate in any other solution. For this reason, instruments calibrated in
absolute units are generally not furnished with temperature compensa-
tion. Instruments of this kind are generally the simplest to calibrate and
lend themselves to more flexibility of application, since they are not
limited to any particular electrolyte. If compensation is desired, it can
be supplied, but only for one particular solution.
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Calibration in Terms of Concentration of Electrolyte

Instruments calibrated in terms of concentration of electrolyte read
percent concentration, grams per litre, parts per million, and the like, for
the range specified. This type of calibration is made to the conductivity
values within the specified range of concentration, and at a specified
temperature of a given electrojyte. The instrument can therefore be
used only under the conditions for which it was calibrated.

However, special cases exist which sometimes make conductivity
useful in multiple-electrolyte solutions. If the material of interest is
much more conductive than others in solution, the contaminants may
have a negligible effect on readings. For example, contaminants slowly
build up in a sulphuric acid (H,SO,) bath for treating textiles. The
conductance of the contaminants is very low compared with that of the
acid. Thus, the instrument may read directly in concentration of sul-
furic acid. Laboratory tests determine when concentration of conta-
minants is too high and a new bath is then made up.

Figures 6-1 and 6-2 show typical conductivity curves of NaC1 and
H.SO,. Note that the H,SO, curve reverses itself in the region of 30 to

'/
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Fig. 6-1. Percent concentration. Conductivity of NaCl at 100°C (212°F) and
18°C (64.4°F).
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Fig. 6-2. Percent Concentration. Conductivity of H,SO,at 70°F (21.1°C) and
40°F (4.4°C).

32 percent concentration and again in the vicinity of 84 percent and 93
percent. Obviously, it is impossible to calibrate for ranges that include
these points of inflection. However, in electrolytes having such max-
ima they shift with temperature. By controlling sample temperature to
a different value, certain ranges may sometimes be measured which
would be impossible to measure at process temperature.

Polarization

When an electric current is passed through a solution, electrochemical
effects known as polarization occur. These effects, if not minimized,
will result in inaccurate measurement. One of the polarization effects is
electrolysis. Electrolysis generally produces a gaseous layer at the
electrode surface, increasing the apparent resistance of the solution.
For this reason, direct current voltage is not practical in conductivity
measurements. If the current is reversed, the layer will tend to go back
into solution. Thus, if an alternating current is applied, the polarization
effect decreases, since the gases and other polarization effects pro-
duced on one-half of the cycle are dissipated on the other half cycle.

Cell Construction

The sensitive portion of the cells shown in Figure 6-3 consists of two
platinum electrodes mounted in an H-shaped structure of Pyrex glass
tubing. The electrodes, located in separate sections of the tubing, are



ANALYTICAL MEASUREMENTS 157

Fig. 6-3. Type H conductivity assembly.

concentrically mounted platinum rings and are flush with the inside
surface of the tubing. Fouling or damaging the electrodes is thus mini-
mized, and the cells may easily be cleaned chemically or with a bottle
brush. The platinum electrodes in these cells are coated with platinum
black to minimize polarization effects.

The cell shown in Figure 6-4 employs graphite, rather than metallic
electrodes. The type of graphite used has the same surface properties
with respect to polarization as metallic electrodes. These
cells require no platinization. They are cleaned chemically or by wiping
the surface of the electrode with a cloth or brush.

Conductivity cells (Figure 6-5) are used for detecting impurities in
boiler feedwater, for concentration of black liquor (in a pulp digester
for kraft paper), for determination of washing effectiveness by mea-
surement of pulp wash, and in many other applications where the pres-
ence and concentration of a known salt, base, or acid must be deter-
mined.

Electrodeless Conductivity Measurements

In addition to the conventional conductivity measurements just de-
scribed another approach called an electrodeless technique may be
employed. This technique differs from conventional conductivity mea-
surement in that no electrodes contact the process stream. Instead, two
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Fig. 6-4. Conductivity cells.

toroidally wound coils encircle an electrically nonconductive tube that
carries the liquid sample. The first coil is energized by an ultrasonic
oscillator (approximately 20 kH,) which induces an alternating current
in the liquid. This current in turn induces a current in the second coil.

Fig. 6-5. Gate valve insertion type conductivity cell.
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The induced current in the second coil is directly proportional to the
electrical conductivity of the liquid carried by the tube. No direct con-
tact between the coils and the solution is required, thus eliminating
potential maintenance problems. Figure 6-6 shows a typical electrode-
less conductivity measuring system which transmits a 4 to 20 mA dc
signal linearly related to the measured conductivity.

Electrodeless conductivity is especially applicable to the higher
conductivity ranges such as 50 to 1,000 millimhos per centimetre.
Lower conductivity ranges such as 0.01 to 200,000 micromhos per
centimetre are best handled by the conventional techniques previously
described.

Hydrogen lon Activity (pH)

The term pH means a measure of the activity of hydrogen ions (H*) ina
solution. It is, therefore, a measure of the degree of acidity or alkalinity
of an aqueous solution. The effective amount of a given ion actually
present at any time is called the activity of that ion. Activity values can
vary from 0 (0 percent) to 1 (100 percent). The measurement of pH, as
discussed in this chapter, is a potentiometric measurement that obeys
the Nernst equation. This
chapter contains an explana-
tion of the measurement tech- |
nique employed to determine |
pH along with the Nernst 8
equation.

Toaid furtherinathorough
understanding of pH mea- erimary SECONDARY
surement, some fundamentals " et T
of the properties of aqueous cew sone-\\ TR S N
solutions must be understood.

DETICTOR

lonization or Dissociation

are electrically neutral. When
they are mixed with water
to form an aqueous solution,

they disso?iate into positively Fig. 6-6. Electrodeless conductivity measuring
and negatively charged par- system.

Stable chemical compounds \\ / /

/
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ticles. These charged particles are called ions. Ions travel from one
electrode to the other if a voltage is impressed across electrodes
immersed in the solution.

Positive ions, such as H*, Na*, and so on migrate toward the
cathode, or negative terminal, when a voltage is impressed across the
electrodes. Similarly, negative ions, such as OH™, Cl-, SO,~?%, and so
on, migrate toward the anode, or positive terminal.

The freedom of ions to migrate through a solution is measured as
the electrical conductivity of the solution. Chemical compounds that
produce conducting solutions are called electrolytes. Not all electro-
lytes completely dissociate into ions. Those that do (strong acids,
strong bases, and salts) are strong electrolytes. Others dissociate, but
produce fewer than one ion for every element or radical in the mole-
cule. These are poor electrical conductors, and, hence, weak electro-
Iytes. All weak acids and weak bases fall into this class.

At a specified temperature, a fixed relationship exists between the
activity of the ions and undissociated molecules. This relationship is
called the dissociation constant (or the ionization constant).

For hydrochloric acid (HCI), the dissociation constant is virtually
infinite, which means that for all practical purposes, the HCI is com-
pletely composed of positively charged hydrogen ions and negatively
charged chloride ions. Because of the essentially complete dissociation
into ions, hydrochloric acid is a strong acid:

HCl— H* + CI

Conversely, acetic acid has a low-dissociation constant. It breaks
up in the following way:

CH;COOH s H* + CH,CO0O~

Few hydrogen ions show up in the solution—less than one for every
100 undissociated molecules—therefore, acetic acid is a weak acid.

It follows that the strength of an acid solution depends on the
number of hydrogen ions available (the hydrogen ion activity). This
depends not only on the concentration of the compound in water, but
also on the dissociation constant of the particular compound.

When free OH™ ions predominate, the solution is basic, or alkaline.
The dissociation of such a compound is illustrated below.

NaOH — Na* + OH~
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Sodium hydroxide is, for all practical purposes, completely dis-
sociated and is a strong base.

Conversely, ammonium hydroxide, NH,OH, dissociates very little
into NH,* ions and OH™ ions, and is a weak base.

The OH" ion activity, or strength, of a base depends on the number
of dissociated OH~ ions in the solution. The nnmber available depends,
again, not only on the concentration of the compound in water, but also
on the dissociation constant of the particular compound.

Pure water dissociates into H* and OH~ ions, but is very weak in
the sense used above. That is, very little of the HOH breaks up into H*
ions and OH~ ions. The number of water molecules dissociated is so
small in comparison to those undissociated that the activity of (HOH)
can be considered 1 (100 percent). '

HOH s H* + OH~

At 77°F or 25°C, the dissociation constant of water has been
determined to have a value of 1074, The product of the activities
(ay+)(aogy—) is then 10714,

If the activities of hydrogen ions and hydroxy! ions are the same,
the solution is neutral; the H* and OH™ activities must both be 1077
mols per litre. "

It must be remembered that, no matter what compounds are pres-
ent in an aqueous solution, the product of the activities of the H* ions
and the OH™ ions is always 10~'* at 77°F or 25°C.

If a strong acid, such as HCI, is added to water, many hydrogen
ions are added. This must reduce the number of hydroxy! ions. For
example, if HC1 at 25°C is added until the H* activity becomes 10, the
OH~ activity must become 1072,

The pH Scale

It is inconvenient to use terms as 10~7, 1072 and 10~%. Therefore, it has
become common to use a special term to represent degree of acidity, or
activity of hydrogen ions. This term is pH, originally derived from the
phrase ‘‘the power of hydrogen.”

The pH is defined as the negative of the logarithm of the hydrogen
jon activity, or as the log of the reciprocal of the hydrogen ion activity.

pH = —log ay+ = log (5—+> (6-5)
H
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Table 6-1
Temperature °C —Log (ag)apy™) Neutral pH
0 14.94 7.47
25 14.00 7.00
50 13.26 6.63
75 12.69 6.35
100 12.26 6.13

If the hydrogen ion activity is 10~%, the pH is said to be x. For
example, in pure water (at 25°C), the activity of hydrogen ion is 1077,
Therefore, the pH of pure water is 7 at 25°C.

A point frequently overlooked is that the pH for neutrality varies as
the solution temperature changes due to a change in the dissociation
constant for pure water, as shown in Table 6-1.

An acid solution contains more hydrogen ions than hydroxyl ions.

Table 6-2
Hydrogen Ion Hydroxyl Ion.
Activity Activity
pH Mols/Litre Mols/Litre
0 1 0.00000000000001
1 0.1 0.0000000000001
2 0.01 0.000000000001
3 0.001 0.00000000001
4 0.0001 0.0000000001
5 0.00001 0.000000001
6 0.000001 0.00000001
Neutral 7 0.0000001 0.0000001
8 0.00000001 0.000001
9 0.000000001 0.00001
10 0.0000000001 0.0001
11 0.00000000001 0.001
12 0.000000000001 0.01
13 0.0000000000001 0.1

—
S

0.00000000000001

1




ANALYTICAL MEASUREMENTS 163

Therefore, the activity of hydrogen ions will be greater than 10~7, that
is, 1078, 1075, 104, The pH of an acid solution then, by definition, must
be lower than 7, that is 6, 3, 4.

If the number of OH~ exceeds H* ions, the hydrogen ion activity
must be less than 1077, that is, 1078, 1079, 107°, Therefore, the pH will
be higher than 7, that is, 8, 9, 10.

Table 6-2 demonstrates that a change of just one pH unit means a
tenfold change in strength of the acid or base. The reason for this is that
there is an exponential relationship between pH numbers and hydrogen
ion activity. With so large a change in acidity or alkalinity taking place
with a change of just one pH unit, the need for sensitive pH measuring
and control equipment cannot be overemphasized.

Table 6-3 shows the nominal pH values for a number of common
solutions.

Table 6-3
pH

14 « Caustic soda 4% (1.0N)

« Calcium hydroxide (sat’d sol.) (lime)
12 « Caustic soda 0.04% (0.01N)

11 « Ammonia 1.7% (1.0N)
« Ammonia 0.017% (0.01IN)

dilk of Magnesia — 10
* 9 « Potassium acetate 0.98% (0.1N)
8 « Sodium bicarbonate 0.84% (0.1N)

Aorax

Egg whit¢ ——m8 ———>

Pure water —— >

Milk 6

Cheese 5 « Hydrocyanic acid 0.27% (0.1N)
Beer

Orange juice — > 3 « Acetic acid 0.6%

Lemon juice —m -

1 « Hydrochloric acid 0.37% (0.1N)
« Sulfuric acid 4.9% (1.0N)
0 <« Hydrochloric acid 3.7% (1.0N)
~1 « Hydrochloric acid 37% (10N)
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Fig. 6-7. Schematic diagram of glass-tipped pH measurement electrode.

Measurement of pH—The Glass Electrode

A number of different methods for measuring pH are available for
laboratory use, but only one has proved sufficiently accurate and univ-
ersal for industrial use: the pH glass electrode measuring system.

A special kind of glass, sensitive to hydrogen ions, has been found
to be the most useful medium for measuring pH. Figure 6-7 shows a
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Fig. 6-8. Actual measuring electrode.
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schematic diagram of the measuring electrode in which this special
glass is used. A thin layer of the special glass covers the tip of the
electrode. Figure 6-8 shows an actual measuring electrode.

This glass contains a chamber filled with a solution of constant pH.
An internal electrode conductor element immersed in the internal solu-
tion is connected to the electrode lead. The conductor element is dis-
cussed in the section on temperature compensation.

If the hydrogen ion activity is greater in the process solution than
inside the electrode, a positive potential difference will exist across the
glass tip. That is, the external side of the glass will have a higher
positive potential, and the internal a lower positive potential. If the
process is lesser in hydrogen ion activity, a negative potential differ-
ence will exist.

The relationship between the potential difference and the hydrogen
ion activity follows the Nernst equation.

2.3RT “H*outside

E=FE+ nF log “H+* inside (6-6)

where:
E = potential difference measured
E° = a constant for a given electrode system at a specified tem-
perature (25°C)
R = the gas law constant
T = Absolute temperature

n = charge on ion (+1)
F = Faraday’s number, a constant
H+ = hydrogen ion activity

In the most common type of pH electrode, that with an internal
buffer solution of 7 pH, the voltage across the membrane will be zero at
7 pH.

Reference Electrode

The potential inside the glass is the output of the measuring electrode.
It must be compared to the potential in the solution outside the glass to
determine potential difference and, hence, pH. The sensing of the po-
tential in the solution must be independent of changes in solution com-
position. Platinum or carbon would act as ORP, or redox-measuring
electrodes. They would be responsive to oxidants or reductants in the
solution. They would not yield a true solution potential with solution
composition changes.
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A reference electrode is the answer. Figure 6-9 is a schematic
diagram of a typical reference electrode.

The connecting wire is in contact with silver that is coated with
silver chloride. This, in turn, is in contact with a solution of potassium
chloride saturated with silver chloride (AgCl). The saturated KCl,
called the salt bridge, in turn, contacts the process solution.

Because the concentration of all of the components from the con-
necting wire to the KCI solution is fixed, the potential from wire to
KCl is fixed. The potential between the KCI and the process solution
(called the liquid junction potential) is normally small, and will vary
only insignificantly with process changes. The overall potential of the
reference electrode is thus essentially constant, virtually independent
of process solution changes, to meet the requirement mentioned earlier.

As the need for high accuracy or repeatability becomes greater,
protection of the reference electrode’s internal environment becomes
more important. Also, prevention of coatings over the electrode tip
becomes more critical. Leaking in of process solution must be pre-
vented. Noxious chemicals, or even distilled water, would change the
concentration, contaminating the electrolyte. The result would be an
unpredictable change in the reference potential. Conductive coatings
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Fig. 6-9. Schematic diagram of reference electrode.
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on the electrode tip may cause spurious potentials, and nonconductive
coatings may literally open the measurement circuit.

Two types of reference electrodes are available—flowing and non-
flowing. The flowing version (Figure 6-10) is usually selected when the
highest possible accuracy or repeatability is needed. To prevent elec-
trolyte contamination and to minimize coatings or deposits on the tip,
there is provision for a flow of KCl electrolyte out through the porous
electrode tip. Instrument air is applied inside the electrode. It maintains
a pressure on the electrolyte slightly higher than that of the process
liquid. A 3 psi (20 kPa) differential pressure forces a trickle of 1 or 2 ml
per day of electrolyte out into the process solution.

The nonflowing version (Figure 6-11) of areference electrode is often
considered standard. No external pressure is applied to this type of
electrode. The electrolyte is a paste of KCl and water that actually does
flow, or diffuse, into the process solution. The flow rate may be as low
as 0.01 ml per day; this is a function of diffusion properties. After
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Fig. 6-10. Flowing reference electrode.
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Fig. 6-11. Construction details of nonflowing reference electrode.

depletion of the electrolyte, the nonflowing electrode is usually either
recharged or replaced.

Temperature Compensation

The major potential difference exists in the reference electrode, be-
tween the metallic silver and the silver ions in the AgCl solution. It
follows from the Nernst equation:

_ 2.3RT,  Ag°
E= =F log Ag” (6-7)

Because R, n, and F are constants, and “Ag® and “Ag™* are fixed,
this potential (E) will vary only with the absolute temperature of the
electrode. Since there is a definite chemical relationship between the
ionic silver and the activity of chloride in the KCl electrolyte, the above
expression may also be written as:

E = E° — kT log °Cl~- (6-8)

To compensate for this temperature sensitivity, another silver-
silver chloride electrode is inserted into the top of the glass measuring
electrode, the internal conductor element mentioned previously. As the
temperature of the electrode changes, the potentials of the reference
electrode and the conductor element will vary, but will effectively can-
cel each other, assuming similar values for Ag* (or *C1™) in each elec-
trode as is usually the case.
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A remaining temperature effect influences the potential across the
membrane of the glass measuring electrode. This will vary with the
absolute temperature and is greatest at high- and low-pH values. At
values around 7, the variation with temperature is zero. This point is
called the isopotential point. Figure 6-12 shows the magnitude of the
temperature error, away from the isopotential point, with glass elec-
trodes. ‘

In general, some type of temperature compensation is essential for
accurate, repeatable pH measurement. If the process temperature is
constant, or if the measured pH is close to a value of 7, manual temper-
ature compensation may be used. Otherwise, for good results, auto-
matic temperature compensation will be required.

Reading the Output of the pH Electrodes

The high resistance of the glass measuring electrode results in the need
for a millivolt meter with very high internal resistance or sensitivity to
measure the cell output. The pH electrodes may be compared to a pair
of flashlight cells in series, but unlike the flashlight cell, the electrodes
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Fig. 6-12. Graph of pH measurement errors versus pH values at various solution
temperatures due to temperature differences across the measurement electrode tip.
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are characterized by éxtremely high internal resistance (as high as a
billion ohms). Unless the millivolt meter employed to measure the
voltage created by the electrodes has almost infinite resistance, the
available voltage drop will occur across the internal resistance and
result in no reading, plus possible damage to the electrodes.

In addition to high impedance or sensitivity, the instrument must
have some provision for temperature compensation. It must also have
available adjustments that provide for calibration and standardization.
The Foxboro pH transmitter shown in Figures 6-13 and 6-14 is typical
of an instrument designed to make this measurement. Its output is
typically 4 to 20 mA dc which can be fed to a control system. When pH
is measured in the process plant, it is generally for the purpose of
control.

pH Control

Experience has shown that it is virtually impossible to control pH
without considering the process composition as well as more obvious
parameters of flow rate, pressure, temperature, and so on. This consid-
eration is frequently even more critical where plant waste neutraliza-
tion is being controlled; in such applications, there are usually wide,
relatively uncontrolled variations in composition as opposed to the
normally better defined, and controlled, process stream.

A pH control system can be a relatively simple on/off control loop
in some batch processes. At the other extreme, it can be a complex,
feedforward/feedback system with multiple sequenced valves for con-
tinuous neutralization over a wide, dynamic pH range.
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Fig. 6-13. Block diagram of typical transmitter.
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Fig. 6-14. Actual transmitter.

The rate of change of inlet pH and flow is a major consideration in
determining whether feedforward control is necessary. Since changes
in pH reflect logarithmic changes in composition, they can affect re-
agent demands tremendously and rapidly. Since reagent addition varies
directly and linearly with flow, doubling the flow requires twice as
much reagent at a given pH. But a change of one pH unit at a given flow
requires a tenfold change in reagent. Flow rate compensation is often
required in complex pH control loops, but usually only when flow
changes are greater than 3:1.

The amount of reagent addition for buffered and unbuffered solu-
tions, as seen on conventional acid-base titration curves (Figure 6-15),
is also an extremely important consideration in the design of a pH
control system. Reaction time of the various reagents must also be
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Fig. 6-15. Typical neutralization curves for unbuffered solutions (strong acid or strong
base) and buffered solutions. Examples of buffered solutions are (1) weak acid and its
sale with the addition of a strong base, and (2) strong acid or base, concentrated, 0.01
M.

given serious consideration in designing both the process and the con-
trol system.

A pH measurement and control system, in conjunction with a
well-designed process, can be a most successful, reliable system when
proper consideration has been given to the various design parameters.

Summary

Continuous pH measurement is a valuable tool for industry and gives
information that cannot be obtained economically in any other fashion.
It is generally more complex than, say, temperature or pressure mea-
surements, but with constant use, it becomes a routine analytical tool.

Oxidation-Reduction Potential

Oxidation-reduction potential or redox measurements determine the
oxidizing or reducing properties of a chemical reaction. In this applica-
tion, the term oxidation is used in its electrochemical sense and applies
to any material which loses electrons in a chemical reaction. By defini-
tion, a reduction is the opposite of oxidation, or the gaining of external
electrons. There can be no oxidation without an attending reduction.
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For example, a ferrous ion may lose an electron and become a ferric ion
(gaining increased positive charge) if a reduction, say, of stannic to
stannous ions (which is the reverse of this operation) occurs at the same
time.

This measurement uses electrodes similar to those in pH measure-
ment (except that metal is used instead of glass), but the two types of
measurement should not be confused. The measurement depends on
the oxidizing and reducing chemical properties of reactants (not neces-
sarily oxygen). The inert metal electrode versus the reference electrode
will produce a voltage that is related to the ratio of oxidized to reduced
ions in solution.

This measurement is similar to that of pH in the requirements that
it places on the voltmeter used with it. It is useful for determinations in
waste treatment, bleach production, pulp and paper bleaching, and
others.

The application of ORP measurement or control depends on a
knowledge of what goes on within the particular process reaction. The
ORP measurement can be applied to a reaction only under the following
conditions:

1. There are present in the solution two reacting substances: one that
is being oxidized and one that is being reduced.

2. The speed of reaction, following an addition of one of the sub-
stances above, is sufficiently fast for good measurement or control.

3. Contaminating substances are held to a minimum, especially those
capable of causing side reactions of oxidation or reduction.

4. The pH of the solution is controlled in those areas of the applicable
curve where variations in pH can affect the ORP measurement.

lon-Selective Measurement

Certain applications require that the activity of a particular ion in solu-
tion be measured. This can be accomplisehd with an electrode designed
to be sensitive to the particular ion whose concentration is being mea-
sured. These electrodes are similar in appearance to those employed to
measure pH, but are constructed as glass-membrane electrodes,
solid-membrane electrodes, liquid-ion-exchange-membrane electrodes,
and silicone-rubber-impregnated electrodes.

A common example of ion-selective measurement is found in many
municipal water treatment plants. In this application, a measurement of
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fluoride ion activity can be related to concentration. The measuring
electrode is made of plastic and holds a crystal of lanthanum fluoride
through which fluoride ions are conducted. The reference electrode is
the same as that used for pH. The electrode output is read on a high
impedance voltmeter very similar to that used with pH electrodes.

Many applications are possible using the ion-selective technique.
At present, measurements in water treatment include hardness,
chlorine content, waste, and pollution. Many other industrial applica-
tions have been suggested and many have proven effective.

Chromatography

The original application of chromatography consisted of studying the
migration of liquid chemicals through porous material, usually paper.
The word chromatography means color writing, which occurs when
certain extracts or dyes applied to paper produced colored bands.
Modern gas chromatography dates from 1952, when James and Martin
first used the principle to separate a mixture of volatile fatty acids
having nothing to do with color.

The modern chromatograph is generally used for gas analysis. It
consists of a column, a tube or pipe packed with materials that will
absorb the gases being analyzed at different rates. The gas to be ana-
lyzed is carried through the columns by an inert carrier gas, usually
helium. As the gas mixture passes through the column, different com-
ponents are delayed for varying increments of time. Thus, as the gas
stream leaves the column and is passed through a gas detector, a
chromatogram, or ‘‘fingerprint,”’ is formed which may be used to de-
termine the components in the gas as well as the quantity present. The
packing material for the column must be properly selected to provide
the separation desired for the sample under analysis. The operating
parameters, such as temperature, carrier gas flow and pressure, sample
valve timing and detector sensitivity, all influence output. Therefore, in
a working chromatograph, these factors must be carefully controlled.

Chromatographs are widely used in process work; in fact, they are
among the most popular analytical tools. They are used for both liquids
and vapors, and adaptations are available to provide an output in con-
ventional analog form such as a 3 to 15 psi (20 to 100 kPa) pneumatic
signal. The details of this instrument’s operations are beyond the scope
of this book. Several references suitable for further study are listed at
the end of this chapter.
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Table 6-4. Comparison of Capacitance, Conductivity, pH, and ORP Techniques

pH or

Capacitance Conductivity ion-selective ORP
Specificity Poor Poor Excellent Poor
Sensitivity Fair Good Excellent Excellent
Conducting Not Good Good Good
fluids applicable
Nonconducting Good Not Not Not
fluids applicable applicable applicable
Maintenance Low Low High Medium
Installation Low Low High Low
problems
Cost Low Low Medium Low

Capacitance

Capacitance is not, as applied, an electrochemical measurement. How-
ever, a measurement of some characteristic in a nonconducting liquid is
frequently required, and in these applications, capacitance may provide
the answer.

Electrical capacitance exists between any two conductors sepa-
rated by an insulator (dielectric). The amount of capacitance depends
on the physical dimensions of the conductors and the dielectric con-
stant of the insulating material. The dielectric constant (K) for a vac-
uum is 1; all other dielectric materials have a K greater than 1. For
example, for air, K = 1.00588; for dry paper, K = 2 to 3; for pure
water, K = 80. The Table of Dielectric Constants of Pure Liquids
(NBS Circular 514), available from the U.S. Government Printing
Office, lists the dielectric constants of nearly all common liquids.

Mixtures of materials have a composite value of K that can be
directly related to composition. This approach is readily applied to the
determination of water content in materials such as paper and crude oil.
Capacitance is also applicable to level, interface, octane, and other
measurement problems.

In general, the capacitance technique has provided a solution to
many measurement problems that cannot be solved easily by more
conventional means. Table 6-4 compares the application of pH, ORP,
ion-selective, conductivity, and capacitance measurements to process
situations.
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Questions

6-1. Conductivity and pH measurements are:
a. Two different techniques
b. Similar in operation
c. Identical but given different names
d. Two techniques that use the same equipment

6-2. The three factors that control the conductivity of an electrolyte are:
a. Specific gravity, density, and volume
b. Concentration, material in solution, and temperature
¢. Color index, turbidity, and temperature
d. Hydrogen ion concentration, temperature, and pressure

6-3. pH is a measure of:
a. Effective acidity or alkalinity of a liquid
The oxidation or reduction properties of a solution
¢. Specific conductance of an electrolyte or total ionic activity
d. Purity in an aqueous solution '

4

6-4. A buffer solution is used with pH-measuring instruments to:
a. Standardize the equipment
b. Protect the equipment
¢. Clean the electrodes
d. Platinize the reference electrode

6-5. Oxidation-reduction potential (ORP) is a measurement of’
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a. The oxidizing or reducing chemical properties of a solution
b. The oxygen present in any quantity of a given gas mixture
¢. The hydrogen ion concentration in a given solution

d. The degree of ionization for a particular solution

6-6. Capacitance measurements are usually applied to:

a. Conducting liquids c¢. Gas measurements
b. Nonconducting liquids d. Ionized gases

6-7. Which of the following are electrochemical measurements:
a. Humidity and density
b. Turbidity and differential vapor pressure
c. pH and ORP
d. Dew point and boiling point rise

6-8. A salt (NaCl) solution must be controlled at a concentration of 12
percent. The best choice of measurement for the control system would be:
a. Conductivity c. ORP
b. pH d. Capacitance

6-9. An industrial effluent stream is to be neutralized by adding a sodium
hydroxide solution. The best choice of analytical measurement for the control
system would be:

a. Conductivity ¢. ORP

b. pH d. Capacitance

6-10. Ion-selective measurements:
a. Are similar to conductivity in operation but use a different cell
b. Are similar to capacitance measurements but use a different instrument
¢. Are similar to pH measurements but use different electrodes
d. Are similar to density but use more exact techniques

6-11. A pH control system is used to neutralize a chemical waste stream
being dumped into a municipal sewage system. The desired pH is 7 or
complete neutrality. An unfortunate accident short circuits the cable
connecting the electrodes to the measuring transmitter. The result will be:

a. The control valve admitting the neutralizing agent will fully open

b. The control valve will close

¢. The control valve will remain approximately at its half open position
d. The system will cycle

6-12. The concentration of salt in a liquid used to carry a slurry must be
monitored. The best choice of measurement will be:

a. Electrodeless conductivity c. ORP

b. pH d. An ion-selective system

6-13. A pH system is to be selected. It is required that the system function
with little or no maintenance. The reference electrode selected would be:
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a. A flowing type ¢. A nonflowing type
b. A pressurized flowing type d. A pressurized nonflowing
type

6-14. The pH of a stream is to be monitored accurately. It is discovered that
the temperature of this stream varies from 40 to 60°F:
a. A measuring system with automatic temperature compensation is
indicated
b. Temperature compensation is not necessary
¢. A manual temperature compensation will be adequate
d. The pH range will determine the need for temperature compensation

6-15. The most popular carrier gas used in gas chromatographs is:
a. Helium ¢. Hydrogen
b. Air d. Oxygen



SECTION Il PNEUMATIC AND ELECTRONIC CONTROL SYSTEMS

The Feedback Control Loop

The feedback control loop, introduced in Chapter 1, requires further
discussion. This chapter is devoted to a more detailed description of
loop operation and its implicit mathematical relationships.

In the feedback loop, the variable to be controlled is measured and
compared with the desired value—the set point. The difference be-
tween the desired and actual values is called error, and the automatic
controller is designed to make the correction required to reduce or
eliminate this error.

Within the controller, an algebraic ‘‘summing point’’ accepts two
inputs—one from measurement, the other from set. The resulting output
represents the difference between these two pieces of information. The
algebraic summing point is shown symbolically in Figure 7-1, where ¢
represents measurement; r represents set point; and e represents error.
Bothr and ¢ must be given their proper signs (+ or —) if the value ofe is
to be correct.

A typical closed-loop feedback control system is shown in Figure
7-2. Assume that the algebraic summing point is contained within the
feedback controller (FBC). In order to select the proper type of feed-
back controller for a specific process application, two factors—time
and gain—must be considered. Time consists of dead time, capacity,

179
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C

e=r-¢C
Fig. 7-1. Algebraic summing point.

and resistance. These factors cause phase changes that will be de-
scribed in this chapter.

Gain appears in two forms—static and dynamic. Gain is a number
that equals the change in a unit’s output divided by the change in input
which caused it.

. A output
Gain A input

The static gain of an amplifier is easily computed if, for a given step
change in input, the resulting change in output can be monitored. Case
A in Figure 7-3 shows an amplifier with a static gain of one. In Case B,
the output is magnified when compared with the input by a factor
greater than one. In Case C, the output change is less than the input.
Here, the input has been multiplied by a number less than one.

The dynamic gain of an amplifier may be computed by inducing a
sine wave on the input and observing the resulting output. Figure 7-4
illustrates this procedure with an amplifier that has no time lag between
its input and output. If the amplitude of the output is only half as high as

q (LOAD)

(MANIPULATED
VARIABLE)

(CONTROLLED

m VARIABLE )

PROCESS

TRANSMITTER
Cc

REFERENCE OR
FBC "\SET POINT )

Fig. 7-2. Closed-loop control system.
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STATIC GAIN

Case A B C
Input change 10% | 10% 10%
Output change 10% | 20% 5%
Static gain i B=1] 8=2 %:%

INPUT

4

Fig. 7-3. Static gain.

the amplitude of the input sine wave, the amplifier is said to have a
dynamic gain of 0.5 for the particular frequency of the input wave, for
example, 1 Hz.

By monitoring the output amplitude for many different input fre-
quencies, a series of dynamic gain numbers may be found. A plot of the
amplitude ratio (gain) as a function of frequency of the input sine wave
is the gain portion of a Bode diagram, or a frequency-response curve
(Figure 7-4). Note that the higher the frequency, the lower the gain.
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Fig. 7-4. Dynamic gain.
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This is true for nearly all processes and instruments. The frequency
scale is normally a logarithmic scale. Gain or amplitude ratio is also
normally expressed in decibels, where 1 decibel equals 20 times the
logarithm to the base 10 of the amplitude ratio.

As the frequency becomes lower and lower, and finally approaches
zero, a measure of the amplifier’s static gain can be obtained.

Just as the static or dynamic gain of an individual amplifier can be
computed, so can the static or dynamic gain of a process control loop.
Figure 7-5 shows a temperature control loop. The static loop gain has
been computed by multiplying the static gains of each of the individual
components of the loop. Likewise, the dynamic loop gain could be
calculated by multiplying the dynamic gains of each element at a par-
ticular frequency. Pure dead time has a gain of 1.

Each element in the control loop contributes gain to the total loop.
Increasing the size of a control valve or narrowing the span of a trans-
mitter has exactly the same effect as increasing the gain of a controller.
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Fig. 7-5. Response characteristics of each element in a feedback control loop-heat.
exchanger process.

TT Transmitter gain = psi®F

TC Controller gain = psi/psi

Diaphragm actuator gain = inches/psi

Valve gain = Btu/inches (lift)

Heat exchanger gain = °F/Btu
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Static loop gain = ( °F ) (psi ) ( psi ) (inches ) (Btu
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Proper selection of valve size and transmitter span is as important as
selecting the gain range in the controller.

In practice, the gain of the components in the loop may not be
uniform throughout their operating range. For example, control valves
having several characteristics will exhibit linear, equal-percentage
(logarithmic), or other types of gain curves. Unless special precautions
are taken, the gain of many control loops will change if the operating
level shifts. The gain must then be readjusted at the controller to pro-
vide satisfactory control.

Let us investigate how a feedback control system functions under
closed-loop conditions.

The Closed-Loop Control System

The process consists of multiple capacitances (to store energy) and
resistances (to energy flow), as shown in Figure 7-6. Similarly, the
measuring system generally contains multiple capacitances and resis-
tances. The controller also consists of capacitance and resistance net-
works. The final operator, or valve motor, likewise contains capaci-
tance and resistance, and the control valve is essentially a ‘‘variable
resistance.”’ Thus, the analysis of the system is simply an analysis of
how signals change as they pass through resistance-capacitance and
dead time networks of various types.
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Fig. 7-6. Closed-loop process control system illustrates the RC combinations that could
exist around a feedback loop. Each affects process stability.
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Phase Shift Through RC Networks

Figure 7-7 illustrates the phase shifts that occur when a sine wave is
applied to a network of resistances and capacitances. Each succeeding
RC combination contributes its own phase shift and attenuation. In
Figure 7-7, bottom, a phase shift of 180 degrees (a full half cycle) takes
place. That is, the output (e z,) is 180 degrees out of phase with the input
(e applied). The signal has also been attenuated because each resistor
causes a loss in the energy level in the system. This phase change can
lead to instability in a closed-loop system.

Oscillation

In a physical system employing feedback, instability will occur if
energy is fed back in such direction (phase) as to sustain the instability
or oscillation.

Oscillators are often divided into two major categories, those that
utilize a resonant device and those that do not. The resonant oscillator
uses a device that requires a minimum of added energy each cycle to
maintain oscillation. On the other hand, the nonresonant oscillator is
simply an amplifier with some type of phase-shifting network between
output and input. A public address system with the gain so high that it
howls is a nonresonating type.

Fig. 7-7. Phase of signal across R, R;, and R; is different. At one frequency, the output
signal can be exactly 180 degrees out of phase with the input signal, as shown in the
graph.
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Academically, both the resonant and nonresonant oscillators fol-
low the same mathematical law, but the amplifier gain requirements are
quite different for the two categories. With a nonresonant circuit, oscil-
lation will occur (1) if the feedback is positive (inphase) and (2) if the
gain is unity or greater. These two conditions are necessary for sus-
tained oscillation.

Figure 7-8 shows a simple mechanical oscillator. In this system,
energy stored in the spring is transferred to the weight, back to the
spring, to the weight again, and so on. The oscillations soon die out
because some of the energy is dissipated in each cycle. If the oscillation
is to be continuous, energy must be added to make up the losses.

In the bottom part of the figure, this energy is added by depressing
and releasing the weight. If the energy is to enforce the oscillation, it
must be in the proper phase with the motion. That is, enforcing energy
must be added at a time when both the energy and the oscillation are
moving in the same direction.

Figure 7-9 shows a free-running oscillator in which the required
energy is introduced through feedback. This circuit is called a phase
shift oscillator. It consists of a transistor amplifier and a feedback path
comprised of three resistance-capacitance combinations. This circuit is
important because it is a simple illustration of the manner in which an
ordinary amplifier can be made to oscillate simply by use of feedback.

E o A\J/\ j
| | Ty

Fig. 7-8. At top, the mass on the spring received a single downward displacement and
the oscillation is delayed. Below, after the initial displacement, the mass receives
periodic small displacements and the oscillation is continuous.
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The transistor amplifier not only makes up for circuit losses, but
also contributes a phase shift of 180 degrees; that is, the collector is 180
degrees out of phase with the base signal. Each RC element contributes
additional phase shift, depending on the values of the components and
the frequency involved. If each RC combination contributes a phase
shift of 60 degrees, the three together will result in a 180-degree phase
shift. This, added to the 180-degree phase shift through the amplifier,
results in 360 degrees of phase shift. The feedback signal is now in
phase with the input signal. This inphase feedback produces continu-
ous oscillation.

Since only one frequency will be shifted in phase exactly 360 de-
grees by the RC networks, the oscillator output is of this one fre-
quency.

The closed-loop control system (Figure 7-6) also has phase-shifting
networks, made up of all process and controller components, together
with an amplifier capable of contributing sufficient gain to overcome the
system’s losses. This closed-loop system contains the same basic in-
gredients as the phase-shift oscillator. Each resistance-capacitance
combination will shift the phase of the energy flowing around the con-
trol loop in the same manner as in Figure 7-9.

Oscillation (instability) will occur whenever (1) the phase relation-
ships through the various resistance-capacitance combinations provide
feedback in proper phase, and (2) the system gain is unity, or greater at
the frequency at which the phase shift is 360 degrees.

Figure 7-10 illustrates a plot of system gain (output/input signal-
Bode diagram) and output/input phase shift versus frequency for a
three-mode controller. The phase shift (expressed in degrees of lead or

4
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Fig. 7-9. Shift of phase in three RC sections maintains oscillation in phase-shift
oscillator.
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Fig. 7-10. Bode diagram shows gain of system (fop) and phase change (bottom) .at
various frequencies. The gain (output signal/input signal) and phase (output/input) are
measured with the system in open-loop operation.

lag) is plotted linearly against the logarithm of frequency. Note that the
integral is phase lagging and the derivative is phase leading.

The proportional adjustment in the controller adjusts its overall
gain and hence the loop gain. The integral adjustment governs the
low-frequency response, and the derivative adjustment governs the
high-frequency gain of the control mechanism.

In addition to controlling gain, these adjustments also affect the
phase shifts. Thus, an improper setting of any one of the three control
modes can cause the control system to satisfy the two criteria for
oscillation and become unstable,

Stability in the Closed-Loop System

Under normal operating conditions, the control system should produce
stable operation. That is, the controller should return the system to set
point, in the event of an upset, with minimum overshoot and oscilla-
tion. '

Too much overall gain (too narrow a proportional band) can cause
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the system to oscillate if the feedback reinforces the oscillation. Too
little gain can cause the system to deviate too far from the desired set
point.

The damped oscillation shown in Figure 7-11 is characteristic of the
curve a closed-loop control system will produce when it is subjected to
a step change. If the phase and gain relationships are proper, energy is
not fed back to sustain the oscillation, and the cycles die out. The
pattern of decay generally can be controlled by the adjustments avail-
able in the control mechanism. Engineering judgment and skill are
required to select the recovery curve best suited to the process being
controlled.

A high-gain setting is desired because this gives the fastest and
most accurate control action. However, too much gain produces oscil-
lation. The best compromise is to use enough gain to produce a damped
oscillation, as shown in the middle of Figure 7-11 (0.25 damping ratio).

Nonlinearities

Thus far it has been assumed that the capacitances and resistances
found in the process control loop have a fixed value that does not
change with process conditions. This is not always true in practice.
Frequently, process conditions vary the value of the resistances and
capacitances involved and, as a result, the phase and gain relationships
are in constant transition from one value to another. At other times,
these values change, limiting or restricting the natural behavior of the

ocoina _ad

GAl

MEASURED OR
CONTROLLED
VARIABLE
(CLOSED LOOP
SYSTEM)

.25 DAMPING RATIO

GAIN = .5

Fig. 7-11. Closed-loop response to an upset depends on gain of loop.
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system. Such changes are often considered as a group and are called
nonlinearities.

A thorough understanding of the operation of the linear system is a
prerequisite to an understanding of the nonlinear type. It is common
practice to assume a system is linear for the purpose of basic control,
and then deal with the nonlinear characteristics as problems arise.

Controllers and Control Modes

A wide variety of response characteristics involving gain and time
create the different modes of process control. The controller mode
selected for a given process will depend on:

Economics

Precision of control required
Time response of the process
Process gain characteristics
Safety

Now let us investigate the most common control modes.

Two-Position Control

Within this classification there exist several specific methods—on/off,
differential gap, and time-cycle control.

On/off control is the most common. As soon as the measured vari-
able differs from the desired control point, the final operator is driven to
one extreme or the other.

In the usual sequence (Figure 7-12), as soon as the measured vari-
able exceeds the control point, the final operator is closed. It will
remain closed until the measured variable drops below the control
point, at which time the operator will open fully. The measured vari-
able will oscillate about the control point with an amplitude and fre-
quency that depend on the capacity and time response of the process.
As the process lag approaches zero, the curve will tend to become a
straight line. Then the frequency of the final operator open/close cycle
will become high. The response curve will remain constant (amplitude
and frequency) as long as the load on the system does not change.

On/off control is found in many household applications, such as the
refrigerator, heating system, and air-conditioning system. A simple
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Fig. 7-12. Two-position control acts on operator.

thermostatically controlled electric heater is another familiar example.
The room in which the heater is placed determines the capacity of the
process, and, hence, the response curve.
The following requirements are necessary for on/off control to pro-
duce satisfactory results:
1. Precise control must not be needed.
2. Process must have sufficient capacity to allow the final operator to
keep up with the measurement cycle.
3. Energy inflow is small relative to the energy already existing in the
process.
Differential-gap control is similar to on/off except that a band, or
gap, is created around the control point. In Figure 7-12, note that, when
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the measured variable exceeds the upper boundary of the gap, the final
operator is closed and remains closed until the measured variable drops
below the lower boundary. It now opens and remains open until the
measured variable again exceeds the upper boundary. In a process
plant, differential-gap control might be used for controlling noncritical
levels or temperatures.

A time-cycle controller is normally set up so that when the mea-
sured variable equals the desired control point, the final operator will
be open for half the time cycle, and closed the other half. As the
measured variable drops below the control point, the final operator will
remain open longer than it is closed.

Two-position control is nearly always the simplest and least expen-
sive form of automatic control. Any of the forms discussed can be
implemented with commercially available mechanical, pneumatic, or
electronic instrumentation. On the other hand, two-position control
may not meet the requirements often demanded by today’s sophisti-
cated processes. Now let us investigate a typical on/off control loop.
Assume we have a liquid-level process as shown in Figure 7-13.

Throttling Control

Proportional or throttling control was developed to meet the demand
for a more precise regulation of the controlled variable. Throttling con-
trol indicates any type of control system in which the final operator is
purposely positioned to achieve a balance between supply to and de-
mand from the process.

The basic type of throttling control is proportional-only control.
This term applied to a control action wherein the position of the final
operator is determined by the relationship between the measured vari-
able and a reference or set point. The basic equation for a proportional
only controller is:

m = Gain (Error) + Bias (7-1)

where:

Il

m = controller output or valve position
Error = difference between set (r) and measurement (c)

or

e=r—=«c¢ (7-2)
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Fig. 7-13. PROBLEM: DIFFERENTIAL GAP CONTROL, CALCULATE PERIOD.

Question 1: What is the period of oscillation of the control loop?

Given:

Controller: on/off with 7 percent differential gap.

Instrumentation response: assume instantaneous.

Load = Q0 = 60 gpm.

Manipulated Variable = M = 0 gpm or 90 gpm.

Tank: 6 feet diameter, 12 feet high.

Level transmitter: 0 to 8 feet.

Set Point = 50 percent

Question 2: What is the period of oscillation if the load is 50 gpm?
Question 3: At which load will the period be shortest?

Solution:
1. Volume of transmitted signal = area x height

_mD? 7.48 gal.

_ (6 ft.)? _ o
Vv 7 X H= — X 8 ft. = 226.2 ft3 x e 1692 gal.
2. Volume within 7 percent differential
(0.07)(1692) = 118.4 gal.
3. Level cycle:
3a. Rate of rise = (90 — 60) gpm = 30 gpm
Time to rise = 18.4gal. _ 3.95 min.
30 gpm
3b. Rate of fall = (0 ~ 60) gpm = —60 gpm
Time to fall = —118.4 gal. = 1.973 min.
—60 gpm

3c. Total time = (3.95 + 1.973) min. = 5.92 min.

Solution to no. 2:;

. . 1184gal. .
3. Time to rise = ——(90 —40)gpm 2.96 min.
. _ _—118.4gal. .
Time to faH = ©= 50) gpm e 2.37 min.

Period of oscillation = 5.33 min.
Solution to no. 3:
My, + My 90 gpm + 0 gpm

When Q = ) = 2 = 45 gpm
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Bias = usually adjusted to place the valve in its 50 percent open posi-
tion with zero error.

The term proportional band is simply another way of expressing
gain.

100

% Proportional Band = Controller Gain

or
. 100
Controller Gain = o/ Proportional Band
Substituting the error formula (e =r — ¢), Equation 7-2, and the
proportional band formula (% PB = (%) , Equation 7-3, into Equa-

tion 7-1, it may be expressed as:

1NN

= oPB ¢ —c)+ 50%

m

Another approach to visualizing the effect of varying the propor-
tional band is shown in Figure 7-14. Each position in the proportional
band dictates a controller output. The wider the band, the greater the
input signal (set point - measurement) must change in order to cause the
output to swing from 0 to 100 percent. Manual adjustment of the bias
shifts the proportional band so that a given input signal will cause a
different output level.

Application of Proportional Control

Proportional control attempts to return a measurement to the set point
after a load upset has occurred. However, it is impossible for a propor-
tional controller to return the measurement exactly to the set point,
since, by definition (Equation 7-4), the output must equal the bias set-
ting (normally, 50 percent) when measurement equals the set point. If
the loading conditions require a different output, a difference between
measurement and set point must exist for this output level. Propor-
tional control may reduce the effect of a load change, but it cannot
eliminate it.

The resulting difference between measurement and set point, after
a new equilibrium level has been reached, is called offset. Equation 7-5
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- SET POINT
_l 100% CONTROLLER
OUTPUT
o . 100% CONTROLLER
- SN s oK R NOLLER

BIAS (MANUALLY SET) = 50%
EFFECT OF CHANGES IN PROPORTIONAL BAND

Fig. 7-14. Output response reacts to change in gain.

indicates proportional response to a load upset, and the resulting offset.
The amount of offset may be calculated from:

Ae = % Proportional Band
© 100

AM (7-5)

where Ae is change in offset, and AM is change in measurement re-
quired by load upset.

From Equation 7-5, it is obvious that, as the proportional band
approaches zero (gain approaches infinity), offset will approach zero.
This seems logical, because a controller with infinite gain is by defini-
tion an on-off controller that cannot permit a sustained offset. Con-
versely, as the proportional band increases (gain decreases), propor-
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tionately more and more offset will exist. Offset may be eliminated by
manually adjusting the bias until the measured variable equals the set
point.

Narrow-band proportional-only controllers are often used in non-
critical, simple temperature loops, such as in maintaining a temperature
in a tank to prevent boiling or freezing. A low, dynamic gain allows a
narrow band to be used. Controllers of this nature are typically field-
mounted and pneumatically operated. Many noncritical, level-control
applications having long time constants also use proportional-only con-
trol. Now let us apply proportional-only control to the level problem
shown in Figure 7-15.

Proportional-Plus-Integral Control

If offset cannot be tolerated, another control mode must be added.
Integral action will integrate any difference between measurement and
set point, and cause the controller’s output to change until the differ-
ence between measurement and set point is zero.

The response of a pure integral controller to a step change in either
the measurement or the set point is shown in Figure 7-16. The control-
ler output changes until it reaches 0 or 100 percent of scale, or the
measurement is returned to the set point. Figure 7-16 assumes an open-
loop condition where the controller’s output is dead-ended in a measur-
ing device, and is not connected to the process.

Figure 7-16 also shows an open-loop proportional-plus-integral re-
sponse to a step change. Integral time is the amount of time required to
repeat the amount of change caused by the error or proportional action.
In Figure 7-16, integral time equals ¢, or the amount of time required to
repeat the amount of output change (x;). (Some instrument manufac-
turers define integral as the inverse of the above, or the number of
times per minute the amount of change caused by proportional action is
repeated.)

Another way of visualizing integral action is shown in Figure 7-17.
In this example, a 50 percent proportional band is centered about the
set point. If all elements in the control loop have been properly chosen,
the controller’s output should be approximately 50 percent. If a load
upset is introduced into the system, the measurement will deviate from
the set point. Proportional response will be immediately seen in the
output, followed by integral action.

Integral action may be thought of as forcing the proportional band
to shift, and, hence, causing a new controller output for a given rela-
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Fig. 7-15. Sample problem: PROPORTIONAL CONTROL, CALCULATE
MEASUREMENT.

Question: What is the level under steady-state control?

Given:

Range of level transmitter: 0 to 70 inches

Level controller: Proportional only, PB = 75 percent, bias = 50 percent, Set
Point = 40 inches

Load, g: Fixed at 3.5 gpm

Valve: Pressure drop, AP, is constant, Linear characteristic, delivers 6 gpm at 100
percent stroke.

Solution:

1. Under steady state, inflow must equal outflow.

3.5gpm _

5.0 gpm 58.3%

3. Inflow % = Controller output
m = 58.3%

.= 40inches _

~ 70 inches 57.1%

5. Equation (7-4) for proportional control:

100

m=%PB(r—c)+50%

2. Inflow =

4. Set point =

= 100 -
58.3 = =2 (57.1 = ¢) + 50

Solving for ¢: ¢ = 50.9%
Converting to inches: 0.509 x 70 = 35.6 inches

tionship between measurement and set point. Integral action will con-
tinue to shift the proportional band as long as a difference exists be-
tween measurement and set point. Integral action has the same function
as an operator adjusting the bias in the proportional-only controller.
The width of the proportional band remains constant, and is shifted in a
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MEASUREMENT —Ir
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OUTPUT —

TIME—®

MEASUREMENT
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CONTROLLER
OuTPUT " } PROPORTIONAL

ACTION

TIME-®

INTEGRAL,
TIME t,

Fig. 7-16. Output responds to step change in input.

direction opposite to the measurement change. Thus, an increasing
measurement signal results in a decreasing output, and vice versa.

If the controller is unable to return the measurement to the set
point, integral action will drive the proportional band until its lower
edge coincides with the set point (see Figure 7-17); hence, a 100 percent
output. If the measurement should then start to come back within con-
trol range, it must cross the set point to enter the proportioning range,
and cause the output to begin throttling. If the system has any substan-
tial capacity, the measurement will overshoot the set point, as shown
on the right side of Figure 7-17.

This basic limitation is called integral windup. It must be seriously
considered on discontinuous or batch processes where it is common for
the controller output to become saturated and overshoot. A pneumatic
mechanism called a batch switch designed to prevent this overshoot is
described in Chapter 8.
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Fig. 7-17. Integral action shifts proportional band in reference to difference between
input signal and set point.

Integral setting is a function of the dead time associated with the
process and other elements in the control loop. Integral time should not
be set faster than the process dead time. If it is set too fast, the control-
ler’s output will be capable of changing faster than the rate at which the
process can respond. Overshoot and cycling will result. An alternate
definition of integral action is the fastest rate at which the process can
respond in a stable manner.

Proportional-plus-integral controllers are by far the most common
type used in industrial process control. Pneumatic and electronic
analog, and digital hardware are available with proportional-plus-
integral action.

The classical equation or expression for a proportional-plus-
integral controller is:

1 0 | e
' = =5g {L' + Efﬁ :HJ (7-6)

m

output or valve position

o
%PB

gain

e = error (deviation)
R

integral time

If you compare this equation with Equation 7-4, the proportional-
only expression, you will find the bias term replaced by the integral
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term. In operation, then, the output of this controller will continuously
change in the presence of an error signal. Once the error has been
reduced to zero, the output will stop changing and stay fixed until an
error redevelops. At this time, the output again will change in such
direction as to eliminate the error once again.

Adding Derivative (Rate)

In controlling multiple-capacity processes, a third mode of controls is
often desirable. -

By definition, derivative is the time interval by which derivative
action will advance the effect of proportional action on the final
operator. It is the time difference required to get to a specified level of
output with proportional-only action as compared to proportional-
plus-derivative action. Figure 7-18 illustrates derivative response to a
ramp change; where ¢, equals the controller’s derivative time.

Derivative action occurs whenever the measurement signal
changes. On a measurement change, derivative action differentiates the
change and maintains a level as long as the measurement continues to
change at the given rate. Under steady-state conditions, the derivative
acts as a 1 to 1 repeater. It has no influence on a controller’s output..By
reacting to a rate of input change, derivative action allows the control-
ler to inject more corrective action than is initially necessary in order to
overcome system inertia. Temperature presents the most common ap-
plication for derivative. Derivative action should not be used on pro-
cesses that are characterized by predominant dead times, or processes
that have a high noise content, that is, high-frequency extraneous sig-
nals such as are present in the typical flow application.

MEASUREMENT |-

T

DERIVATIVE
TIME, tg

Fig. 7-18. Derivative action increases rate of correction.
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The equation or expression for the proportional-plus-integral-plus
derivative controller is:

100 1 de
m = o 5B [e+Efedt+Ddt] 7-7
where:
e = error

R = integral time
D = derivative time

Question: How long will it take for the output to change 5 percent if
the measurement remains constant?

Given:

Proportional band = 50 percent
Integral time = 3 minutes
Derivative time = 3 minutes

Set point = 45 percent
Measurement = 35 percent
Control action: increase-decrease

Solution:

1. Error stays constant, therefore no output change due to derivative.

2. No output change due to proportional action. However, the propor-
tional action affects the integral response.

3. Ertor =1 — ¢ = 45% — 35% = 10%

4. R = 3 minutes = time to change an amount equal to the error

5. Because the proportional band = 50%, the output in Step 4 is mul-

tiplied by % =2,

Therefore 2(10%) = 20% change in 3 minutes
- or
5% change in 34 minute.

Selecting the Controlier

Now that the variety of available control modes has been described,
the next logical question is: which should be selected to control a
particular process? Table 7-1 relates process characteristics to the
common control modes. Let us apply the chart to the heat exchanger
process.

The heat exchanger acts as a small-capacity process; that is, a
small change in steam can cause a large change in temperature. Accu-
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Table 7-1. Process Characteristics

Control Transfer Dead Capaci- Reaction Load Self-
Mode Lag Time tance Rate Changes Regulation
On/Off Min Min High Slow Any —
Floating Small Min Low High Slow Must have
Prop. Small Small Moderate  Slow Slow —

Small
Prop. +
Integral Moderate ~ Moderate ~ Moderate  Any Any
Prop. +
Integral +  Any Any Any Any Any
Deriv.

rate regulation of processes such as this calls for proportional rather
than on/off control.

Variations in water rate cause load changes that produce offset, as
described previously. Thus, the integral mode should also be used.

Whether to include the derivative mode requires additional investi-
gation of the process characteristic. Referring to the reaction curve (Fig-
ure 7-19), notice that the straight line tangent to the curve at the point
of inflection is continued back to the 150°F (starting) level. The time
interval between the start of the upset and the intersection of the tan-
gential line is marked T, (in Figure 7-12, this was dead time); the time
interval from this point to the point of inflection is Tp. If time Tp
exceeds time T, some derivative action will prove advantageous. If T
is less than T4, derivative action may lead to instability because of the
lags involved.

160F .
w /
o« /
= /
a
14
w
o
: /
13.2%|=—————— e
| APPLYING STEPCHANGE
H TO OPEN LOOP
H F
: 150" 5™ 5~ 10| 18 20 25 30 35 40
>, ! L i
DEAD : c'-ctxncwv TIME- SECONDS
| e — T Tg—¥

Fig. 7-19. The process reaction curve is obtained by imposing a step change at input.



202 PNEUMATIC AND ELECTRONIC CONTROL SYSTEMS

Table 7-2.

CAN
vse OFFSET 8E YES USE
PID TOLERATED?, P-ONLY

1s
DEAD TIME
EXCESSIVE?

The reaction curve of Figure 7-19 clearly indicates that some de-
rivative action will improve control action. Thus a three-mode control-
ler with proportional, integral, and derivative modes satisfies the needs
of the heat exchanger process. Table 7-2, as applied to this problem,
will yield the same result.

Questions

7-1.
a.
b.

7-2.
upon:

a.

b.

c.

3
- a

N
Tw s ange

With adequate gain and inphase feedback, any system will:
Drift ¢. Increase amplitude
Oscillate d. Degenerate

The natural frequency at which a closed-loop system will cycle depends

The amplifier gain

The attenuation provided by the process

The phase shift provided by the resistance-capacitance and dead time
networks that exist in the system

. Resonance

. The Bode diagram describes:

. Gain and phase shift through the usable frequency range
. The system’s linearity

. The reaction to a step change

The recovery curve that will result from a load change

. All systems may be assumed to be:
. Linear
. Nonlinear
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c. Linear for the purpose of initial consideration but with full knowledge
that this may not be the case

d. Nonlinear for purposes of analysis with the exception that the system
may prove to be linear

~
n

. A closed-loop control system that employs a three-mode controller:

a. Can oscillate or cycle at only one frequency

b. Can oscillate or cycle at several frequencies, depending on controller
adjustment

¢. Will not oscillate because of the stability provided by derivative

d. Will produce only damped oscillations with a 0.25 damping ratio

7-6. We have a closed-loop control system which is cycling. We should:
a. Increase the proportional band ¢. Check and adjust both
b. Increase integral action d. Immediately shut it down

7-7. A proportional controller is being used to control a process, and the
offset between set point and control point must be held to a minimum. This
would dictate that the proportional band:

a. Be as narrow as possible
b. Be as wide as possible

c. Be of moderate value
d. Does not relate to the problem
7-8. The system gain of the closed-loop control system:
a. Refers to the process gain
b. Refers to the gain of the measurement and control devices
c. Refers to total gain of all components, including measurement, con-

troller, valve operator, valve, and process
d. Relates only to the gain of the controller

7-9. If a closed-loop control system employs a straight proportional
controller and is under good control, offset:
a. Will vary in magnitude .
b. Will not exceed one-half of the proportional band width
c. Will exceed the deviation
d. Is repeated with each reset

7-10. Any closed-loop system with inphase feedback and a gain of one or
more will:
a. Degenerate c. Exhibit a 0.25 damping ratio
b. Cycle or oscillate d. Produce square waves

7-11. How long will it take for the output to change 5 percent if the
measurement remains constant?

Given:

Proportional band = 50 percent -

Integral time = 3 minutes

Derivative time = 3 minutes
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Set point = 45 percent
Measurement = 35 percent
Control action = increase/decrease

7-12. If a closed-loop control system is adjusted to produce a 0.25 damping
ratto when subjected to a step change, the system gain is:

a. 0.1 c. 0.5

b. 0.25 d. 1.0

7-13. A straight proportional controller is employed to control a process.
Narrowing the proportional band will:

a. Not change the offset ¢. Always cause cycling

b. Decrease the offset d. Never cause cycling
7-14. The type of process that most often can benefit from derivative is:

a. Flow ¢. Temperature

b. Level d. Pressure

7-15. Pure dead time in a process contributes a gain of:
a. Zero , ' ¢. Depends upon dynamics
d. Infinite d. One

7-16. Referring to Figure 7-5, the transmitter span is 200°F; the controller
proportional band is adjusted to 150 percent; the equal percentage valve
delivers saturated steam containing 40,000 Btu per minute at full open; and
water enters the exchanger at 50°F and is heated to 200°F at a 40 gpm
maximum flow rate. The static gain of this control loop is approximately:

a. 0.5 c. 1.5

b. 1.0 d. 2.0

7-17. If the flow rate of heated water in Problem 7-16 is reduced to 5 gpm,
you would expect the gain to:

a. Increase ¢. Remain the same

b. Decrease

7-18. The integral control mode is:

a. Phase-leading ¢. Inphase

b. Phase-lagging d. Phase-reversing
7-19. The derivative control mode is:

a. Phase-leading ¢. Inphase

b. Phase-lagging d. Phase-reversing

7-20. The most common combination of control modes found in the typical
process plant is:

a. Proportional-only

b. Proportional, integral, and derivative

c. Proportional-plus-integral

d. On/off



Pneumatic Control Mechanisms

The basic pneumatic control mechanism is the flapper-nozzle unit. This
unit, with amplifying relay and feedback bellows, is a simple, rapid-
acting control mechanism.

The basic pneumatic mechanism converts a small motion (position)
or force into an equivalent (proportional) pneumatic signal. Since
pneumatic systems may use a signal of 3 to 15 psi (20 to 100 kPa) (3 psi
or 20 kPa at 0 percent and 15 psi or 100 kPa at 100 percent scale), the
instrument must have the ability to convert a position or small force
into a proportional pneumatic span of 12 psi (3 to 15 psi or 20 to 100
kPa).

The Flapper-Nozzle Unit

Figure 8-1 shows the principle of the flapper-nozzle device. Input air
(regulated at 20 psi or 138 kPa) is fed to the nozzle through a reducing
tube. The opening of the nozzle is larger than the tube constriction.
Hence, when the flapper is moved away from the nozzle, the pressure
at the nozzle falls to a low value (typically 2 or 3 psi, or 10 or 20 kPa);
when the flapper is moved close to the nozzle, the pressure at the

205
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NOZZLE @
PRESSURE
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Fig. 8-1. Flapper-nozzle is the basic pneumatic control element. Flapper can be
positioned by temperature (as shown), pressure element, or any sensor.

nozzle rises to the supply pressure (20 psi or 138 kPa). Flapper move-
ment of only a few thousandths of an inch (Figure 8-2) produces a
proportional pneumatic signal that may vary from near zero to the
supply pressure. Some pneumatic control mechanisms use the air at the
nozzle (nozzle pressure) to operate a control valve.

The simple flapper-nozzle unit shown in Figure 8-1 has several
basic limitations. The output air must all come through the input con-
striction if it is used directly to operate a control valve. Hence, the
output pressure can change only slowly, causing sluggish action. Just
as the rate of increase in pressure is limited by the input constriction,
the rate of decrease in pressure is similarly limited by the slow rate of
air passage through the nozzle to the atmosphere.

NOZZLE
AIR PRESSURE
(PSIG)

l¢————0.01" ——}
DISTANCE (Flapper to Nozzle)

Fig. 8-2. Flapper need move only a few thousandths of an inch for full range of output
(nozzle) pressure.
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Also, the measuring element that positions the flapper must be
strong enough to overcome the blast of air leaving the nozzle. Since
many measuring sensors are relatively low-force elements, they could
not be used to position the flapper accurately and positively if the
nozzle were made large enough to pass sufficient air to overcome this
limitation.

A second limitation is that the flapper moves only a few thou-
sandths of an inch for complete action from minimum to maximum noz-
zle pressure. This small travel for a change in output from zero to full
value makes the entire element susceptible to vibration and instability.

All these limitations are overcome by employing (1) a relay, or
other amplifier, which amplifies the nozzle pressure; and (2) a feedback
system which repositions the flapper or nozzle.

Valve Relay or Pneumatic Amplifier

Figure 8-3 shows a relay connected to a nozzle. The nozzle pressure is
applied to the pneumatic relay, which contains a diaphragm operating a
small ball valve. Because the diaphragm has a large area, small
pressure changes on its surface result in a significant force to move the
ball valve. The ball valve, when open, permits the full air supply to
reach the output; when closed, it permits the nozzle pressure to bleed
to atmosphere.

If the flapper position is changed with respect to the nozzle, the air
pressure acting on the relay diaphragm changes and either opens or
closes the relay ball valve, thus either increasing or decreasing the flow
of supply air, which now can flow directly from the supply to the
output, overcoming the first deficiency (slow action) of the flapper noz-
Zle. '

The relay is often called a pneumatic amplifier because a small

REDUCING
TUBE NOZZLE

Fig. 8-3. Relay is an amplifier. That is, small change in nozzle pressure (the input to the
relay) causes a large change in output pressure (to the control valve).
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change in nozzle pressure causes a large change in output pressure and
flow. The pneumatic relay shown in Figure 8-3 (used in the Foxboro
Type 12A temperature transmitter and the Model 130 controller)
amplifies the nozzle pressure by a factor of 16; that is, a change in
flapper position of 0.0006 inch, which produces a change in nozzle
pressure of 34 psi, and results in a change of relay output of 12 psi (from
3 to 15 psi).

The relay shown in Figure 8-3 increases output pressure as nozzle
pressure increases. Relays can also be constructed to decrease the
output pressure as nozzle pressure increases.

The Linear Aspirating Relay or Pneumatic Amplifier

Flapper-nozzle detectors employed in the set-point transmitter and de-
rivative sections of the Model 130 controller use a different type of
pneumatic amplifier. If the flow or volume output requirements are
small, an aspirating relay may be employed. The pneumatic amplifier,
shown in Figure 8-4, makes use of the Venturi tube principle and re-
sembles a small Venturi tube. With a 20 psi supply, the throat pressure
of the Venturi can vary 3 to 15 psi or 20 to 100 kPa for a change in
flapper position with respect to the nozzle of less than 0.001 inch. The
aspirating relay accomplishes this with almost perfect linearity and
does not require parts that are subject to wear. This recent develop-
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Fig. 8-4. Aspirating cone, showing Venturi tube principle.
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ment offers advantages over conventional pneumatic amplifiers, pro-
vided that a high volume output is not required.

Proportional Action

If a controller had only the units described thus far, ﬁapper—nozzle and
relay, it would only have on/off action. On/off control is satisfactory for
many applications, such as large-capacity processes. However, if
on/off action does not meet the control requirements, as in low-capacity
systems, the flapper-nozzle unit can easily be converted into a stable,
wide-band proportional device by a feedback positioning system that
repositions the moving flapper.

An example of a proportional action mechanism is the Foxboro
12A pneumatic temperature transmitter (Figure 8-5). This device,
called a *‘force-balance pneumatic transmitter,”’ develops a 3 to 15 psi
(20 to 100 kPa) output signal proportional to the measured temperature.
Thus, it is functionally a proportional controller.

Fig. 8-5. Pneumatic temperature transmitter, with tubing and sensor.
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Figure 8-6 shows the principle of the Model 12A transmitter. The
forces created by the bellows are automatically balanced as follows.
When the temperature sensor is subjected to an increase in tempera-
ture:

1. The increased temperature expands the gas contained in the sensor
and increases the force exerted by its bellows. This increases the
moment of force, tending to rotate the force bar clockwise.

2. The flapper now approaches the nozzle and the nozzle pressure
increases. This pressure is applied to the pneumatic relay (Figure
8-3), increasing its output and the pressure applied to the feedback
bellows, thus increasing the counterclockwise moment of force
sufficiently to restore the force bar to equilibrium.

The force bar (flapper) is now repositioned slightly closer (less than
0.001 inch) to the nozzle, and the output pressure has reached a new
level linearly related to the measured temperature.

In the actual unit, two additional forces act on the force bar. One is
that applied by the zero elevation spring. Adjustment of this spring
determines the constant force it adds to that supplied by the feedback
bellows. This allows a given span of temperature measurement to
be raised or lowered. The other force is applied by the ambient-
temperature- and barometric-pressure-compensating bellows. This
force compensates for ambient temperature or atmospheric pressure
changes acting on the gas-filled thermal system, thus minimizing errors
caused by these changes.

FLAPPER
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! L. FORCE BAR
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Fig. 8-6. Principle of pneumatic temperature transmitter. Forces created in bellows are
balanced. ’
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Fig. 8-7. General purpose controller.

The Model 12A temperature transmitter produces an output pro-
portional to measurement and is a proportional control mechanism.
However, a useful general purpose controller should incorporate addi-
tional modes, and also have the ability to adjust the parameters of the
mechanism along with other convenient features. For these reasons the
unit described, although a proportional controller, is used primarily as a
transmitter to send an input signal to a general purpose controller (such
as the 130 Series), as shown in Figure 8-7.

Control Mechanism Requirements

A control mechanism should be able to control the process and ease the
Jjob of the operator. To achieve these goals, it must meet the following
requirements:
1. The required control modes must be available and easily adjustable
through the required range.
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™~

. The controller should have an easily adjusted set point.
. The mechanism should clearly display what is going on for the

benefit of the operator.

. It should be convenient for the operator to switch over to manual

control either for the purpose of operating the process manually
during startup or in other unusual situations, or to perform mainte-
nance or adjustments on the automatic control unit.

. After manual operation, it should be a simple matter to switch back

to automatic control smoothly without shocking or bumping the
process.

If for any reason the unit requires maintenance or adjustment, it
should be simple to remove it for this purpose without interfering
with the process.

In many situations, it may also be convenient and practical to have
a continuous record of the controller variable and an alarm system
to signal the operator when some predetermined limit is exceeded.
Figure 8-8 shows the complete Model 130 controller in block dia-
gram form.

The total control mechanism consists of the following functional parts:

1.

A set-point unit that produces a 3 to 15 psi or 20 to 100 kPa
pneumatic signal to be fed into the controller mechanism. This unit
is generally located within the controller, but it may be remote.

. The derivative unit that acts directly on the measurement signal.

The automatic controller itself—headquarters for the control ac-
tion.

. The manual control unit, which performs two functions—switching

from automatic to manual and from manual to automatic, and
manual adjustment of the control valve (regulated variable).

. The automatic balancing unit, consisting of a simple floating con-

troller through which the operator can switch from automatic to
manual and back without any balancing adjustments and yet with-
out causing a bump or sudden valve change.

A measurement indicator that displays with pointers and scale the
measurement being fed into the controller, and the set point.

. An output indicator—a display of controller output that may be

interpreted in terms of valve position.

The Automatic Controller

Figure 8-9 develops the mechanism of a proportional controller in
schematic form. This controller, like the Model 12A shown in Figure
8-7, has measurement and feedback bellows and a flapper-nozzle relay
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Fig. 8-8. Block diagram of Foxboro pneumatic Consotrol 130M controller.

unit. The basic added features are a set bellows, which permits adjust-
ment of the set point; and an integral (R) bellows.

In the actual Mode! 130 controller (Figure 8-10), a floating disk acts
as the flapper of the flapper-nozzle system. The resultant moments of
force due to the four bellows determine the position of the disk with

u
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Fig. 8-9. Schematic development of proportional controller.
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REDUCING TUBE ~——_ aha

Fig. 8-10. Control unit with floating disk flapper nozzle.

respect to the nozzle. Therefore, the relay output pressure varies with
changes in pressure in any of the bellows. The mechanism is aligned to
produce a midrange output of 9 psi (60 kPa) when the error signal is 0.
This is called bias.

The width of the proportional band is adjusted by the position of
the proportional-band-adjusting lever. (The term gain is also used in
place of proportional band. Gain is the reciprocal of proportional
band.) This lever positions the fulcrum about which the moments of
force created by the pressure in the four bellows act. These moments of
force tilt the floating disk upward or downward, thereby causing a
change in nozzle pressure. The result is an increased or decreased
output pressure from the controller. This output pressure, which is
proportional to changes in measurement or set pressure, acts to reposi-
tion the control valve, thus influencing the process and bringing about a
change in the measurement bellows to establish a new equilibrium in
the system.
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Derivative and Integral

The general purpose controller needs derivative and integral action, as
described in Chapter 1. These are added to the pneumatic controller.
The derivative function is added to the measurement signal before it
reaches the controller (block 4, Figure 8-8). This eliminates derivative
response to set-point change and practically eliminates any interaction
between derivative and the other control modes.

During steady-state conditions, the unit acts as a 1: 1 repeater, but
upon a change in the measurement the unit adds a derivative influence
to the measurement change.

In the derivative unit (Figure 8-11), the force moment (bellows area
times distance from fulcrum) of bellows A is 16 times that of bellows B,
and the force moment of bellows B plus bellows C equals that of bel-
lows A. As the measurement signal increases, the immediate change in
feedback pressure in B is 16 times the change in pressure in bellows A.
Simultaneously, air starts to flow through the restrictor to bellows C,
gradually reducing the pressure needed in bellows B to restore equilib-
rium. Thus, the output of the derivative unit, which is the signal to the
automatic control unit measurement bellows, reflects the change in
measurement plus a derivative response added to that change. The
graph at the bottom of Figure 8-11 shows the signal that the measure-
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Fig. 8-11. Derivative unit, schematic diagram and response curve.
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ment bellows in the automatic control unit receives from the derivative
unit at the measurement change shown.

The integral function takes place within the automatic control unit
itself. The integral bellows opposes the feedback bellows; thus, if the
feedback bellows introduces negative feedback, the force created by
the feedback bellows will act like positive feedback; that is, it tends to
move the flapper in the same direction as error. This would lead to
instability if the integral restriction were not used. Only very slow
signals (minutes in duration) can affect the integral bellows because of
the very small integral restriction. The integral action occurs only after
the proportional and rate actions have affected the process. If an error
remains (such as offset due to load change), the integral action takes
place slowly. Because integral action will continue in the presence of a
continuous error, such as we may find in a batch process, it can cause
the output to go to an extreme. This is called integral windup.

Integral time is adjusted by setting an adjustable restrictor, or nee-
dle valve. The dial on this pneumatic valve is calibrated in minutes of
integral time.

Figure 8-12 illustrates the Foxboro Model 130 controller. The con-
trol modes—proportional, integral, and derivative—are in the control-
ler shown. The signal level with respect to time may be changed by
appropriate adjustments of proportional, integral, and derivative
modes. The proportional band adjustment is calibrated from 5 to 500
percent, while the integral and derivative dials are calibrated from 0.01
to 50 minutes. These adjustments are calibrated in ‘‘normal’’ times.
The effective times are somewhat different.

In any controller, some interaction between control actions may
exist because change in one action (proportional, integral, or deriva-
tive) can create change in the others. This unavoidable interaction,
even if small, should be kept in mind when adjusting or tuning a control
ler.

Manual Control Unit

Manual operation is achieved by using the manual control unit shown
schematically in Figure 8-13 and depicted in Figure 8-14. With the
transfer switch in the manual position, the thumbwheel is engaged, and
by its action the flapper-nozzle relationship governs the pneumatic out-
put. The operation of the manual control unit is similar to that of any
pneumatic transmitter in that it employs a feedback bellows. Full-scale
manipulation of the thumbwheel corresponds to a 3 to 15 psi (20 to 100
kPa) pneumatic output.
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Fig. 8-12. Pneumatic Consotrol 130M controller. (Top) right side cover removed and
manual controls. (Bottom) the left side cover is removed to show pneumatic printed
circuit board.

Transfer

Automatic to Manual

With the transfer switch in the automatic position, the thumbwheel in
the manual control unit is disengaged and the automatic controller’s
pneumatic output is fed into the manual control unit bellows. The man-
ual control unit remains balanced at this output. At the time of transfér
to manual, the manual unit instantly starts transmitting this same out-
put. Thus, the response record of the transfer from automatic to man-
ual (Figure 8-15) is smooth and bumpless.

Manual to Automatic

The transfer from manual to automatic requires the use of an
automatic-balancing unit, which consists of a single-pivoted diaphragm
with four air pressure compartments. This is shown in schematic form
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in Figure 8-16. At the left, the unit is in the automatic position; at the
right, it is in manual. It will act as a simple proportional controller with
a fixed proportional band of approximately 30 percent. The basic prob-
lem in transferring from manual to automatic lies in the fact that the
output of the automatic controller must equal that of the manual unit at
the moment of transfer, and then a change at a predetermined integral
rate is necessary to bring the measurement to the set point. The output
of the manual station is the control unit’s output. Full air supply is sent
to the three pneumatic switches, closing two and opening one, as
shown in Figure 8-16.

The proportional bellows of the automatic control unit is discon-
nected from the output of the controller. The integral restrictor is
bypassed, and the integral bellows is disconnected from the propor-
tional bellows. The input signals to the automatic balancing unit shown
represent the automatic control unit proportional bellows pressure in
bellows D, and the manual control output in bellows A. Bellows B is
the balancing pressure and bellows C is the output to the integral bel-
lows.

If either the measurement or the set point to the automatic control
unit changes, the pressure in the proportional bellows must also
change, because it is operating as a proportional-only control unit.
When the change in pressure in the proportional bellows is sensed by
the balancing unit, the unit’s output will change the pressure in the
controller’s integral bellows. This, in turn, will cause the proportional
bellows pressure to change in the opposite direction until it once again
equals the output of the manual control relay, or until the supply
pressure limits are reached.

Any difference between the set and measurement bellows is thus
balanced by the difference between the integral and proportional bel-
lows.

If the output of the manual control unit changes, a similar action
occurs, forcing the proportional bellows pressure to equal the manual
control unit output.

When transferring from manual to automatic (Figure 8-17), the
output will remain at the level determined by the operator when the
controller is in manual. If the measurement input is equal to the set
point, the output remains constant until corrective action is required. If
the measurement does not equal the set point at the moment of transfer,
the output will ramp from the level of manual operation to the level
necessary to make the measurement equal to set point a function of the
controller’s integral rate.
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Fig. 8-16. Schematic of auto-manual mechanism with transfer switch in automatic
position (above) and manual position (opposite page).

Set Point

The set-point knob is attached to a pneumatic transmitter, which re-
lates the transmitter’s output position of the set-point pointer (Figures
8-18 and 8-19). The output of the transmitter is applied to the set bel-
lows of the controller. If the automatic controller is operating, normal
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changes can be made by turning the set-point knob. Proportional-plus-
integral action will occur. Since the derivative amplifier exists only in
the measurement circuit, derivative action will not occur. If it is desired
to bring the process slowly to the new set point with integral action
only, the controller is simply switched to manual, the set-point change
is made, and the controller is switched back to automatic. Now the
measurement will approach the new set point, with integral action only,
and no overshoot will occur.
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Fig. 8-17. Transfer from manual to automatic (Jeft) when measurement equals set point
and (right) when measurement does not equal set point.

Fig. 8-18. Foxboro pneumatic Consotrol 130M controller pulled out to show

access-to-mode adjustments.
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The Closed-Loop Pneumatic Controlled System

Now let us apply the pneumatic controller to a process control loop.
The objective of a control system is to maintain a balance between
supply and demand over time. (See Chapter 1 for a discussion of supply
and demand.) The closed-loop control system achieves this balance by
measuring the demand and regulating the supply to maintain the de-

sired balance.

Figure 8-20 illustrates a typical and familiar controlled system in
which the temperature of heated water (controlled variable) is regu-
lated by control of input steam. The control system comprises a
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Fig. 8-20. The process to be controlled occurs in a heat exchanger. All elements of the
pneumatic control system are shown—transmitter, controller, valve, input water,
output water, and steam.

pneumatic temperature transmitter (Foxboro Model 12A), a force-
balance pneumatic controller (Foxboro 130 Series), a pneumatic (dia-
phragm) valve actuator, and a control valve (wide-range V-port).
Figure 8-21 shows an accepted manner of representing a system in
a block diagram. All the elements of the actual system are included.
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Fig. 8-21. Block diagram showing all the elements of Figure 8-20.
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The Process

The process to be controlled is a shell-and-tube heat exchanger. Low-
pressure steam applied to the shell heats water flowing through the
tubes. The exchanger has 33.5 square feet of heat-transfer surface, and
the time required for the heat exchange to take place across this sur-
face causes the exchanger to have a delayed response. The response
characteristic is that of a multiple-capacitance, multiple-resistance
circuit. ; :

The response or reaction curve of the heat exchanger was obtained
by (1) allowing the heat exchanger to stabilize with a constant flow of
both steam and water, (2) holding the water flow constant, (3) increas-
ing the steam flow suddenly by opening the control valve, and )
plotting the increase in water temperature. The resulting curve is the
reaction curve illustrated in Figure 8-22. .

Since the water temperature was measured with the pneumauc
temperature transmitter, the transmitter output depends not only on the
response of the heat exchanger, but also on the response of the trans-
mitter, which is not instantaneous.

The Controller Set Point

The set point of the controller is established by setting an air pressure
in a “‘set’’ bellows by means of an air regulator. The setting dial (Figure
8-23) is spread over the span of the measured (controlled) variable.

% RESPONSE
s 3838
N
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o
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Fig. 8-22. Response of outlet temperature to steps in steam valve position test results.
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Fig. 8-23. Schematic of set-point mechanism.

Valve and Actuator

The controller output positions a control valve which, in turn, governs
the energy or material inflow to the process. The speed of response of
the valve depends on the type of valve actuator, that is, the device that
transduces the controller output signal into a valve position.

The actuator can be pneumatic or electric. The system under study
uses a familiar pneumatic actuator, which consists of a large diaphragm
(110 square inches) to which the pneumatic signal is applied. When 3
psi (20 kPa) is applied to an area of 110 square inches, a force of 330
pounds is developed; when 15 psi (100 kPa) is applied, the thrust will be
1,650 pounds. This downward diaphragm force is opposed by a large
coil spring that pushes upward with a force of 330 to 1,650 pounds.
Increasing or decreasing the pneumatic signal to the diaphragm will
cause the diaphragm to move until it reaches a position where dia-
phragm force and spring force are in equilibrium. Since the relationship
between spring thrust and excursion is a linear one (Hooke’s law),
valve travel is related linearly to controller output.

Valve actuators may be arranged either to open the valve or close it
on increasing air pressure. The choice of action is usually dictated by
the process being controlled. For a heat exchanger process, the air-to-
open valve usually is selected because the spring will close the valve
and cause the temperature to drop in event of air failure. This is called
fail-safe action. If the process were one that became hazardous when
the valve closed, the action would be reversed to make the valve open
on air failure.

The valve actuator has a response time because it has the capacity
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to hold air and the connecting tubing offers resistance to air flow. The
time constant for a pneumatic operator is typically several seconds
with normal lengths of connecting tubing. Adding tubing lengthens the
time constant. Thus, the valve actuator contributes time lag or phase
shift to the control loop, depending on the length of connecting tubing
used.

Final Control Element

The function of the pneumatic valve actuator is to position the control
valve. The valve can be one of many types, depending upon the process
to be controlled. For the heat exchanger process being discussed, a
single-seat wide-range equal percentage valve is used (Figure 8-24).

The single-seat equal percentage valve has a contoured inner valve
that provides an exponential relationship between valve stroke and
valve capacity.

Fig. 8-24. Cutaway view of single-seat, wide-range, equal percent valve.
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RECORDER

Dynamic Behavior of Closed-Loop Control Systems

When all components are connected to form the closed-loop control
system (Figure 8-25), each component contributes to control system
operation. For example, the total gain (output signal/input signal) is
affected by the gain of every one of the loop components. However, the
only loop component that has an adjustable gain is the controller. Ad-
justment of the proportional band results in adjustment of the total loop

or system gain.

Let us assume that the control system has stabilized with the out-
flow temperature at 150°F, 66°C and that the system is subjected to an

upset by raising the set point suddenly to 160°F (71°C).
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The action around the control loop (Figure 8-26) will be as follows:

1. Increasing the set point increases air pressure in the set bellows,
thereby causing the flapper to approach the nozzle.

2. Increased nozzle pressure is amplified and becomes output to the
control valve. Because the valve actuator is a resistance-
capacitance element, the actual change in valve position will be
delayed behind the change in output signal.



230 PNEUMATIC AND ELECTRONIC CONTROL SYSTEMS

3. The added heat (Btu) will be nearly in step or phase with the valve
position.

4. The added heat causes the temperature of the heat exchanger to
rise, and as it rises, the pressure in the measurement bellows will
increase.

5. Any unbalance of the moments of force contributed by the mea-
surement and set bellows will cause the integral bellows to con-
tinue to change through the integral restricter, and the output
pressure to increase until the temperature reaches the set point.
The moments of force are now balanced, and the flapper is within
its throttling range (a band of travel less than 0.001 inch wide).

6. After approximately 2 minutes have elapsed, the forces exerted by
the various bellows will be in equilibrium; the flapper is within its
throttling range; and the process has stabilized at 160°F, 71°C.
These steps are illustrated in Figure 8-26.

(Note: If the upset were caused by a load change, derivative action
would have been added to the functions described.)

Adjusting the Controller

To accomplish effective control and cause the process to react in an
optimum fashion, the controller behavior, with respect to time, must be
matched to that of the process. This is done by adjusting the propor-
tional band, integral time, and derivative time.

Tuning or adjusting the controller for optimum performance can be
achieved either by trial-and-error, or by more exacting methods. The
usual trial-and-error procedure in adjusting the controller settings to
the process conditions is to set the integral restrictor at maximum and
the derivative restrictor at minimum, and then to adjust the propor-
tional band to produce the minimum process stabilization time. Then
the derivative restrictor is increased gradually, and the proportional
band narrowed, until a combination of proportional and derivative ac-
tion is obtained which produces a shorter stabilization time than normal
proportional, and with less upset to the process.

To eliminate offset, the integral restrictor is then set to a value that
will bring the control point to the set point in a minimal time without
upsetting the stability of the system.

Other methods of adjustment by mathematical and analog analysis
are discussed in Chapter 12.

Suppose a set point of 20 percent scale change is made in the
Foxboro 130 Series controller with the controller on automatic. Note
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Fig. 8-27. Controlled set-point change made in automatic mode (top) and in manual mode,
then switched to automatic (bottom).

the damped oscillations that occur as the system restabilizes (Figure
8-27, top). The instability lasts for several minutes. If the controller is
first switched to manual for the set-point change, a reaction will occur
when switched back to automatic. This is shown in the lower part of
Figure 8-27 and discussed previously. The controlled variable returns
to the new set point at the integral rate. Any adjustments tend to cause
a temporary upset; therefore, the technique of switching to manual,
making any required adjustments and switching back to automatic, can
be used to advantage with the Foxboro 130 Series controller.

Batch Controller

In Chapter 7, reference was made to integral saturation or integral
windup. This occurs when the integral mode is used on a batch or
discontinuous process. During the time the process is shut down, the
integral circuit of a conventional two- or three-mode controller will
saturate at the supply pressure.

After the process is restarted, measurement overshoot of the set
point can occur unless precautions are taken. The batch switch is a
special pneumatic mechanism designed to prevent this overshoot.

During the time a process is off control, the measurement will be
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Fig. 8-28. (Left) Recovery from sustained deviation; proportional plus integral controller
without batch feature. (Right) With batch feature.

below the set point and the controller’s output will be at its maximum
value. If the time of this deviation is long enough, the integral circuit of
a conventional controller will also reach this value. When process con-
ditions return to normal, no change in controller output can occur until
the measurement reaches the set point. Figure 8-28, curve A illustrates
this control action.

The batch switch eliminates this integral circuit saturation and
conditions the integral bellows to permit output to start to change
before the measurement reaches the set point. If the controller output
starts to change before the measurement reaches the set point, over-
shoot can be prevented and the measurement can return to the set point
smoothly. Figure 8-28, curve B illustrates this control action.

Principle of Operation

A schematic diagram of a proportional-plus-integral batch controller is
shown in Figure 8-29. The only addition to a conventional two-mode
controller is a specially designed pressure switch between the relay
output and the integral circuit.

The switch is actuated by the output pressure of the controller
relay. Its trip point is adjusted by a spring, or an external pneumatic
signal, to trigger at 15 psi (100 kPa). When the controller’s output is
below this pressure, the ball valve closes the vent port and permits
passage of the relay output to the integral circuit. This allows normal
integral response as long as the measurement remains within the pro-
portional band (below 15 psi or 100 kPa). Should the measurement
reach the 15 psi or 100 kPa limit of the proportional band throttling
range, the force on the batch switch diaphragm will seat the ball valve
in the opposite direction. This cuts off the relay output pressure to the
integral circuit and simultaneously vents the circuit to the atmosphere.
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Fig. 8-29. Schematic orf proportional-plus-integral batch controller.

This causes the pressure in the circuit to drop. As long as the relay
output pressure is above the trip point, the integral circuit pressure will
drop until there is no longer any pressure in the integral bellows. At this
point, the proportional band throttling range will have shifted com-
pletely below the set point as indicated in Figure 8-28B, curve B. Dur-
ing this operation, the controller’s output pressure is at 15 psi or 100
kPa (or more) and the valve is wide open. When the batch process is
restarted, the control valve will begin to throttle as soon as the mea-
surement reaches the 15 psi or 100 kPa limit of the proportional band
throttling range. Note that as soon as the controller output drops below
15 psi or 100 kPa, normal integral response is restored. This overcomes
the tendency to overshoot the set point.

Load Bias (Preload)

Due to the time characteristics of certain processes, shifting the pro-
portional band completely below the set point will cause an intolerable
delay in bringing the batch to the set point. In such cases, an adjustable
back pressure may be applied to the vent port to ‘‘bias’’ the batch
switch. Thus, the pressure in the integral circuit may be prevented from
dropping below a preselected amount and the proportional band throt-
tling range will shift only partially below the set point. Although this
will allow faster recovery, a slight overshoot will occur if the ‘‘bias’’ is
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increased too much. Increasing the bias to 15 psi or 100 kPa would
obviously completely eliminate batch action.

One limitation that applies to all pneumatic control systems is the
distance that may be accommodated between components. The maxi-
mum distance depends on two major factors: the pneumatic signal
travels at the speed of sound, and the loop components along with the
tubing all have capacity and resistance. Thus, an RC time constant
must exist. Volume boosters often are applied to lengthen this working
distance. Unfortunately, a volume booster will do nothing to speed up
signal velocity. A booster will help if a large volume, such as that found
in a pneumatic valve actuator, is involved.

The distance limit for pneumatic control systems is approximately
200 feet (60 meters). If this distance factor is ignored, the dynamics of
the control system will suffer and result in poor control operation. If it
becomes necessary to lengthen these distances substantially, the only
practical solution is to utilize electrical signals that may work over an
almost unlimited distance.

Questions

8-1. The integral dial in a pneumatic controller is calibrated in:

a. Minutes or repeats d. Percentage
b. Integral units e. Offset
c. Gain

8-2. True or false: In a proportional-only controller, if the measurement equals
the set point the output will equal the bias.

8-3. True or false: In an integral controller, the rate of change of the output
is proportional to the error.

8-4. True or false: The larger the number on the integral dial the greater the
effect of the integral action.

8-5. True or false: In a batch operation, if a controller has wound up, it is
quite possible that the valve may stay in an extreme position until the
measurement actually goes beyond the set point before the valve begins to
change its position.

8-6. True or false: What some manufacturers call rate others call derivative.

8-7. Indicate all the correct statements:
a. Gain is the reciprocal of the proportional band.
b. The proportional band is the reciprocal of gain.
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¢. The proportional band times the gain equals 1.

d. The gain divided by the proportional band equals 1.

e. The narrower the proportional band, the higher the gain.
f. The wider the proportional band, the lower the gain.

8-8. In a process controlled by a proportional-plus-integral controller, the
measurement was at the set point and the output was 9 psi (60 kPa). The
measurement then quickly decreased to a certain value below the set point
and leveled out there. The output responded by changing to 8 psi (55 kPa). As
time progresses, what would you expect of the output pressure?

a. Increase to 9 psi (60 kPa) to bring the measurement back to the set
point.

b. Remain at 8 psi (55 kPa) as long as the measurement stays where it is.

¢. Decrease and continue to decrease to 3 psi (20 kPa).

d. Continue to decrease until the measurement reaches the set point, or if
it does not return to the set point, decrease to 0 psi.

8-9. The range of the temperature measuring system used in conjunction
with a Model 130 proportional-only controller is 0 to 150°F (66°C). The output
is 9 psi (60 kPa) when the set point and indicator are both at 75°F (24°C). If
the proportional band is 200 percent, what is the output when the
measurement is 150°F (66°C)?

a. 9 psi (60 kPa) ¢. 12 psi (83 kPa)
b. 3 psi (20 kPa) d. 15 psi (100 kPa) ,

8-10. If the span of a measuring transmitter in a control system is made
one-half of its value, the proportional-band adjustment in the controller must

be to maintain the same quality of control.
a. Cut in half d. Narrowed
b. Doubled e. None of the above.
¢. Squared

8-11. With a proportional-plus-integral controller, a sustained error will result
in:

a. Windup

b. A fixed offset

c. A temporary narrowing of the proportional band

d. A delay in the process

e. None of the above

8-12. By locating the derivative function in the input measurement circuit,
which of the following advantages can be realized?

a. Smooth bumpless transfer

b. No derivative bump with a set-point change

¢. No proportional response to a set-point change

d. Integral adjustment is isolated from response
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8-13. If proportional-plus-integral control is good, the addition of derivative:
a. Will anticipate changes and speed up corrections
b. Will always improve control
¢. Will make the controller adjustments easier to accomplish
d. May create stability problems in some systems

8-14. The advantage of adding derivative to a controller is always:
a. Increased stability
b. The ability to overcome a big pure dead time lag
¢. The ability to react more quickly to measurement change
d. A decrease in the pure dead time of the process

8-15. For fail-safe action the control valve should, upon energy (air) failure:
a. Open
b. Close
¢. Move in such direction as to make the process nonhazardous
d. Stay in its previous position

8-16. If the closed-loop control system has too much gain, it will cycle. The
only loop component that has conveniently adjustable gain is the:

a. Measuring transmitter ¢. Process

b. Valve operator d. Controller

8-17. Adjusting the controller for optimum performance:
a. Is not required, because it adjusts itself
b. Requires a special tool
¢. Is usually done by trial and error
d. Always requires a very involved mathematical analysis of the process

8-18. A process is to be controlled using an all pneumatic system. The
maximum distance between loop components will be:

a. 1,000 feet c. 200 feet

b. 500 feet d. 20 feet

8-19. If the distance between loop components in the all pneumatic control
system must be increased it will require:

a. A pneumatic volume booster

b. Larger sized tubing

¢. Smaller sized tubing

d. Conversion to an electrical signal

8-20. Pneumatic signals travel through the signal tubing at:
a. 100 feet per second
b. Approximately the speed of sound
¢. A rate that depends on tubing size
d. Approximately the speed of light



Electronic (Analog) Control
Systems

Electronic control systems, already widely accepted, are gaining rap-
idly in popularity for a number of reasons:

1.

Electrical signals operate over great distances without contributing
time lags.

Electrical signals can easily be made compatible with a digital
computer.

Electronic units can easily handle multiple-signal inputs.
Electronic devices can be designed to be essentially maintenance
free.

Intrinsic safety techniques have virtually eliminated electrical
hazards.

Generally, electrical systems are less expensive to install, take up
less space, and can handle almost all process measurements.
Electronic devices are more energy efficient than comparable
pneumatic equipment.

. Special purpose devices such as nonlinear controllers and analog-

computing units are simplified.
This chapter will describe the electronic instrument components

that make up a typical multiloop system. The process is one found
within the boiler room of most process plants—a feedwater control
system for a boiler drum.

237
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Feedwater Control Systems

A sample electronic control system is shown in Figure 9-1. The water
level in the drum is to be controlled. This is accomplished by measuring
not only the water level, but the steam flow out of the boiler and the
water flow into the drum. The three measured variables are fed to an
electronic control system, which controls the water to the drum.

Transmitters

Two differential pressure transmitters (Fig. 9-2) are used, one to mea-
sure water flow; the other to measure drum water level.

‘Referring to Fig. 9-3, in operation the difference in pressure be-
tween the high and low side of the transmitter body is sensed by a twin
diaphragm capsule (1) which transforms the differential pressure into a
force equal to the differential pressure times the effective area of the
diaphragm. The resultant force is transferred through the C-flexure (2)
to the lower end of the force bar (3). Attached to the force bar is a
cobalt-nickel alloy diaphragm which serves as a fulcrum point for the
force bar and also as a seal to the process in the low-pressure cavity
side of the transmitter body. As a result of the force generated, the

Fig. 9-1. Feedwater control system. (1) Drum water level (2) Steam flow from boiler,
via turbine steam pressure, and (3) Water flow into drum.
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Fig. 9-3. Operation of electronic force balance differential pressure transmitter.
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force bar pivots about the CoNi alloy 'seal, transferring a force to the
vector mechanism (5).

The force transmitted by the vector mechanism to the lever system
(11) is dependent on the adjustable angle. Changing the angle adjusts
the span of the instrument. At point (6), the lever system pivots and
moves a ferrite disk, part of a differential transformer (7) which serves
as a detector. Any position change of the ferrite disk changes the out-
put of the differential transformer determining the amplitude output of
an oscillator (8). The oscillator output is rectified to a d-c signal and
amplified, resulting in a 4-20 mA d-c transmitter output signal. A feed-
back motor (9) in series with the output signal, exerts a force propor-
tional to the error signal generated by the differential transformer. This
force rebalances the lever system. Accordingly, the output signal of the
transmitter is directly proportional to the applied differential pressure
at the capsule.

Any given applied differential pressure within the calibrated mea-
surement range will result in the positioning of the detector’s ferrite
disk, which, in turn, will maintain an output signal from the amplifier
proportional to measurement, thus keeping the force balance in equilib-
rium. A simplified schematic of the electronic circuitry is shown in Fig.
9-4, :

Steam flow out of the drum is measured in terms of steam pressure,
which is measured with a pressure transmitter. The operation of the
pressure transmitter is similar to the operation of the differential
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Fig. 9-4. Working schematic of electronic transmitter.
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pressure transmitter. The same feedback technique used in the differ-
ential pressure transmitter is employed in the pressure transmitter. The
major difference lies in the size and construction of the sensor.

The pressure transmitter measures the pressure in the first stage of
the power turbine. Since there is a linear relationship between first
stage turbine pressure and steam flow, the output signal from the
pressure transmitter is linear with steam flow out of the boiler.

A variety of electronic differential pressure transmitters are avail-
able from a number of manufacturers. Some of these make use of strain
gauge detectors, capacitive detectors, resonant wire detectors, and in-
ductive detectors. Many are motion or open loop devices which are still
capable of accuracies within a fraction of a percent. In the application
of any electronic transmitter, the user must guard against subjecting the
electronics to temperatures which might result in damage. This prob-
lem generally can be avoided by observing the precautions recom-
mended by the manufacturer.

The Controllers

The controllers described here are the Foxboro SPEC 200 type. The
SPEC 200 is generally ‘a split-architecture system. In this system two
areas may be used, a display area and a nest area. Field equipment,
such as measuring transmitters, electrical valve actuators, and the like,
generally operates on 4 to 20 mA dc. Within the nest, SPEC 200 oper-
ates on 0 to 10 volts.

The display area contains control stations, manual stations, re-
corders, and indicators to provide the necessary operator displays and
controls. These units are shelf-mounted and contain only the electronic
circuitry required to communicate the display and adjustments neces-
sary for an operator to control and monitor a process.

The nest area contains the analog control, computing, alarm, signal
conditioning, and input and output signal converter units. These units
are in the form of ‘‘modules’’ and ‘‘circuit cards.’’ The nest itself is
basically an enclosure provided for the mounting of ‘‘modules.”’

System power is supplied to the nest. This power supply must
deliver +15 and —15 V dc for operation of the display and nest-
mounted instruments. Recorder chart drives and alarm lights require 24
V ac.

When a single location is required, the nest and display areas may
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be combined into one unit. In fact, a single-unit controller with display,
controller card, and power supply may be combined into a single case.
This is called a SPEC 200/SS (single-station) controller. The basic ar-
rangement of the conventional SPEC 200 system is shown in Figures 9-5
and 9-6. In the single-station unit (Figure 9-7), all components shown in
Figure 9-5 are contained in the single unit. For the boiler drum level
control, either the single-unit construction or the split system could be
used. Typically, the choice would be to split the system into nest and
display areas. This will provide added flexibility. The typical boiler
room would have many control loops in addition to the boiler drum
level. This could all be combined into one nest and display area.

Fig. 9-5. Basic arrangement of SPEC 200 loop.
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Fig. 9-6. Display and nest areas.
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Fig. 9-7. Single station control unit. Electronic display: The measured variable and set
point are continuously displayed as vertical bar graphs on a dual gas-discharge unit.
The right-hand bar represents the measured variable; the left-hand bar represents the
set point. Transparent scales are easily changed without recalibration.

Whether the controller is nest-mounted or case-mounted, it is es-
sentially the same controller. Now let us take a closer look at its opera-
tion.

Principle of Operation

A SPEC 200 card-tuned control component consists of a printed wiring
assembly (circuit card) in a module. The component operates in con-
junction with a control station in the system display area.

The basic circuits of the proportional-plus-integral-plus-derivative
control action model is shown in Figure 9-8. This diagram, with the
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Fig. 9-8. Foxboro PID control component circuit diagram.
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derivative action circuits removed, also applies to the proportional-
plus-integral control action.

The output signal in automatic mode is a function primarily of the
measurement and set-point inputs. The output and control action are
also affected by the increase/decrease switch on the control component
and by the manual/automatic switch on the display station.

Increase/Decrease Switch

An INC/DEC switch on the front panel provides polarity reversing of
both the set point and measurement signal inputs. Reversing the polar-
ity of these input signals effectively reverses the action of the control
component. With this switch in the INC position, control action is a
function of measurement minus set point (an increase in output is
caused by an increase in measurement). In DEC, control action is a
function of set point minus measurement (a decrease in output is
caused by an increase in measurement).

Deviation Signal Generation

The 0 to 10 V dc measurement and set-point signals are applied to the
input of differential amplifier U1. The amplifier has a gain of 1 and high
common mode rejection. An output signal is produced by the amplifier
any time the measurement differs from the set point.

The output signal from amplifier Ul passes through a resistive
adder to the proportional band amplifier as the deviation (error) signal.
The resistive adder allows combination of the amplifier output with the
derivative signal (in P + I + D control components). In proportional-
plus-integral control components, this adder is part of the input resis-
tance of the proportional band amplifier.

Derivative Action

When derivative action is included in the control component, the mea-
surement signal from the INC/DEC switch is applied in paralle] to the
deviation signal generator amplifier and derivative amplifier US. De-
rivative action occurs in proportion to the rate-of-change of the mea-
surement signal.

Derivative amplifier U5 has a fixed gain of 9. Also included in these
circuits are integrating amplifer U6 (in the feedback loop of US5) and
solid-state (J-FET) switch U7. The input network to the integrator
consists of fixed resistors and a potentiometer. The effective resis-
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tance, and, hence, the derivative action time, can be controlled by the
potentiometer.

Derivative action can be switched off by rotating the derivative
potentiometer fully counterclockwise. Both derivative and integral
time constants are adjustable from 0.01 to 60 minutes in three ranges
(determined by card jumper).

Proportional Band Action

The proportional band stage consists of potentiometric amplifier U2
arranged so that the output is proportional to the input. The gain of the
amplifier is determined by the P control on the front panel.

Final Summing and Switching

Signal summing and switching is provided at the input of the output
amplifier by a resistive adder and by solid-state switch U3.

The external integral/summing and deviation signals, and also the
output signal, are connected to the summing junction of the output
amplifier through separate capacitors and field effect transistors (FET).
These three signals are connected together through separate resistors
at a point called the resistor junction. The resistor junction is separated
from the summing junction by a field effect transistor.

The field effect transistor is turned off when the control component
is in manual mode. This disconnects the deviation signal from the
summing junction, and connects the dc voltage to the input of the
output amplifier. Releasing the manual drive thumbwheel from the
slow change position causes a spring return to the center position. As a
result, the FET is turned off to open the integrating input, and the
component is placed in the ‘‘hold” condition.

The output stage of the control component is integrating amplifier
U4. The amplifier drives the composite signal produced by the final
summing and switching element.

High and Low Limits

High and low limits are established for the 0 to 10 V output signal by
appropriate circuits. Each limit circuit consists of comparator
amplifiers Ul1 and U12 with associated potentiometers, R77 (HI) and
R87 (LO) on the front panel. The output signal from each comparator
amplifier is applied to solid-state switch U3. The signal serves as a
clamp on the manual or automatic signal input to the output amplifier.
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When summed with either the automatic or manual signal, the com-
parator amplifier outputs prevent the control component output from
exceeding the limit reference voltages.

Test jacks on the front panel allow monitoring of the limit adjust-
ments for setting.

External Integral (—R) Option

Differential amplifier U8 is added to the standard control component
card for an external signal to reset the output. Amplifier U8 accepts
external signals and sums them with the control component deviation
signal. This provides an integral input to solid-state switch U3.
Anytime the external integral input and the control component are
unequal, an error signal is generated. The error signal biases the output
in proportion to the external input value, and windup is thus prevented.
As long as the control component output tracks the external integral
signal, normal integral action takes place. The control component out-
put is biased by the external integral signal in all other conditions, and
only proportional action of the control component deviation signal is
obtained. This option is used in this application.

External Summing (—S) Option

External summing allows biasing the output directly with an external
signal. Differential amplifier U8 is inserted into the ‘‘proportional path’’
solid-state switch U3. The proportional signal is summed with the ex-
ternal bias signal in amplifier U8. The control component output re-
sponds directly to changes in the external summing signal in addition to
the ordinary control functions.

Power Supply Fault Protection Circuit

This circuit preserves the control component output during short pe-
riods of power failure. After such a failure, the output will be essen-
tially at the last value prior to the power failure.

The maximum duration of the fault condition for which this preser-
vation will hold is 1 second. In the manual mode, the drift is less than 1
percent for this 1 second maximum duration. In the automatic mode,
additional considerations will dictate the control component output if
the fault is corrected within 1 second. Principally, there can be a new
measurement signal value when power is restored. This, coupled with
the tuning adjustments, will determine the output.
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The power supply fault’ protection circuit can be bypassed by
jumper selection.

Automatic/Manual Switch

When the automatic/manual switch in the display area is moved to the
MAN position, dc voltages are applied to the solid-state switch (high
impedance module U3). This affects the circuitry in two ways. First,
the output amplifier is disconnected from all ‘‘automatic’’ signals, and
the output remains at the last value. Second, the output amplifier is
connected to dc voltages that cause a ramp up or ramp down output.
Releasing the manual drive (thumbwheel) will cause a spring return to
center position, thereby opening a J-FET switch on the integrating
input. This places the circuit in a ‘‘hold’’ condition.

When the automatic/manual switch is transferred to the AUTO
position, the solid-state switch connects the deviation signal to the
output amplifier. Normal control action then begins. This switch from
the manual to the automatic mode occurs without a ‘‘bump’’ (drastic
change) in output signal due to the action of the balance circuits.

Controller Adjustments

This controller has a proportional band adjustable from 2 to 500 per-
cent, integral adjustable from 0.01 to 60 minutes (equal to 100 to 0.017
repeats per minute integral rate) and available, but not required for this
application, derivative adjustable from 0.01 to 60 minutes.

General Description of the Feedwater Control System

The purpose of this electronic control system is to maintain drum level
at a manually set value with minimum fluctuation. The system continu-
ously matches feedwater flow (supply) to steam flow (demand) to main-
tain the proper relationship of these variables. This relationship is
trimmed by the drum level control unit to maintain drum level at any
desired, manually set value over the load range of this unit.

This control system is a three-element electronic cascade system in
which the primary or master control unit functions to control drum
level and the secondary, or slave control unit, functions to maintain the
balance between feedwater and steam flow. The primary control unit
positions the set point of the secondary control unit, which functions to
control the feedwater valve.
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The primary control unit compares a measurement of drum level
with its manually adjusted set point to develop an output signal that
feeds to the external set point input of the secondary control unit. The
output of the primary control unit trims the demand for feedwater to
maintain the drum level at the set point.

The secondary control unit compares the feedwater/steam flow
relationship with its set point to develop an output signal to regulate the
feedwater valve.

To maintain drum level, feedwater flow must essentially equal
steam flow. For this condition, the measurement input to the secondary
control unit is at midscale.

Whenever the drum level is not at the control set point, the primary
control unit will alter this secondary control unit set point to trim the
flow of feedwater to the drum. Trimming action will continue until the
drum level returns to the control set point.

Any change in steam or feedwater flow is immediately sensed as a
discrepancy in the actual feedwater/steam flow relationship by the sec-
ondary control unit. This control unit, tuned to the response of the
feedwater loop, will correct the feedwater flow to restore the
feedwater/steam flow relationship.

The measurement input to the secondary control unit is fed to the
integral circuit of the primary control unit to prevent integral windup of
the primary control unit when the control station is in manual control,
or when the secondary measurement cannot follow its set point.

Control Station

The Foxboro Model 230SW cascade set control station is used with a
module (Figure 9-9) containing two electronic control units to provide a
0 to 10 volt valve control signal in a single station three-element cas-
cade feedwater control.

The control station is a shelf-mounted display instrument located in
the display panel of the SPEC 200 system. The control station contains
two nitinol drive units for indicating the primary and secondary mea-
surements of a cascade system. A SET knob on the front plate positions
the set-point index on the scale and provides the set-point signal from
the drive unit to the control unit.

A front panel cascade/secondary switch allows the operator to
select cascade or secondary operation. The set-point and valve control
output signals are adjustable.

In cascade (transfer switch in CAS position) operation, this station
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Fig. 9-9. Cascade control module. This is a dual unit module that provides the circuitry
to configure a dual unit cascade feedwater control subsystem. This module is wired
internally to provide tracking by external reset.

indicates drum level set point (B/W pointer), valve control output sig-
nal (black pointer), drum level measurement (red pointer), and feedwa-
ter steam flow relationship (green pointer).

In secondary operation (transfer switch in secondary position) the
function of the set knob is transferred from the drum level (primary) to
the feedwater (secondary) control unit. The secondary switch position
allows tuning of the secondary loop with only the feedwater control
unit active. The switch should normally be in the CAS position.

Either of two operating modes, automatic or manual, may be
operator selected. In either mode, the control station indicates the

selected set point (PRI or CAS), valve control signal, and both mea-
surement values.

M/2AX + A4-R Drum Level Control Unit

This is the primary or drum level control unit with circuitry to provide
for the secondary measurement (feedwater/steam flow balance) to reset
the drum level control unit output. This prevents the drum level control
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unit from winding up when the secondary control unit is in secondary
or manual control. The secondary measurement drives the drum level
control unit output to follow. As long as the secondary measurement
tracks the secondary set point, normal integral action takes place. In all
other conditions the drum level control unit output is driven (biased) by
the external secondary measurement signal.

M/2AX + A4 Feedwater Control Unit

This is the secondary, or feedwater control unit. Measurement input to
this unit is from the feedwater/steam flow computing unit. When feed-
water flow matches steam flow, the measurement input signal is
midscale. In cascade operation, the midscale set point is received from
the drum level control unit. In secondary operation, the set point is
received from the control station set-point circuit.

M/2AP + SUM Feedwater/Steam Flow Computing Unit

Steam flow is compared with feedwater flow in the feedwater/steam
flow computing unit. When feedwater flow and steam flow are equal,
the output of this computing unit is midscale. The summing unit is a
function card that slides into a module located in the nest. Its output
may be the algebraic sum of two, three, or four signals scaled to
achieve the proper relationship. In this application, only two inputs—
steam flow and feedwater flow—are used. In this application, the sum-
ming unit is adjusted to accept two 0 to 10 volt signals, one representing
feedwater flow (A) and the other steam flow (B). The summer also has
an adjustable bias, which is set to produce 50 percent scale or S volts
output when A = B. This output becomes the measurement input to
the feedwater flow controller and is indicated on the control station by
the green measurement pointer (Figure 9-10A).

It should be emphasized that all analog computing devices deliver
scaled values. This is a major advantage of working with the 0 to 10 volt
signal level within the nest. For example, if the summer were to add
two 10 volt signals, the output would not be 20 volts, since 10 volts is
the maximum output. Depending on the calibration, the output signal
will be between 0 and 10 volts, but will represent the addition of the two
applied signals.

Square Root Extractor

The square root extractor is a nest-mounted card that accepts a signal
input from the differential pressure transmitter and produces a 0 to 10
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Fig. 9-10A. Foxboro SPEC 200 control station. All operating controls and indicators are
located at the front.
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Fig. 9-10B. The diagram is a simplified block diagram of the control station using the
nitinol drive units, the CAS/SEC switch and the manual control station.

volt output signal proportional to the square root of the input. It is used
primarily in conjunction with differential pressure transmitters to pro-
duce an output directly proportional to flow. Another version of the
square root extractor can be part of the differential pressure transmit-
ter’s electronics. In either case, the square root extractor is designed to
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create an input/output characteristic such that the output represents the
square root of the input.

In Chapter 4, it was established that any restriction flowmeter has
questionable accuracy at very low flow rates. Making the signal linear
does not solve this problem. Therefore, this device features a low-
signal cutoff circuit that automatically forces the output to zero scale
level when the input signal falls below 0.75 percent of input span.

The square root extractor is employed in this application to
translate water flow into linear units that can be compared with linear
units of steam flow. If the summer received one linear signal and one
square root signal, the difference would be meaningless.

Feedwater Control

Figure 9-1 illustrates how the three signals—steam flow, feedwater
flow, and water level—are combined. The first two (steam flow and
feedwater flow) are introduced directly into the sum-computing unit.

The drum water level comes from a level controller. The measure-
ment signal to the flow controller is the difference between steam flow
out and water flow in. The resultant error signal is fed through the
feedwater controller to provide the feedwater flow signal to the final
operator on the feedwater control valve.

The output from the feedwater flow controller is 4 to 20 mA dc.
This is converted into a pneumatic signal capable of operating the
control valve by means of a current-to-air valve transducer operating
on the signal received from the controller. The operation of this
transducer is covered in Chapter 10. The transducer provides 3 to 15
psi (20 to 100 kPa) pneumatic output linearly related to a 4 to 20 mA dc
input. This pneumatic output is used to position the control valve, thus
governing the inflow of feedwater to the boiler. Valves are discussed in
Chapter 11.

Closed-Loop Operation

Theoretically, the automatic control system need only balance steam
from the boiler (demand) against feedwater into the boiler (supply). If
the measurements and control were perfect, such a system would meet
all requirements. However, in practice, the drum water level must be
used as an overriding control signal, not only for safety, but also
because there is always some loss of water through blowdown. (Blow-
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down is a continuous removal of contaminated water from the drum.)
Variation in blowdown rate requires a change in the drum-level control-
ler output to maintain correct level. The blowdown compensation read-
Justs the drum level. Thus, a measurement of boiler drum level is made.
This information, used to enforce a more perfect balance between sup-
ply and demand, is called feedback trim.

Assume that the drum level can vary =15 inches from the desired
level. The differential pressure transmitter is calibrated —15 to +15
inches of water head (span = 30 inches) and creates an output of 4 mA
dc at —15 inches, 12 mA dc at 0, and 20 mA dc at +15 inches. Assume
also that the level control set dial is graduated —15 to 0 to + 15 (Figure
9-10A). If the dial is set at 0, optimum level would be desired in the
drum.

The usual procedure for adjustment of a multiple-control loop,
such as the one described, is to isolate the loops and adjust them one at
a time. The feedwater flow controller will normally have a wide propor-
tional band (typically 250 percent) and a fast integral (1/10 minute).
Having adjusted the flow controller, the level controller proportional
band and integral are adjusted to give maximum response with full
stability. No derivative is employed on the feedwater flow controller

nzRen
FOXBORO M/130 MC +PRO DRUM
CASCADE SET FEEDWATER LEVEL
CONTROLLER SET

Fig. 9-11. Drum level control—pneumatic.
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because derivative creates high-frequency response, and flow ‘‘noise’’
would upset the controller.

A large number of power plants have been instrumented in the
manner shown and are currently working satisfactorily.

Comparison of Electronic and Pneumatic Systems

Figure 9-11 shows a pneumatic drum level control system. You will
note the pneumatic system is essentially identical to the electronic sys-
tem. Both systems use panel control stations that look and operate
alike—occasionally the systems are combined in the same panel. In the
drum level control process, the electronic system proves advantageous
over a pneumatic system for several reasons. First, it is possible to mix
the multiple signals easily. Second, the installation cost is greater for
pneumatic because of piping. The pneumatic system also has less flexi-

bility. The two systems are compared in detail in Table 9-1.

Table 9-1. Comparison of Pneumatic and Electronic Control Systems

Feature

Pneumatic

Electroni

Transmission distance
Standard transmission
signal

Compatibility between
instruments supplied by
different manufacturers

Control valve
compatibility

Compatibility with digital
computer or data logger
Reliability

Reaction to very low
(freezing) temperatures
Reaction to electrical
interference (pickup)

Limited to a few hundred feet
3-15 psi practically universal

No difficulty

Controller output operates
control valve operator
direct

Pneumatic-to-electric con-
verters required for all inputs
Superior if energized with
clean dry air

Inferior unless air supply is
completely dry

No reaction possible

Practically unlimited
4-20 mAdc practically
universal

Occasionally nonstandard
signals may require
special consideration and
may not be compatible
Pneumatic operators with
electropneumatic con-
verters or electro-
hydraulic or electric
motor operator required
Easily arranged with mini-
mum added equipment
Excellent under usual en-
vironmental conditions

Superior

No reaction with dc sys-
tem if properly installed
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Table 9-1. Comparison of Pneumatic and Electronic Control

Systems (continued)

Feature

Pneumatic

Electronic

Operation in hazardous
locations (explosive
atmosphere)

Reaction to sudden fail-
ure of energy supply

Ease and cost of
installation

System compatibility

Instrument costs

Ease and cost of
maintenance

Dynamic response

Operation in corrosive
atmospheres

Measurement of all
process variables

Performance of overall
control systems

Politics (the unmentioned
factor that frequently
pops up)

Completely safe

Superior—capacity of system

provides safety margin—
backup inexpensive

Inferior

Fair—requires considerable
auxiliary equipment

Lower if installation costs
are not considered

Fair—procedures more
readily mastered by people
with minimum of training
Slower but adequate for
most situations

Superior—air supply
becomes a purge for most
instruments

A few measurements are
difficult but can be made
available

Excellent, if transmission
distances are reasonable
Generally regarded as
acceptable but not the
latest thing

Intrinsically safe equip-
ment available—equip-
ment must be removed for
most maintenance
Inferior—electrical failure
may disrupt plant; backup
expensive, battery
backup available

Superior

Good-—conditioning and
auxiliary equipment more
compatible to systems
approach
Higher—becomes com-
petitive when total includ-
ing installation is
considered
Good—depends upon
training and capability

of personnel
Excellent—frequently
valve becomes limiting
factor

Inferior, unless special
consideration is given and
suitable steps taken

Excellent

Excellent-——no restrictions
on transmission distance
Often regarded as the
latest and most modern
approach
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Questions

9-1. The SPEC 200 control unit 2AC + A4) has a deviation and is in the
manual position; when the transfer switch is moved to automatic the controller
reacts to the deviation:

a. With an initial large change and then a gradual recovery
b. Without a bump

c. At the rate at which the deviation occurred

d. At a rate determined by the proportional band

9-2. Performance parameters of most transmitters are rated as a function of:
a. Full-scale range ¢. Span
b. Upper range limit d. Reading

9-3. The greatest advantage of an electrical over a pneumatic control system

a. Price ¢. No transmission lag
b. Safety d. Accuracy

9-4. The electronic type of controller may be considered to be:
a. An analog of a pneumatic type
b. An entirely different concept of control
¢. A more economical way to obtain automatic control
d. A more accurate method of providing control

9-5. First stage turbine pressure:
a. Is linearly related to steam flow
b. Is a measure of efficiency
¢. Fluctuates only with temperature
d. Does not relate to load

9-6. Both the pneumatic and electrical systems use a live zero because:
a. It makes it possible to tell the difference between a dead instrument and
one reading zero
Zero is the most important point on the scale
. A live zero facilitates calibration
. It is important to have the line energized at all times

.

. When we adjust derivative time in a controller:

. We determine an RC time constant in the controller’s controlled
variable input

. We adjust the time it will take for integral to equal derivative

c. We set the process time constant so that it will always equal 1

What happens specifically depends on the type of controller, pneumatic

or electronic

PN e T

=3

a

9-8. If the control valve in an electronic control system moves in the wrong
direction, it may be easily reversed by:
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a. Reversing the ac line connections at the controller
b. Reversing the signal leads

¢. Changing the reversing switch position

d. Adjusting the valve

9.9. A plant is being designed for an area that has tremendous temperature
extremes. The process is spread out and requires that most instrument lines
run both indoors and outdoors to and from the control room. The best choice
of instrumentation type would be:

a. Pneumatic
b. Electronic
¢. A combination of electronic outside and pneumatic inside
d. A combination of pneumatic outside and electronic inside

9-10. In the electronic boiler drum level system described, measurement
input to the secondary control unit is fed to the integral circuit of the primary
control unit.

a. To lock the two control actions together

b. Only when in manual control to prevent integral windup

c. To provide bumpless transfer

d. Statement is incorrect

9.11. The 4-20 mA dc output from the electronic differential pressure
transmitter is:

a. Linear with differential pressure

b. Linear with flow

¢. Unrelated to the frequency of oscillation

d. None of the above

9-12. Assume the d/p Cell signal of feedwater flowrate measurement was
acutally S percent low. The boiler drum:
a. Would overfill
b. Would go dry
¢. Feedback trim would correct for the error
d. Level would be correct if the steam flow was adjusted to compensate
for the error

9-13. The pneumatic boiler drum level control system shown in Figure 9-11
uses a square root extractor on the feedwater flow control loop. If the signal
from the differential pressure transmitter to the square root extractor is 9 psi
(60 kPa), the output from the square root extractor should be:

a. 3 psi ¢. 6psi

b. 11.5 psi d. 15 psi

9-14. In the SPEC 200 boiler drum level control system there is a summing
unit. If two inputs A = 6 volts and B = 3 volts are applied, the output will be:
a. 3 volts
b. 9 volts
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c. 18 volts .
d. A voltage between 0 and 10, representing the scaled value of the inputs

9-15. A boiler delivers 50,000 pounds of steam per.hour. The steam pressure
is 750 psi (5,171 kPa) and the temperature is 510°F (266°C). The feedwater
pump delivers water at 900 psi (6,206 kPa). The size of the linear globe valve
controlling feedwater should be: (Hint: A pound of water makes a pound of
steam.)

a. 4 inches ¢.. linch

b. 2 inches d. % inch



SECTION IIl ACTUATORS AND VALVES

Actuators

Operation of the closed-loop control system depends on the perfor-
mance of each loop component, including the final control element,
whether it be damper, variable speed pump, motor relay, saturable
reactor, or valve. Each of these elements requires an actuator that will
make the necessary conversion from controller output signal to element
input. This controller output may be pneumatic or electric and in some
cases hydraulic or mechanical. The first need, then, is a device, an
actuator, that will convert this control signal into a force that will
position the final control element. From economic and performance
standpoints, the most popular final operator is the pneumatic dia-
phragm actuator. A typical actuator is shown in Figure 10-1.

Valve Actuator

The pneumatic signal is applied to a large flexible diaphragm backed by .
a rigid diaphragm plate. The force created is opposed by a coil spring
with a fixed spring rate. Thus, the stem position is an equilibrium of
forces that depends on diaphragm area, pneumatic pressure, and spring
characteristic. The spring tension is adjusted to compensate for line

259
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Fig. 10-1. Cutaway of valve actuator showing diaphragm.

pressure on the valve and to produce a full valve stroke with signal
changes from bottom to top scale value. The mechanical designs em-
ployed vary from one manufacturer to another. Figure 10-1 illustrates
the Foxboro Series P actuator.

Pneumatic spring-diaphragm actuators have many applications, the
most common of which is the operation of a control valve. They have
been adapted to globe, Saunders-patent, butterfly, and ball valves.
Spring-diaphragm actuators convert air signal pressure to force and
motion and can be adapted to a large number of industrial requirements
when precise loading or positioning is required.

On loss of air signal, the spring will cause the actuator to return to
the zero pressure position. This feature provides fail-safe action. First,
in order to provide maximum safety, the function of the valve is deter-
mined. Second, the action—air-to-open or air-to-close—that will allow
the spring to put the valve in that position if the energy supply (air
pressure) should fail is selected. The actuator shown can be reversed
for either air-to-open or air-to-close action by simply removing the cap,
turning over the actuator, and replacing the cap.

The motion of the valve stem positioned by a diaphragm actuator is
not exactly linear for uniform changes in air pressure (pneumatic sig-
nal). The nonlinearity is caused by the diaphragm material, variations
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in spring rate, the moving pieces, and packing box friction. (Packing
box friction varies with fluid pressure and the type and compression of
packing.)

(ine of the effects of faction and nonlinear diaphragm characteris-
tics is hysteresis. This is the difference between position on increasing
versus position on decreasing pneumatic signal pressure, With com-
pression on the packing and fluid pressure on the valve, the hysteresis
could possibly be as high as 10 percent of the total travel, In control
applications with low-gain or high-proportional band, hysteresis can
produce an insensitive area or dead zone in the control loop, This
would make precise control difficult. The solution to this problem is
(11 good design of the actustor: (2) careful choice of low-Iriction pack-
ing, such as Teflon rings: and (3} use of a valve positioner.

Valve Positioner

If the diaphragm actuator does not supply sufficient force to position
the valve accurately and avercome any opposition that flowing condi-
Hons creale, a positioner may be reguired, [T the change in controller
air pressure is small, the change in force wvailable to reposition 1he
valve stem might be too small to reposition it securitely. Inthissituation,
avalve positioner (Figure 10-2) will prove helpful. Positioners are used to
overcome the factors previously listed, along with other things, such us
the elfects of highly viscous fuids, gumming. or sedimentation,

The positioner principle is shown m Figure 10-3, It is essentially a
fixed-band proportional lapper-nozzle contreller: If a difference (error)
exists between the actual valve position and the position that the
prneumatic signal should produce, the air pressure applied to the dia-
phragm motoris changed inthe right direction (up to Tull supply pressure
aor down to zero) 1o supply added force that overcomes any apposition
and precisely positions the valve.,

In Figure [0-3, a controller air-signal pressure of between 3 and |3
psi (20 to 10 kPa) is applied to the bellows (A). Since this air signal is
applied only to the bellows, ruther than to a large-volume diaphragm
maotor, the response of the positioner is substantially faster than that of
the valve actuater alone, The bellows 15 opposed by the flexure assem-
bly (B}, Any unbalance between these forces will cause the flapper to
approach or move away from the nozzle. Any motion of the flapper
causes a change in pressure on the dinphragm of the control relay (C),
which controls the exhaust port and supply port, so that up to full
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Fig. 10-2. Type C. Vernier Valvactor posittioner provides fast. precise valve position-
ing proportiosal te 20 100 100 kPa or' 3 o 15 pai.

FGNAL FROM E
CONTRGLLER

Fig. 10-3. Principle of valve positioner.

[
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supply pressure or down to none can be applied to move the valve to its
proper position. The disk (D) may be positioned to cause the valve to
stroke on signal pressures other than the conventional 3 to 15 psi (20 to
|00 kPa). A Foxboro Valvactor positioner of the type shown in Figure
10-3 can be adjusted to stroke the valve fully on as little as 1-psi (6.9
kPa) change in air pressure. It is also possible to tum the disk and
thereby reverse the action of the valve.

Positioners provide precise positioning and also increase the re-
sponse speed of the valve. There are times. however, when a positioner
should not be used; when the process responds faster than the valve
{such as in a flow process), and when use of 4 positioner makes it
necessary to set the proportional band of the process controller three-
to-five times wider than it would be set if a positioner were not used. In
many applications, this is not possible. Two typical applications of
valve positioners are temperature control and pH control.

If a diaphragm actuator cannot provide enough force to position the
final control element, a piston-and-cylinder actuator may be employved.
This tvpe of actuator, when used with high pressure, will deliver force
or torque outputs beyond those obrainable with diaphragm actuators. It
1% suitable for the automatic operation of most dampers, variable speed
drives, small stuice gates, hlast gates, certain valves, and other similar
equipment; and is capable of precise, positive positioning against high-
resisting forces, A typical piston-and-cylinder actuator is shown in Fig-
ure 10-4. Piston-and-cylinder actuators are generally used in conjunc-
tion with a positioner and 4 supply pressure of approximately 100 psi
1690 kPa).

Electrical Signals

When the output of the controller is an electrical signal, additional
equipment is required to position the valve or operators, One approach
is to convert the electrical signal into a pneumatic signal at the valve
location and use a pneumatic actuator. This is4 very common solution,
The second method is to utilize an all efeetrical system. Both methods
will be discussed below.

Fortunately, the standards for electrical and pneumatic signals are
in the sume ratio. Both have a live zero and the zero level multiplied by
five equals the upper or full-scale value, This simplifies the conversion
from one system to the other. The converters may be either rack- or
field-mounted, However, when used with valves, the field-mounted

T
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Fig, 10-4. Hannifin cvlinder sctiatoer,

tvpe is generally employed. There are two types: one a current-to-
preumatic converter, and the other a positioner. The converter accepts
a current signal, usually 4 to 20 mA de, and converts it into 3 to 13 psi
(200 o 100 kPa) or other suitable pneumatic output, The positioner
mounted on the valve yoke is a device that converts a current input
signal to a proportional stem position. The pneumatic output of the
positioner supplies air pressure 1o @ pneumatic actuator. The vilve
stem is mechanically linked to a shaft on the positioner.

Split input ranges are available when a less than full-scale input
current will provide a full-scale pneumatic cutput or full-scale valve
movement: forexample. a4 to 12 mA de input produces a 3 to 15 psi (20
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to 100 kPayoutput. Reverse action. in which an increasing current input
causes a decreasing output, is also available.

Frinciple of Operation

Theése instruments are typical examples of position-balanced systems,
The small changes in positton generated by a palvanometric motor
when @ change in the current input signal occurs 15 balanced by a
pneumatically actuated follower system,

The palvanometnc maotor, shown in Figure 10-3, consists of a
wound rectangular conl of fine copper wire surrounding, but not con-
tacting, & cylindrical permanent magnet. The coil is suspended and
restricted in movement by flexures that permit 1t a4 small amount of
rotation about the magnet axis. Input current flowing through the coil
interacts with the magnetic field. causing the coil to rotate & maximum of
T degrees about the axis against the spring rate of the flexure. A shorted
turn on the coil provides back-emf damping, which—along with the
carefully balanced assembly, the stuft flexures in the feedback mecha-
nism, and the low mass of the moving components—contributes greatly
1o the vibration and position insensitivity of the instrumenis, This is an
extremely important feature, particularly for field-mounted instru-
ments, when, as the next 1o the last element ina control loop, they may
be subject to vibration from mixers, pumps, or other lypes of equip-
ment,

As shown in Figures 10-6 and 10-7, a Aapper is an integral part of
the coil structure. As the coil is rotated by an increasing input signal,
the flapper mowves to cover a pneumatic nozzle. This increases the
nozzle back pressure: The nozzle 1s connected 1o a pneumatic relay. As

Fig. 10-5 {ialvanometric motor,
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Fig, 10-6i. Schematic electric-to-preumatic converter.

the back pressure from the nozzle increases, the output pressure from
the relay is increased. 1t is at this point that the converters differ from
the positioner in the feedback method employed,

As shown in Figure 10-6 for the converters, the output from the
relay flows to external devices. such as valves. and also provides
pressure to a feedback bellows within the converter. Increasing
pressure in this bellows, acting against a spring, moves the nozele
assembly in the same direction as the flapper-coil assembly moves
when the input current signal changes. A new equilibrium position is
achieved where the onepnt pressire is proportional to the input current

Fig. 10-7. Electric to preumatic converter with feedback trom valve stem.
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signal, Thus it can be seen that the converters are currént-lo-position-
to-pneumatic devices with puewmaric feedback,

On the other hand, the positioner shown in Figure -7 is a
current-to-position-to-pnenmatic device with mechanical feedback. As
can be seen, the refay output 15 connected to the valve actuator. As
the valve stem moves to open or close the valve, a radius arm con-
nected to the feedback shaft of the positionerand to the valve stem acts
to move the nozele assembly in the same direction as the fapper-coil
assembly. In this device, equilibrium position is achieved where the
valve position s proportional to the input current signal. Full supply
pressure may be applicd, if necessary, by the relay to the valve ac-
tuator to move the valve to achieve this balance,

Electric Motor Actuators

If compressed air is not available, it may be advantageous to use an
electric motor actyator. An example of this mechanism is shown in
Figure 108, Proportional control of actuator output or stem position is
achieved through a feedback slide wire along with an internal servo-
amplifier. The 4 to 200 mA dc analog signal from the controller is

Fig. 10-8, Electric motor actuator,
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applied directly to the actuator. Depending on the gear ratios used. full
stroke may take from 15 to 51 seconds.

Electric motor actuaters generally cost more than ten times as
much as pneumatic actunlors, operate at a much slower speed, and are
not. therefore. generally the first choice when one is selecting an ac-
fudtor.

In addition to electric motor actuaters, there are electrical solenoid
aperators. The solenoid actuator is simple, small, and inexpensive.
However, its application is limited to the on/off or two-position action.

Questions

-1, A valve posinoner:

. Takes the place of a cascade control system

. Provides more precise valve position

. Makes a preumatic controller unnecessary

. Provides o remote indication of valve position

=~ ol -

10-2. Assume that 2 control valve regulites steam Aow 1o 4 process and thiat
high temperature makes the reaction hagzardous, The usual pneamatically
operated control wulve utilizes the following action for fail-safe opgration:

a. Alir-l1o-open

b. Air-to:close

. 3 psi (20 kPat to fully open
oo 13 psn D100 KPad to fully close

W3, The hasic function of the sprine in a control valve is Lo
i, Characlerize [low
b Dppose the diaphragm so as o position the vilve according 10 sighal
pressure
e, Close the vadve iF air failure ocours
d. Oypen the valve i wir Gulureg occurs

10-4. A dhiapheagin actuator has a diaphragm area of 50 square inches and is
adjusted tostroke oo vilve when a 3 to LS psi (20 to R EPa) signal 8 applicd,
1f the signal is 15 psi (100 kPa) the force on the valve stem will he:

a. 730 pounds

h. 730 pounds less the opposing spring force
¢. Dependent on hvsteresis

d. None of the above

M3, A high-pressure flow process requires o valve with tight packing. This
wirtlhed supeest thal;

a. A valve positioner shoold be employved
h. The actuator must ke sized to provide adeguate torce
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c. Oversized preumatic signal lines are reguired
d. The contraller supplving the signal to the valve muost have a very
nurrow proportional band.

-6, An electronic controller creates a4 1o 20 mA do signal thal must
dctuate oo steam valve for temperature control. The best and most economicul
choice would be to:

g. Use an ull electne actuator system

bi Convert to a preamatic signal at the contraller and use a preumatic
actuator.

¢o Use pneumatic actuator with-an electric-to-poeumatic valve positioner

d. None of the above

10-7. A pressure control process using proportional-plus-mtegrl control
Bas a time constant of 10 sgconds. The best choice of acluator would be:
a, Anelectyc motor c. A piston-and-cylinder
b A presmatic disphragm d. A solenoid-electrical
HI-B, & diaphrugm actuator has a diaphragm area of | 15 square inches, A
valve positioner is attached 1o the actuator and fed with a 22-psi air supply. If
after a Y-psi signal is received from the controller The signal changes to 10 psi
and the valve fails to move, what is the force applicd 1o the valve stem?
a. 2,530 pounds ¢ 1035 pounds
b 1495 pownds d. Noneof the abovie

10-4%. One advantage of an elecine-to-pneumatic valve posioner is:
- [ gan be used on Aow control

At produces positive valve position

« 1 conserves energy

- I dumpers valve travel

=T

-1 A single-seated plobe valve containing & plug 112 inches in dinmeter is
tsed in a hine pressurized 10 300 s What actuator force is required for tight
shut-of,

. wRd pounds

2000 pounds

« Depends upon divection of flow through the valve

Mone of the above

B~ oo



Control Valves

A control valve regulates the supply of material or energy o a process
by adjusting an opening through which the material flows; it is a vari-
able orfice in a line. The formula (Berneulli's theorem) for fAow
through an onfice is:

where;
O = CAVAP
{7 = quantity of flow
O = constant for conditions of Aow
A = valve opening area
AP = pressure drop across the valve

Flow through the valve is proportional to the area of opening and
the sguare root of the pressure drop wcross the valve. Both factors
vary—the area varies with the percent travel (position) of the valve,
and the pressure drop is related to conditions oulside the valve and
established by the process, such as lavoul and piping.

Figure 11-1 shows valve percent travel plotted against the resultant
Aow for the two most popular valve types. This group of curves was
plotted at several fixed pressure drops (under actual working condi-

270
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Fig. [1-1, Differential pressure effecis

tions. a constunt pressure drop across the valve is seldom encoun-
tered). Hence, the valve user or system designer must consider valve
and process charactenstics so that the two may be combined to provide
the reguired overall performance.

The selection of the proper valve characteristic is one of the most
impertant phases of designing a control leop. 1t 1s not enough to assume
that a stable process with a wide proportional-band-plus-integral con-
troller will cover up any mismatch between the process and the valve
characteristic. While it is true that an exact match between valve and
process would require a characterstic especially designed for the pro-
cess, 11 1s possible to choose the better of two standard characteristics
{linear or equal percentage) for the process. This is important, since a
serious mismatch will cause the system to be unstable and difficult to
control effectively.

The linear Aow characteristic produces a flow rate that varies in
direct proportion to change in valve stem position at a constant
pressure drop. That is, for [ percent of valve stem travel, the valve
will pass 10 percent of its rated ¢, (see definition in next section): for 20
percent of travel, 20 percent of its rated €, and so on.

The equal percentage characteristic i3 so named because for egual
increments of stem travel at constant pressure drop, an equal percent-
age change in existing flow occurs. This means that the same percent-
age increase in ow will occur when the stem position changes from 40
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to 50 percent of travel. as would occur, for example, when stem posi-
tion changes from 70 1o 80 percent of travel.

In actual practice, u valve has two characteristics. One is the de-
sign. or inherent charactenstic, which the valve exhibits in laboratory
conditions where the pressure drop | A£" 15 held constant. The second,
and more important, characteristic can be called the resultant, or in-
stalled characteristic. This is the relationship between flow and stroke
when the valve 15 subjectad to the pressure conditions of the process,

Capacity of a Control Valve

['he capacity or flowing rate of a control valve must be matched o the
process conditions it is called upon 1o regulate,

The unit that describes the fiow capability of a valve is the
rating; all manufacturers of control valves publish ©, ratings of their
control valves, The € is defined as the number of U5, gallons of water
per minute (al standard conditions of temperature and pressure) that
will flow through the wide-open valve when there is a [-psi (KPa)
pressure drop across it.

Valve Sizing

[t is essential to size a control valve properly for two reasons;

1. Economics, Ifthe villve is oversized, it does nol have enough ' resis-
tance,”” except in a limited part of its stroke. to control the fluid:
therefore, it will obviously pass the regquired flow, but will be more
expensive than a properly sized smaller valve, 1 the valve is too
small, it will not pass the necessary flow, even when wide open.
The valve will have 1o be discarded and replaced by a larger, prop-
erly sized valve,

2. Control. An undersized valve will never deliver the full Now rate:
thus it will sharply narrow the controllable flow range. An over-
sized valve will be throttling near the closed position, and the full
control range of the valve will not be utilized, When the plug throt-
tles very close to the seat, high-fluid velocities oecur that can cause
erosive damage. The asccepted method of valve sizing 15 the O
approach. The three basic formulas for Cocaleulation are:

[G

. Liquids: C, =@ "'I'IJ_F (11-1)
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s @ T
F el = = | e - .2
2. Gases: Co = 3e0 \ BA(P (11-2}
3 ‘;1. am and Vapors: G = L 'II—. 11-3
oo RS TN (11-3)

It should be noted that an important limiation s imposed on the value
of AP used for vapor and gas sizing. It may never exceed one-half of the
abselute inlet pressure |, even though the valve will absorb up to 100
percent of the inlet pressure. If the pressure drop is greater than 4P,
use Y2 for both AP and the downstream pressure Pl Remember to
use this adjusted downstream pressure (V4P in determining the
downstream specific volume (v) under these conditions,

where!
2 or W = flow rate—liquid (gpm), gases (scfh), vapors (b'h)

(i = Specihic gravity

Iy = Flowing temperature in degrees rankins ("F + 4al))

AH = Pressure drop in pa (8 — £

' = Upstream pressure at valve mlet in psi absolute

P, = Downstream pressure il valve discharge in psi absolute
v o= Dowwnstream specific volume in cubic feet per pound

iSee Appendix)

Determining Pressure Drop Across the Valve

The desired flow rate, specific gravity, temperature. and downstream
. specific volume are quantities that are easily determined. What 1s not so
readily available is the throttling pressure drop. It is most important to
realize that a control valve does not define the pressure drop across it
It will absorb whatever excess pressure is left in the system. This point
can be llustrated graphically by the hydraulic gradient method de-
seribed below,

At maximum flow rate, plot the fuid static pressure versus the
physical location system. Then plet the delivered and remaining
pressure from left to rght, and stop at the control valve, Then plot the
required pressure from right to left, stopping at the control valve. The
difference between these final points is the pressure drop that the con-
trof valve must maintain at maximum Aow {Figure 11-2).
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Fig. 11-1. Pressure drap through control valves (maxmmum and minamoml,

A similar analysis can be made for minimum Aow. From a pump
curve, autlet pressure is higher at low flow. Because of the lower fuid
velocity, the pressure loss through the pipe and fittings will be much
less than at maximum fAow. This preatly increases the delivered
pressure at the inlet of the control valve and also decreases the required
pressure at the outlet of the control valve. As a result, the pressure
drop that must be maintained across the control valve is much greater
at the low-flow rate than it is at the high-flow rate (Figure 11-2)%

To make sure that valve size is properly calculated, sizing is always
done at maximum Aow rate and minimum pressure drop.

Cavitation and Fiashing

Under normal conditions, Auid passing through a valve will undergo &
pressure drop across the valve orifice which, at its lowest pressure, 13
called the venn contracta. Further dewnstream in the valve, the Auid
pressure will partially recover and line pressure is again increased,
Figure 11-3 illustrates this pressure drop and recovery when the Nud is
a liquid and remains a liguid as it passes through a valve, In this figure
P, s the fluid pressure at the valve inlet and #. is the exil pressure,

When a liguid enters a valve and the static pressure at the vena
contracta drops (o less than the Nuid vapor pressure, and the valve outlet
pressure 15 also less than the Auid vapor pressure, the condition called
fashing exists, In other words, fluid enters the valve as a liguid and
exits as a vapor, This condition is shown in Figure 11-4,

Figure 11-3 illustrates a third condition called cavitation, which
gcours in a valve when the pressure drop across the orifice first results
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in the pressure being lowered to below the hquid's vapor pressure and
then recovering to above the vapor pressure. This pressure recovery
causes an implosion, or collapse of the vapor bubbles formed at the
vena contracti.

Flashing and cavitation must be considered to ensure proper valve
sizing and to allow the selection of a valve that will resist their effects.
If the presence of cavitation and flashing is neglected when valves are
sized, undersized valves will be selected and rapid valve deterioration
can take place. In addition 1o deteroration, cavitation is a source of
loud, unwanted noise.

Valve Rangeability

Rangeabiliy is “the ratio of maximum controllable flow to minimum
controllable Aow,”” Thus a valve with a characterisiic curve as an

Figure 1 1-6will have a rangeability of @ or 3011,

Valve rangeahility must be based on controllable fow. 1t 1s imprac-
tical. from @ manufacturing standpoint. to characterize flow when the
valve is barely open, Similarly, at shutofl it is impossible to charac-
terize any leakage flow that may occur. If minimum flow, not minimum
controllable flow, were used, a valve with bubble-tight shutoff’ would
have infinite rangeability. Such reasoning 15 logical, but unrealistic.

Since (15 an expression of flow capacity. the definition of range-

FIGURE & RRNGEARILIFY
W
m S S, I S L

i
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W odoo4k W B O A 1010
PERCENT STAOXE

Fig. 11-6. Hangeabilny ala control valve.
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ability can be restated 1o be ““the ratio of rated ¢, 10 minimum controlla-
ble. €."

To determine the required rangeahility needed in u control valve
for a particular set of flow conditions, we merely take the ratio of
maximum reguired € o minimum reguired ¢ 1F this ratio s less than
the available rangeahbility in the valve, we will be able to control prop-
erly.

A valve has a rangeability as specified by the valve manufacturer.
Alter the valve has been installed in the process, it has an installed
rangeability, These two rangeabilities may be quite different. The rela-
lionship between these 1wo values mav be expressed as follows:

B, = Installed rangeability

R: = Shelf rangeability

| AP MIN

R = R vV ipmax

AP MIN = Minimum pressure drop at fall Toad

AP MAX = Maximum pressure drop at minimum load

If the instalied rangeability s significantly greater than the
muanufacturer’s rated rangeability. a4 problem exists. The solution may
e to simply select another type of valve that meets the requirement or
il may be necessary to use two valves and split range them.

While €7 is an expression for liquid flow at a constant pressure
differential, Figure 11-1, flow versus stroke, shows how the design or
inherent characteristic is changed by variations in pressure differential.
This oceurs as the process changes from high flows, where pressure
differential is distributed throughout the system. to low flows, where
most of the pressure differential 18 concentrated at the control valve.
This varition in pressure differential concentration is one of the most
important factors in choosing the proper characleristics ol 4 given
Process,

Among  the normal  applications  encountered 1 industrial
instrumentation are flow pressure, temperature level, and pH control.
The suggested valve characienstics to be used for these applications
follow,

lor stability pver the entire control range, most control loops
requirg that flow he manipulated in uniform proportion to controller
outpul. Because frictional losses through pipes and fittings increase
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and pump output pressures decrease with increasing flow, the available
pressure differential at the control valve usually diminishes as flow
mcreases. To maintain the desired uniform proportionality, an equal
percentage characteristic is used in these varying pressure differential
applications. When & nearly constant pressure differential exists at the
control valve, a linear characteristic is preferable on all but tempera-
ture control,

A misapplied equal percentage valve characteristic results in in-
creasing valve sensitivity al high-flow rates and can cause mmstability
unless the controller proportional band is adjusted at the high-flow rate,
The control loop will then tend (o be overdamped at the low-flow Tates,
with corresponding sluggish response.

A misapplied linear valve exhibits the opposite effect. A conteoller
properly adjusted at the high-llow rate would have too narrow a pro-
portional band setting tor stability at low faws. The proportional band
would have to be adjusted at the low-flow rates, and the control loop
would then be overdamped and sluggish at higher flow rates,

The recommendations given are only as good as the hvdraulic
analysis of the pressure conditions n the system. Maximum differential
pressure is usually fairly exact, since it is close to the shutoff pressure,
Minimum valve pressure drop at full flow is more often a guess than the
result of a hydraulic analysis, This guess is usually much too low,
Using this imaginary number as a guide 1o the selection of a valve
charactenstic will normally result in the choice of an equal percentage
vilve, The end result is the selection of an oversized valve that even at
maximum Aow will be operating in the low portions of lift, Conse-
quently, rangeablity and response at low-flow conditions are lost.

Selection Factors

In selecting a control valve, many aspects must be considered:

1. Environmental factors, such as corrosion, abrasion. temperature,
and pressure. The valve must be able to cope with these Factors,

2. Percentage travel versus flow charactenstic plus loop-and-process
characteristics. This is essential for good control (Table [1-1).

3. Size, A valve of the incorrect size ¢osts more initially and in the
long run because the tendency is to oversize the valve, In general,
the smallest valve that will pass the necessary maximum flow
provides optimum control and maximum economy. The ¢, ratings
for a given valve size vary. A butterfly would rate highest, while
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Tahle 11-1. Charactensie Selection by Application

L plicantions Sl Svstem Drop

CFreter Contralled) ai Miiv. Flow Chirgreterisiie s
Floew —linesir widp 205 equal percentige
Flow —Tlinear w/flow A cqual percentage
Flonw —lingar widp o 0 linear
Flow—Ilinear witlow -~ binesr

Pressure 16N linear

Pressure o | L equal percentage
Liguid level S equal percentage
Ligurad fevel B lingir

nH < M eguil percentzpe
rH = SO linear
femperture AL el pereentage

FEERDFORWARD CONTROL SYSTEMS

Valve characteristics will be determined by system chametenstes and resoliant Tunglion wsed
CASCADED CONTROL LOOPS

Tuke same ¢haracreistic reguired for a normal manual-ser fredback loog,

the ball valve would rank next, and the Saunders and globe valves
would have the minimum ¢ rating for a given size.

4. Rangeahility. Both maximum and minimum valves of O, are calcu-
Fated, 11 the ratio of maximum €, to minimum ¢ falls within the
rangeahility for the valve selecied, the valve should function prop-
erly, If not, valve sequencing may be necessary.

5, Still another factor to be considered is the valve’s ability to cope
with high pressure. Assume 4 pump delivers 300 psi and at times
most of this pressure appears across the valve. In this type of
application, & globe valve would be the best chotce, while a ball
valve would be adequate. However, the butterfly. pinch, and
Saunders valves would be poor choices.

Seguencing-Control Valves

When the rangeability requirements rule out a valve that otherwise
would be suitable for the application, it may be [easible o use two
comtrol valves arranged for sequential action. The valves are installed
in parallel so that their individual Aow rates are additive, Careful selec-
tion of each valve size 1s required Lo achieve the necessary rangeability.
Total valve rangeability will be the ratio of the minimum controllable O
of the smaller valve to the combined maximum ¢, 's of both valves, The



280 ACTUATORS aND VALVES

maximum |, of the smaller valve must be at least equal to the minimum
controllable C, of the larger valve. '

The large valve should not be so much larger than the small valve
that its leakage rate affects the totul flow rate more than the small valve
does. Thus, with a balanced or double-seated globe valve having o
leakage capacity of .50 percent of maximum ¢, the best possible
rengeability using sequenced parallel valves would be 200: 1, indepen-
demt of the mummum controllable C, of the smaller valve. A single:
seated globe valve or u tght shutedl ball, butterfly. or Saunders dia-
phragm would remove this consideration.

However, it is usvally advisable to keep the two valves as close in
size as possible while stll obtgining the required rangeability. For ex-
ample, two 3inch balanced equal percentage globe valves with dia-
phragm actuators and splil-range positioners would be able to pass as
much Aow as one 4-inch and one |Yi-inch balunced equal percentage
globe valves, Total rangeability of the two 3-inch valves would be
10021 as opposed to 20002 | for the 4-inch and 1Ya-inch valves, limited
by the 4-inch leakage capacity. A slightly lower cost would result with
the two 3-inch valves, along with a much simpler and less expensive
manifold arrangement,

Saunders diaphragm control valves often require sequenced parallel
valves to satisfy rangeability requirements, Ordinarily, it is not possible
to use two valves of egual size, but this does not cause @ control
problem, since they are tight shutoff valves, As with any type of valve,
of course, the greatest rangeability theoretically possible with twao
valves i the square of the rangeability of one valve, Thus, the absolute
maximum rangeability of two Saunders diaphragm control valves (s 157
or 2251 1. In practice, the maximum rangeability would be in the order
of 125: 1 due to the problem of matching the valve sizes,

Example: Given a required maximum €', of 180 and & required
minimum C . of 3 in an application where Saunders diaphragm control
valves are desired, determine the proper sive selections required.
Crlass-lined Swunders digphragm valves are to be used, ‘

For proper control, the combined maximum ¢, values of the twao
valves should be approximately 230, A 24-inch and 2-inch size com-
bined will delivera €, of 253, The minimum €, of the 2-inch is approx-
imattely 6, which would not satistv the application, and rules out the
2e-inch and 2-inch combination. A 3-inch and l-inch size combined
will deliver a €, of 257, The minimum ¢, of the [-inch s approximately
.5, which s satisfactory. The maximum . of the l-inch is 22, and
exceeds the minimum O of the 3-inch which is 16, This combination in
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purallel, aperating sequentially from a 3-9/9-15 psi control signal will
cover a O, range of 1.5 to 257, which satisfies the application,

The actual sequencing is accomplished by the actuator, If a
pneumiatic actuator is used. sequencing may be accomplished by spring
adjustment. But this is much easier to accomplish with a4 valve posi-
twoner (Figure 11-3),

Viscosity Corrections

The techmiques described here apply to nonviscous Huids and will
suffice in all but a few situations. When the infrequent case of high-
viscosity Muid is encountered, it should be handled as follows:

. Caleuiate the Reynolds number iR)

(3160 (GEPN)

I i {Centistokes)

£ = inside diameter of pipe. inches-able

2. I R s greater than 2,000, then the following corrections to the
Libulated 3275 should be used.

€ onrrey Fii ke

Crnlantinke Fiti fosr

= | B4

i 140

1) 1T

M 206

30 268

n BRI
100 350

The conclusion is simply that the valve size will increase with
wiscosity, but the relationship is not linear. If very high-viscosity Auids
are encountered. empirical test data are available from valve manufac-
turers to determine the C, correction factor.

Now let us solve some sample problems to illustrate the technigues
of valve selection and sizing.

VALVE SIZING EXYAMPLE ¢ Let us assume that we have a control valve
regulating liguid flow from a tank (Figure 11-7). The water level s to be
controlied in this tank at a level of 25 feet by regulating the outflow. The
measured inflow varies from 0 1o 120 gallons per minute.
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INFLOwW '*ﬂ
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Fig. 11-7, Sizing valve to single tank

The maximum outflow, then, must be equal to the maximum in-
Aow, or 120 gpm. Since | foor of water develops a pressure of 0.433 psi,
with the tank level at 25 feet: the pressure ucross the valve must be:

# =25 x .433 = 108 psi 111y
.-(T
Cr =0 ‘JIJ:P

when (@ = flow rate, U.S. gallons per minute
AP = differential pressure across valve in psi
G = specific gravity (water = .0}
Hence €, = 120 vTT0LE = 36.5

T

1
| i I

Fig. 11-%, Dual tank control system
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In Figure 11-11 (or Table 11-3), the smallest valve capable of pro-
viding a €, of 36.5 is a 2-inch equal percentage valve. No valve léss
than a 2-inch provides the necessary €, value,

VALVE SEAING EXAMPrE 2 Instead of the valve discharging 1o at-

maosphere, let us assume that it discharges into a second tank with a

head of 15 feet (Figure 11-8). 1f the maximum flow through 1s 120 gpm,
Maximum inflow = 120 gpm
Maximum outflow = 120 gpm

AP = (25 feel |5 feeti(.433) = 4.33 psi

(]|

G
CVap (11-1)
= 120 % 1/3,33 = 57.7

In Figure 11-11, the smallest valve that cun satsfy the required
O, is 2aanch, Note that the capacity of a valve depends on both the
size and the pressure drop applied by the system.

VALVE SizinG: EXampPLE 3 Now let us calculate the size of a control
valve required to regulate the flow of naturl gas through an B-inch
pipeline when the flowing conditions of the gas are as follows:

P, Upstream operaling pressure 300 psi absolute
Maximum upstream pressure 325 psi absolute
AP Operating pressure drop
across valve 50 psi
P,  Downstream pressure
(P=aP) 250 psi
Operating temperature of
Auid (gas) SFF
Maximum temperature of
Auid (gas) wrE
¢  Maximum rate of flow 3,000,000 std cubic feet per hour
Normal rate of flow 2,300,000 std cubic feet per hour
Minimum rate of flow 2,000,000 std cubic feet per hour
G Specific gravity at operuting tempetature (6FF) = 0.6
G = —Tf( (11-2)

Hﬁ{‘r Y am
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Ty =6 = 460 = 320

1,000,000 [S5200.6)

1360V soaso) - o83

Note that the upstream-operating pressure 15 used rather than max-
mum pressure, This produces & more conservative result. Determined
from Figure 11-11, the smallest valve that satisfies the required € is a
f-inch wide-range equal percentage with a O of 449,

VALVE S1AING EXamies 4+ Now let us determine the size of the control
valve required for the heat exchanger described in connection with
Figure 8-20. The following data are essential for the sizing calculation:

Maximum steam pressure S0 pst 63 par absolute:
Normal steam pressure (P AU pst (55 psi absolute)
Maximum waler pressure 65 psi

MNormul waler pressure 40 psi

Inlet water temperature TF

Cutlel water temperature maximum 20407 F

Maximum wauter Mow rate 0 gpm

Normal water low rate 20 gpm

Pipe size, steam header 4 inches

Bty per minute added to water = ( AFKgpm)ipounds per gallon)
= (200 — 32050 = 8.3

= 148 = 30 = 8.3 = A1.600 Bru
per minute

Biu per hour = 61600 x 60 = 3.700.000

Fig. 11=-9. Builer drum level control
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Steam yiclds approximately 1,000 Biu per pound when condensed.
Hence. 1o rounded oul accuracy.

5700800 3,700 pounds per hour steam
[ Kb

Since the indicated downstream pressure (F0 s that of low-
pressure condensate, the actual pressure drop s more than half the
upstream pressurc. When the pressure drop reaches approximately
hall’ upstream pressure i a valve handling gas or vapor, the fluid
velocity reaches the speed of sound and can increase no further,
Further increase in pressure drop, then, will not increase the flow
through the valve. This condition 15 known as “entical velocity,”
and 7 s used insteid of AP when downstream pressure s less
than half that of upstream. Also, ¢ is taken at the downstream
pressure dand is obtained from a stéam table as the specific volume
listed for 552 psi absolute, or 15023, Hence,

i11-3)

C =63 Var
3

Because more than half the total pressure drop i4-inch header)
would appear across the valve, a 2-inch equal percentage globe valve
would be a logical choice.

VALVE SIZING: EXAMFPLE = Boller feedwater preheated to 350°F enters
the drum ata maximum feed rate of 200,000 pounds per hour. The feed-
water pump produces a pressure of 80X psi and the pressure drop
across the valve at full flow is 200 psi (see Figure 11-9), Determine the
required valve type and size.

First step; From steam table (Appendix) find specific gravity.
Interpolation

Vi oar 358.43°F = 001809 11" 1bm

Voat 341.27°F 001789
Diff.: 1716 0.00020

Increment °F = 158.43 - 350.00 = 8.47F

ft* Ibm
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Increment V, =

843
17.16

Vi oat 350°F = 001809 — 0.00010

= (LOD020

Density = 1/0,01799 = 55,59 [b 1

= 0.00010 ft"/|bm

= 0.01799 ft" lbm

A cubic foot of water at standard conditions weighs 62.37 pounds

LEPGR =

55.89
62 37

= (BY

The feed rate of 200,000 pounds per hour of steam is condensed o
witer. To convert 1o gallons per minute of water through the valve:

200000 1b/h  TABL R e
S5.59 [ 1h 60 min h SR
Tuble 11-2
 AstraierLen P oo Sdamwia Riing 1
sl Fhrts Sl Nedatior Wiliarimine ¢ Tighe el
Vel Wamprahd it Hagnng P luts Eivat Huring Vit v
Galoshe By with v of hmrar Wiy o Hingh [l Yeu af Enceltenn
charsciznred Man M0 Cihl B Comn Viory Righ Eany i wark nangis” Ay dewired
plug of Cape Ao K| siraited ol oo o |arger i wifl char leTintic
sizes from needie  for mediz T Teaibund BZEY seal i vl be dengned
up o 18 inched malemaly ] it this typr
ivee Fig, 11 i
Bl valse A pordh Ressonibdy poost  Slediam Catamd Yea I Ebﬂﬂlt‘!ﬂl
A vudabiv wp o w5 § Fali [ afy B gim- [haassa mbiy limd I haragtematig
a2 inches U e - arredd o oo may b In wditable
faee Fig- [LiBl sceengsd io am TE A Al
mefiry aLe sy
Bumerfly valvr Appors Eancat Loment Chomsi] Yeu, i Croad
Atuileble o to wih M1 1 Aoty of ot e lined nype i ghamcierivic
I3 inches raale iy of large in whed & snitabie
e Fig 11-10; coml | avababic e Soy ol
undimed
Sammders valve Appron. limcar hery good Weifuiem Faar ¥in Cenyvenonal
Avillubde up b 31 = con Avaiakle wah i poar
LR veojional hemed o PEwm [husl ramge
e Fig 10-0id) . 1550 - Gl PTG fair. Ctrerdly
rRAge lnsad only wihen
adarty Aow
ilicrates
Fmch valye Aprron sprs  Exccllest (F Fair Sbme Pewir 40 fair
Avmilate ug T b=t |21 Severnl =ty leakage Love amlh whaeni
2 ey doprmding e ivadmrde 1y ahility g hamie
ee Fg 110y nype ST COfTIm S Ty fMiwes
dieates

Nt Lok ball, sl byteerfly o adoes sre s adadide for baghdempendore servee caboee |00 L Saamders ansd prmch
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Fig. 11- 1 Fig. 11. 100

Fig. 11-10¢ Fig. 11-10d Fig. 11-10e

Fig, 1110, See Table 11-2. o, Globe valve, b, Ball valve, o, Butterfly valve, . Saunders
vilvie D . Pinch valve iphoto conrtesy of Clarksm Co
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Then for water:

: 6 . owm
S — L? \I’““ 445858 l||. :_l’:ﬂ = 19,92

Referring to Tables 11-1 and 11-2, a 2-inch globe valve will satisfy
the pressure and temperature conditions and is dvailable with linear
charactenstics that satisfy all requirements,

VALVE SEAING: Exasmire o A dinch line carries 50,000 standard cubie
feet per hour of wr at an operating pressure of 75 psi. The downstream
pressure s 50 psi and the specific gravity of air is by definition 1.
Assume & valve is required for pressure control. Determine its size
and type if the flowing temperature of the air is SOO°F.

B, =75 ps1 + 15 (atmos ) = 90 psi absolute
FPoo= 50 psi + 15 (atmos.) = 65 psi absolute
AP =90 — 65 = 25 psi
Since 65 psi is more than half the upstream pressure, AP = 2%
psl.
o : /’TF
[ 1-] /f.( .
[T |
AL
A
# ap
o A
T L L e e .J' 3 L B --: i o 4e '.:‘ - TOE 1;::1'-1.0-1 MG v
o5 ges WATLE 5 0 pee BAEMUSE GEOPIC,
Fi

g- 11-11. Charactenistic curves and O for typicul globe, eqgoul percentuge valves,
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c - 2 TfG
© 1360 VPP

50000 (960 x|
© L3600 N 2565)

= JR.25

This process will be satisfied by a 2-inch (Table 11-1 and 11-2)
equal percentage globe valve,
VALVE SE2ANG EYAsMPLE 7 A Ya-inch chlorine line at BIFF carries 200
pounds per hour, The upstream pressure is 35 psi and it discharges into
a tank at atmospheric pressure. Find the ¢ af a control valve Lo be
installed adjacent 1o the tank and recommend o valve Lype.

P = 55 psi + |5 psi absolute = 70 psioabsolute
Py = 15 psi absolute (0 psi)

L 70 . ;
Recause 55 is greater than — or one-half £y, critical drop applies

and AP = ?:E-] or 35 paL

MNext, refer to a handbook that has a ¢chlonne table. and, assuming
adinbatic expansion is gpproximated. downstresm temperature would
be 60°F at 35 psi absolute and specific volume would be 2. |5 cubic feel
per pound.

wo v
63.3 VAP
200 (2,18
63.30 V35.00

= {.789

=

Because approximately 100 percent of the pressure: drop ocours
across valve A, linear characteristic indicated by the small C, com-
bined with a *a-inch line would suggest a *s-inch globe valve body with
reduced (", = (0.789) tnm. (Tnm refers to the valve's internal working
mechamsm: ) Materials would be carefully selected to stand up under
the corrosive effects of chlonne; if the chlonine 15 wet, a stainless steel
body and hastalloy € tnm might be required.
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Thus far only the maximum €, value has been considered and often
this is the only valve considered. However, 1t is better practice, when
data are available, to calculate both maximum and mintmum ¢, values,
The ratio of maximum to mimmum then gives a required rangeability.
IT, for example, the rangeability worked out to be 125, it becomes
evident that this cannot be accomplished by any single valve and that
the sequencing technigue would be required. On the ather hand, the
rangeability tells us if the selected valve 1s capable of acceptable con-
tridl, This may be demonstrated with the solution of the following prob:
lems.

VALVE SEZING EXAMPiE 8 Asteam valve regulites the flow of saturted
steamina [-inch header 1o a process. The maximum fow rate is W1, (0K
pounds per hour and the mmimuom s 7,200 pounds per hour, At maximum
flow, the upstream pressure s 20 psi and the downstream pressure 1s 15
psic Almmimum flow the upstreams 25 psiand the downstream s 1 5psi.

Maximum flon
P =20 psi + 13 latmos.) = 35 psi absolute
Fo= 15 psi — 15 (atmos.1 = 30 psi absolute
AP =35 - 30 = 5 psi

G5\ 58
Max
_ 30,000 [13.744
T o330 N5
= 78576

Mintmum fleie
Py
P

AP =40 - 30 = 10 psi

25 psi + |5 =40 psi absolute

15psi - 15 = 30 psi absolute

—_—

W |

3
C;- _fﬂ_’p R'F
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Min.
_ 7200 13744
Te330 N 10
= 133.3

. = 78S
Cy max. = 785.76 589 rangeatlity

C, min. - 133.35

This can eastly be handled by a globe, ball, or butterfly valve. The
most economical choice would be a t-inch unlined butterfly valve. (See
Table 11-3),

VALVE St2ING Exasiers o Level is being controlled inoa tank. The flow
riunge is 100 to 1,000 gpm. The hiquid 1s mineral o1l and has a specific grav-
ity of 0 88, Line pressure is 100 to 150 psi and the throttling pressure drop
varies from 50 to 110 psi. The temperiture may vary from 70 to 140°F,

Size the control valve and select o characteristic type that will
satisfy the process,

fei

€= O N5
088 5

C, max. = 1,000 \ ‘5"6' = |32.67

g 88
¢, omin. = 100 V00~ 594

. - C.max. _ 132.67 _
Required rangeability = EmT = Ro01 14.8

An equal percentage valve is indicated and a maximum €, of
132,567 indicates a 4-inch globe or a 3-inch ball valve could be used.

Here, economy might be the deciding factor since either tvpe could
do the job. The 3-inch ball valve likely would be less expensive thuna 4-
inch globe valve. with equal percentage charmctenstics.

VALVE SIZING. EYAMPLE io A valve 15 used for flow control. The line
size i5 10 inches and the ligmd is water. Maximum flow mate is 3.000
gpm and minimum 250 gpm. The line pressure varies between 40 and
S0 psi. The downstream piping loss 1s I psi at 3000 gpm and the
downsiream pressure 1= 25 psi
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Select a valve size and type that will satisfy this process.

C.zg\/_g

Meaxinuen flow Minimum flow
Py =40 psi £, = 50 psi
P, =25 psidpipe loss) = 23 Py =25 psi
AP=|T psi AR = 25 psi
s, - 3000 4 & ¢ =350 L
¢ MAX. = 3, "ll'? i T e \.25
= 7274 = 50
i €, max 7216
Rangeability = &——— = ==-— = |4.55
¥ €, min. 30
Table 11-3. Approximate ¢ Values of Typical Valves
Vi SERIES (ONTROL VALVE [ Surrersly Valves®
Valve Trim  Raged dize 07 Cpan 407 Open
Size Stre L, 2 ] ]
4 e 104 150
142 178 .23 1 140 250
34 ik .50 - 120 400
1 Bl £0 % 750 1500
yik D ] 1200° 2500
142 [} 10 L8040 AL
B 1850 =000
&% 1% 3600 500
[T 0. Ih S BO0 10000
g i SE00 TR |
| 30 10 15000
H 1 IF
* Erareseotacive Gy Viluas
= ] 15
114
FULL 3
FULL &0
L H - | BAlr | TIFE VALYE
3 T what G when
niL 120, Valuw)| [ ine e Linz 1w
Slks |Walve dide| Baloe walwe
=08 e i i T
4 T it
L 200k F 113 e
3 15 23z
#0t 164 i 773 215
'y B ] 795
i | soole ) 1304 JE%
* WO Tor stem geldeg = 3 i'? Jim u"'ul
conibpured Lmnsr welve ) o e

. —— . —
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Tables 11-1 and 11-2 indicate a linear valve is a good choice, but a
valve with the €, required would be mther large and very expensive,
Therefore. the practical choice would be either a f-inch butterfly or a
f-inch ball valve. The hned ball valve would provide shutoff. which
could be advantageous. (See Table 11-3).

References

Vulve engincening handbook, PUE 23TH. Foxbore, MA ., The Foxboro
L ompuny .

I.lptiik. W Ly, Mastrment Eneweers - Plasadbood . Yol T Radnor, PAS Chilton
ook Company, 1970

Questions
Valve Specifications

I Additve vadve—Steel body., stniess steel tim, tght shutof
Flow range: 2 1o 20 gpm
Specific grovity: 1.2
Line pressure: 4% to b0 psi idownstream pping loss 2 psi at 20 gpmi
Tempenture: 8 1a 1200F
1. Level control valve—3 16 stainless steel body and trim
Flow range: 200 1o 2 (K ppm
Specitic gravity: 0.9

sy .,41:-\?'
s | s
L 0
1 ; :

Fig: 1112, Application data for Problems 110 through 1]-%
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Line pressure: 75 to 125 psi (throtthing pressure drop 30 1o 100 psi)
Temperature: 70 to 140°F

3., Temperature control valve—iron or bronze body, 316 stainless steel tmm
Flow range: 1,200 1o 5.000 b h saturated steam
Ling pressure: 65 to 90 psi (required valve outlet pressure 100 ta 3 psy)
Temperature: 312:331°F

4. Flow control valve—Stainless steel body and tim
Flow range: 200 ta 2500 gpm
Specific grvity: 095
Line pressure; 22 to M0 psi (downstream pipeog loss | psiat 2,500 gpm)

5. Pressure control valve—Iron or steel body, 36 stunless steel trim, tght
shutedl
Flow range: 0 to 5,000 scih
Specific pravity. 1.0
Line pressure. 40 pai irequired valve outlet pressure 22 pyl g1 S000 sefh)
Temperature: 70 to 120 F

Directions:

11-1 through 11-5. Choose any or sl of the five valves listed above and
completely spegify the proper tvpe. size, ete., for ench vne.

116 Critcal flow oocurs ina gas or vapor valve when!
a. Upstream pressure equals downstream pressure
b. Downsiream pressure equals one-half upsiream pressure, both
absolute
¢. Llpstream pressure exceeds |3 psi absolute
d. Downstream pressure is less than 3 psi absolute

11-7. €, mav be defined as:
a. Critical velocity throwgh a control valve
b. The water flow in U5, gpm discharged through a wide-open valve
with & 1-psi drop scross it
e Carrection factor for the viscosity of the fluid
d.. Cntical volume factor for zas fow

11-8. The liquid flow to be controlled contans suspended solids: A good
choice of valve 15:
#. Glohe ¢. Saunders
b. Wide-runge V-port d. Split body

P1-9. 01 a control valve permits only minimum leakage when it 1s closed, the
choice would be a:
a. Single-seat c. Butterfly
h. Double-scal d. Split body




SECTION IV CONTROL LOOP ADJUSTMENT AND ANALYSIS

Controller Adjustments

All controllers must be adjusted or tuned to accommodiste the pro-
cesses they control. There are several approaches to this task. Some of
the techniques are mathematical. However, the most widely used ap-
proach is a combination of experience and trial-and-error,

The purpose of tuning a controller to @ process is to match the gan
and time functions of the controller with the rest of the ¢lements in the
control loop (process. transmitter, valve, and so onl. The object of
adjusting a controller’'s proportional band 1s to give the total loop a
dynamic gain of less than | in order to force any induced upset to
dampen out. If the dynamic gain of the loop equals 1. and in/phase
feedback exists around the loop, cycling or oscillation will pccur at its
fundamental or natural frequency after an upset,

Proportional-Only Controller

In order to determine the dynamic gain of the loop exclusive of the
controller. the f{ollowing procedure may be followed with a
proportional-only controlier:

1. Adjust the proportional band to a masimum and the gain to a

NI

2. Place the controller in automatic

205
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]

Make a step change in the controller set point,

Observe the resulting measurement cycle,

. Reduce the proportional band, and repeat Steps 3 and 4.

Keep repeating Steps 3, 4, and 5 until constant amplitude cycle is
ubserved. At this condition, the loop has a gain of 1.

The total loop gain 1s the product of the gain of the control loop,
exclusive of the controller. multiplied by the gain of the controller.
Assume that Step 6 gave a proportional band of S0°7 ., j.e.. a controller
gain of 2. Since total loop gain is 1, the gain of the loop exclusive of the
controller must be 1 divided by 2, or 0.5, To produce a damped response
the total gain must be less than 1, and since the controller is the only part
of the loop that can be adjusted, its gain must be less than 2 (i.e., a pro-
portional biand greater than 5007 ). The response thatis usually desirable
approximates Curve A for the proportional-only controller in Figure
12-1. This response, called gquarter-amplitude dampening, causes each
cvele to have an amplitude of one-guarter that of the previous cyele. A
total loop gain of 0.5 will result in quarter-amplitede dampening. Thas,
in the above example, the controller should have a gain of 1. or a pro-
portional band sething of 100 percent. If the control loop has a much
fower gan., the loop is smd to be overdamped. Although the loop will
be stable, excessive offset will result (see Curve Ci. A loop gain of |
will yield Curve A. A loop gamn greater than 1 will vield continuous
cycling of increasing amplitude. This procedure should give satisfac-
tory resulls in a proportional-only controller.

b

=~

Proportional-Plus-Integral Controller

If a controller has an mmtegral mode, then some measurement of time
response of the control loop is necessary, By properly matching the

PRQPCRTIONAL SAND INTECRAL [MIN/AEPEATY DERWVATIVE (MINUTES)
A 8 i
/8 == \ ./ =R
o T e
&

& LOw a LOwW 4 Ldw

8§ CORRECT §E COBRECT B CORRECT

C HIGH C HIGH G HIGH

Fig. 12:1. Rexponse to load depends on control mode and adjustment
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response of the loop (exclusive of the controller) to the response of the
controller, corrective action will be applied as rapidly as the process
will allow. In other words, with a properly tuned integral mode, the
controller will allow an energy mput to the process at the fastest rate at
which the process can absorb i,

If 4 controller has too short an integral time. the process will not be
able to keep up with the changes in energy input, and cycling will
vecur, On the other hand. if the controller has too long an integral time,
shuggish response will occur. In this condition, the measured vanable
will not return to the set point after an upset as fast as possible, with
oplimum settings,

Il & proportional-plus-integral controller s placed in manuul and o
step chunge is introduced into the output, a starting point for determin-
ing the mtegral time may be found. I it takes a short time for the full
effect of the output change 10 be felt in the measurement signal, the
controller’s integral time will be correspondingly short,

An alternate procedure for tuming o proportional-plus-integral
ttwo-mode) controller 15

1. Adjust the integral to a time setting (in minutes) that is equal 1o the
natural period divided by 2 4. The natural period is the time in muinutes
between successive peaks,

2. Adjust the proportional band setting to an optimum value as de-
seribed in the procedure for @ proportional-only controller.

The effect of integral on process-response curves for a two-mode
controller is ulso shown in Figure 12-1. Curve B represents the desired
quarter-amplitude dampening: Curve C represents too long an integral
time: and Curve A too short an integral time.

Adding Derivative Action

If the response time of the process is excessively long, derivative action
may be necessary for opumum control. The adjustment procedure fora
proportional-plus-integral-plus-derivative controller is:

1. Set the integral to maximum time.

2. Set the denvative to minimum time.

3. Adjust the proportional band to an optimum setting as before, ex-
cept that a slight eycle should remain in the measurement.
Increase the derivative time until the cvele stops.

Narrow the proportional band until the cycle starts again,
Repeat Steps 4 and 5 until further increases in the derivative time
fanl to stop the cyvcle,

oA
o

=3
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7. Widen the proportional band 1o stop the ¢ycle,
8. 5et the integral ime equal to denvative time,

The effect of denvative action on process-response curves 1s shown
in Figure 12-1 for the proportional-plus-integral-plus-denvative control-
ler. Curve B represents optimum tumng; Curve © shows the effect of
too long & denvative time: and Curve A shows too short a denvative
Lime.

Tuning Maps

Assume the contraller is on automatic and controlling the process, The
adjusiments have been made by cither trial and error or experience,
You now compare the record to the tuning map (Figures 12-2 and 12-3),
This comparison should tell vou what additional adjustment 15 neces:
sary and what should be adjusted. The steps are as follows:

1. Determine which tuning map approximates the actual chart record.

2. Select the tuning map that, in your judgment, is most satisfactory
for the desired response.

A, Adjust the proportional band, integral, and derivative in the direc-
tions indicated in order 1o oblain a more satsfactory chart record,
Only the proper direction of adjustment is provided because varna-

tions in actual processes dictate the magnitude of the chunge.

PROFOATIONAL PLUS INTEGRAL

INCREASE

INTEGRAL At A T
P . — e —
DECREASE i v LW ¥ e
~ |
.Eﬂ' |_iI ."f e J'n'. Ilnl. f ! |_.\J.“-;_ Irf_‘.‘ - Fa — =
v Vi '-._f. i v b S R
PRCPORTIONAL
ODECHEASE #——0 BAMD —p INCAEASE

Fig. 12-2, Proporional-plus mtegral contraller
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PRGPOATIINE
Pl gk
Fiih BC® ATl | Rp— - N

Fig. 12-3. Proponional-plus-integral-plus-denvative controller.

The tuning maps are shown with magnitude of deviation and a
response time satisfactory for illustration, Measurement records will
vary in deviation and response time from the tuning maps shown here.
However. the relative effects can easily be compared.

Adjusting a Controller with the Proportional, Integral, and
Derivative Mode

To tune # proportional-plus-integral-plus-derivative controfler, let us
assume that the tuning map marked A in Figure [2-3 approximates the
actual chart record, although the deviations and the response times
may be different. 1t 1s desirable to obtain a measurement response
similar to the tuning map marked "B in Figure 12-3.
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Tahle 12-1. Controller Adjustment Egquivalents

The follovamg thble enables wn-approvmate conversson between different manafacturery’ traditionul
luarmimng adjusfrnents *

PROPORTIHOINAL ACTIN I TEGRAL ARENETY AL

Integral Ratre feeregriad Tieere

Froparticinal LReppals per i Minutey per

Hawmd ( Pee Cenn) Liwin Serailivety Mirade b Hepriat)

Fsalsorg Bailes Fisher Hailey Fars b

Muoare Hristol Hristol F& P

Hute ywell Tavlor Hune vwell Moore

F& P Tavlor

R

S0 i —_—

[Ty - 1 —

*Derivalive acton | ' Rate' Actemi gven in munutes by the manufacturers above

Note that the relative effects of proportional band, derivative. and
integral can be easilv determined from the tuning maps. Starting with
tuning map A, we find:

Increasing the proportional band minimizes cycling but increases
the deviation.

Decreasing the proportional band decreases the deviation, but
causes prolonged cveiing if oo low,

Increasing the denvative decreases the deviation and minimizes
cycling up to a cntical value. Beyond the cntical value, the devia-
tion increases and prolonged cvcling vecurs,

Increasing the integral will mimmize the amount by which the
measurement crosses the set point and mimmizes cveling, but a
prolonged deviation occurs if the integral is too high. In this case,




CONTROLLER ARMUSTMENTS 301

the propartional band must be decreased and the derivative and
integral increased to obtain the desired results.

These tuning maps are designated to work with the dials labelied in

current 15A and SAMA terms, If you are using a controller with
labels in other terms refer to Table 12-1 for any necessary conversions.

Closed-Loop Cycling Method

The closed-loop cveling method uses a process-control loop that oscil-
lates at a gain of | in order to predict all mode settings, A tvpical tuning
procedure would be:

Set the integral to maximum time:

Set the derivative 1o nunimum time,

Set the proportional band to maximum.

Place the controller in automatic.

Reduce the proportional band setting until the loop cycles with a

gain equal to | (the ultimate proportional band. B,) and a5 small an

amplitude A as possible, Figure 12-4 shows these relationships.

Measure the loop™s time period ().

Adjust the settings as follows:

a. For a proportional-only controller, B = 28, fora (.23 damping
ratio, If the controller has gain units, the gain should be one-half
the value that caused oscillation.

b. Inthe three-mode controller the integral, which is phase lagging,
and the derivative. which i$ phase leading, should have equal
time wvalues., This will produce minimum phase shift. The in-

ru

6

¢. After the integral and derivative dials are set, adjust the propor-
tional band or gain to obtain the desired damping. 1§ a 025
damping ratio is desired, # = approximately 1.77 fu.

3 i = \ fru .
tegral time = derivative time = T— ur approximately
w

Fig. 124, Period ofa cycle.

il
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FanEgRTiaNA]

Fig, 12-5, Comparative joad-response curves tor three contrallers.

Several factors must be kept in mind when making controller ad-
justments.

1. Load changes may vary the dynamic characteristics of the control
loop, requiring either loose compromise operation thal remains
stable, or readjustment.

2. The dials used on controllers to designate mode values have poor
accuracy due to the required wide rangeability. This makes precise
adjustment impossible and requires that the Anal step be trial-and-
CTTOr.

Once vou have gained some prisctical experience in making control-
ler adjustments, you will discover acceptable shorteuts. Table 12-2
gives some guidelines that should help with the typical loop:

Table 12-2. Guidelings of the Bequired Settings for Controller Modes

Contral Privportional Time

Loop Band Canxrant Derivative
Flow High { 2505%) Fast (| 1o |5 sech Mewver
Level Lorw Capacity dependent Rarely
Temperaiure Low Capacay dependent Usually
Analvical High rsually slow Sometimes
Fressure Liow Usually fas Sometimes

In conclusion, it should be reemphasired that a controller must be
properly adjusied to At the loop if proper control action is to oecur.
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This chapter has presented the steps thal mayv he emploved to produce
good controller adjustment,

Questions

12-1.
. Speed up the process

o Slow down the process

o, Match its gain-and-time functions to the process
»Accommodate only process load changes

12-3.

A controller is adjusted to!

A proportiondl-only controller is:

. Wery difficult to adjust

. BEasily adjusted 1o accommaodate load changes

+ Slow o respond

. Going 1o cvcle if the proportional band 15 too narrow

In & control loop usmg a theee-mode controtler that bas been properly

alljusted:

12-4.

a.
b,
[
d.

d.

Totegral time will be egual (o denvalive time

b. Integral rate will be equal to derivative time
e,
d. The proportional band should be the final adjustment

Derivative time will be one-half the integral time

A fimitwtion of calculating the controller settings (o precise values js;
The varving speed of process responses

The poor accuracy of the dials on the controller

Process error

Uinrelishle data

The most common adjgstment technigue 1s:

S Closed-loop cveling method
o Tuning map method
. Reaction curve anglysis method

Trial-and-error



Step-Analysis Method of Finding
Time Constant

Automatic control of a process has been defined in previous chapters as
4 lechnigue whereby supply to the process 1s balanced against demand
by the process over time. Dvnamic analysis of the process clarifies how
this balancing takes place. Knowledge of how the process functions
with respect to time is provided by the fime constant, or constants, of
each component in the process. These time constants are uselul in
creating an analog of the system und in selecting the type of controller
and its optimum control settings.

Block Diagrams

The system vsually is represented by o block dingram, a simplified
schematic., a mathematical description imathematical analog), or an
electrical analog. 1f, for example, the process is a tank with water
Rowing in and out, a simplified sketeh of the process might be drawn as
in Figure 13-1a. The system also can be shown in simple block form
with a verbal description (Figure 13-1b), or the block can be labeled
with a mathematical description of the component (Figure 13-1ch. Fig-
ure 13-1d 15 an electrical analog of the system, The mathematical de-

RIS
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Fip. 131, Fluud process with single-time constant. Flow rate inis represented by A
flow rate out, hy B, Inthe electneal cirowt, I, représents-A and £ 15 B,

seription is the most concise, For complex systems the mathematical
approach is almost imperative because drawings are too complicated,
and a verbal description is long and involved.

To describe a process, 4 mathematical expression must relate aut-
put to input (outputinput) and show how one varies with respect to the
other with the passing of time. Classically, this expression is o differen-
tial equation, differentiated with respect to time, For instance, the sim-
ple system shown in Figure 13- la is desenbed by

A — B = CldH /dt) i13-1

This expression savs that if the volumetric outflow rate (B 15 sub-
tracted from inflow rate (41, the difference equals the area of the tank
bottom (£7) times the ¢hange in head (fH) during & change in time (),
Or, stated differentially. rate A minus rale B umes of equals the volume
change,

The hydraulic analog of ohm’s law for flow through a linear resis-
tunce (R can be used. Here (81, the outflow rate. is the equivalent of an

- 0 7l
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electrical current produced by w difference of potential iin this case ff}
across a linear resistance (&), This assumes that there is no " backpres-
sure,” 1.e., the pressure at the outlet is 0 psi, and that 8 1s linear
tactually rare in hydraulics). Since E = IR,

H = BR (13-2)
Substituting the valie for H from Equation 13-2 into Equation 13-1,

A — B = CdifR)/dt (13-3
Expressing 't as 5 (as 15 done in operational mathematics),

A— B=UCSBR i13-4)
Solving for A,

A = BICSR + 1) (13-5

This wvalue for 4 can be substituted in the basic expression for the
process:

autput B B 1

input A BCSR + 1) (SR + |

1136}

As T the time constant) = RO T can be mnserted for KO in Eguation
| 3-6:

outpul |
Tt TR 4 T 13-7)
input T8 + 1 \

This basic equation 13-7 describes one type of first-order system
(ome with a single capacitance and a single resistance), This expression

is often called. a transfer funetion: it is-simply the Laplace transform of

the differential equation describing the syvstem.

Any two svstems that have the same transfer function have the
same response with respect 1o time,

Figure 13-1d is the electrical equivalent of the same system dand
would be handled in the same way.

L R e
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fi= Ein — o 7 it and I = ('{%'-'- {13-8)
Therefore,

Ew — Euy _ - e D

R 1t

i — By = RO %r (13.9)

If
didr = §,

then

E, — E,, = RCS E,, (13-10)
Solving tor

Bt By

e T

Any single-capacitance, single-resistance system has this transfer

function, Note that the first-order system can be descenibed by one
factor (7). the time constant.

A number of technigues have been developed and can be used for

evaluating the time constant. including:

1.

T B

th de

Step analysis

Frequency response

Ramp input

Correlation

Stastical analogies

Some of these technigues are easier to perform and require less

equipment than others. For instance, the step-analysis method (which
will be discussed here) requires only simple equipment and pencil-
and-paper calculations: some of the others require computer evalua-
tion. The best method in any given instance is dictated by the abjec-
tives of the tést and the equipment or tools gvailable.
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EII:ZG-Q i YA AR ey L L
La

A= PERCENT -1_."’T
GOMPLETION (-8 " )

LINEAR S
Ei
I
|

8: PERCENT T
INCOMPLETION [ & )

—M [<— TIME —#

TIME CONSTANT

Fig, 132, Response of single-time-constant process on lmear plot.

Step Analysis of Single-Time-Constant System

A stepchange in input to the single-time-constant process can comprise
a sudden increase in fow rate (A ) in the process shown in Figure 13-1a,
or a step change in input voltage in Figure 13-1d, The output response
curve 1s shown in Figure 13-2. The time constant of a single-time-
constant process is found simply by finding the time required 1o reach
13.2 percent of the final change in the output following the step change,
The equation for this response curve (A in Figure 13-2)is | — ™", As
will be shown. it 15 useful 1o plot the *'percent-incomplete’” response
te T} on semilogarithmic paper. Such a curve (B in Figure 13-3) repre-

=1}

TIME COMNSTANT

Fig. 13-3, Response of single-time-constant process on semtlog paper. showing percent
complete and percent incomplete response.
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sents the percent of total rise that has not taken place at each point in
time. Thus, the line starts at 100 percent nad drops down-scale.

In Figure 13-3, line B is straight because it is the plat of 4 pure
exponential ¢ in Figure 13-2) on a logarithmic scale. Curve A (plot
of 1 = ¢ is not straight, Therefore, the percent-incomplete
istratght) curve (e~ ") is chosen and plotted an the logarithmic scale,
When the percent-incomplete curve (B in Figure [0-3} is straight on
logarithmic paper. it verifies that the process his o single time constant,

Time constant {7 15 the ume for 632 percent rise to final value
tcompletion), which is the same s saying 36.8 percent incompletion, or
368 on the percent-incomplete scale. I a horrzontal line s drivwn on
Figure 13-3 from 36.% across 1o the intersection with curve B. the time
found on the abscissa is T, the time constant for this process.

Step Analysis of Two-Time-Constant System

A two-lime-constant process is assumed in Figure 13-4, With the switch
in the manual position, all feedbuck or corrective action is eliminated,

i FROCESS —_1—">

; L
= AUTO - MAN,

iE% SWITCH

= c M

MANUAL

smrmuﬂ rgi}

STEP CHANGE
N VALVE
TRAVEL

@

REACTION CURVE
OF MEASURED
WARTABLE

@

TIME {3ECONDS] =——

Fig. 13-4, Steptest of & process with 1w time constangs. The system can be applied to
systems with one ar more Ume constants.
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Nest a step change is applied to the valve and the resultant change in
measured variable {reaction) is recorded (Figure 13-5). The magnitude
of the stepis not eritical; the step should be large enough to produce the
necessary data, but not large enough to disturb process operation or to
cause the process to exceed its normal or linear limits. In general, the
largest allowable upset 15 the best. If the upset must be kept small, the
recorder can be recalibrated to expand the reading. From the resulting
reaction curve, the first- and second-order time constants can be evalu-
ated using the ““percent-incomplete’” method.

Percent-lncomplete Method

From Figure 13-5 (the reaction curve for a tvpical second-order. two-
time-constant svstem) percent incompletion of the process (100 percent
minus percent completion of the process) is calculated and tabulated,
Note that if any dead time is known to exist, it should be subtracted
from the time coordinate of each percent-incomplete point. Dead time
(ulso called rransportation time) is revealed by the reaction curve: it iy
the time it takes for a change in variable 1o travel™ to the measure-
ment point. No such dead time is present in the Figure 13-3 curve—the
output begins to change immediatelv, For example, dead time in a

oo

a0

ap

50

A0

3

PERCENT RESPONSE

0

Q i 2 3 & [ & T
TIME {Minutes)

Fig, 13-5. Response of process with two time constants.
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heating process could be the time reguired for the heated fluid to reach
a measuning element located some distance downstream: then calcula-
tions would be made from a reaction curve whose time axis is shifted to
eliminate this dead time.

The percent-incomplete curve 15 plotted on semilogarithmic graph
paper (Figure [3:-6); percent incompletion is plotted on the vertical axis
and time on the horizontal axis. At time zero no change has taken place
and the reaction is 100 percent incomnlete (curve A in Figure [3-6).

In order to determine the first time constant (7). curve B is drawn
by extending the linear portion of curve A back to the zero-time axis,
The intercept of curve B at zero time is point P,. In Figure 13-6 point #,
is 133 percent, The first time constant (T is the time it takes curve B to
reach 36.8 percent of £ . Time constant §, is found by marking a poini
(P, at 368 percent of 2, In Figure 13-6, P, = (L3683 = [33 = 49 per-
cent imcompletion. The time it takes tor curve B to reach an ordinate
ivertical height on the graph) equal to that of P, (49 percent incomple-
tion) in Figure 13-6 15 2 minutes. Thus, T, is 2 minutes.

220 ' — T I — —

FERCENT INCOMPLETE RESPOMNSE

TIME | MINUTES)

Fig. 136, Fmding two tfime constants by the percent-incomplete method.
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Curve Cis plotted to determine the value of the second-order time
constant (7). Curve C s the numencal diference between curves B
and A: at any time the ordinate of curve C is equal 1o the ordinate of
curve B minus the ordinate of curve A, If curve C is not a straight line,
the svstem cannot be completely represented by two time constants.

Curve U has a zero-time intercept (point y) of 133 percent minus
O percent, or 33 percent. Point /7, is 368 percent of P, or 1201
percent incomplete.

The second-arder time constant (7,) is equal to the time it takes for
curve O to reach an ordinate of 12,1 percent incompletion. In Figure
13-6 this 5 0.5 minute.

As an approximate check on the plotting, the zero-time intercepts
of curves B and C may be found by using the time constants in the
following expressions, For P,

P, = —t— (13-12)

From the graphical solution {Figure 13-6), ', equals 2 minutes and
T. equals 0.3 minute. Therefore, point P, the vertical intercept of
curve B, equals

£y = = [.33

i

or 133 percent. which is ¢orrect. For P

P= Tm T (1313

N

or 33 percent, which is correct,

Thus, the computed values are consistent with the graphical values
of Figure 13-4,

Using the time constants, the analog equivalent of the system can
be constructed based on its transfer function. This transfer function for
a first-order system is 1/ITS + 1), The percent-incomplete curve for
such a system was shown to be a straight line, For the second-order
system described above, the transfer function would be

[
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) | |
5 [T,5+ 1] [ns+ :]

where K = a constant.

The percent-incomplete method works well for second-order sys-
tems, but it is not generally practical for svstems ol higher order
because data accuracy uwsually is limited. However, in the heat-
exchanger (multicapacity system) analysis which will follow, the
results are camparable to those obtained by more sophisticated meth-
ods. In general, the percent-incomplete method can be used with suc-
cess for all second-order systems except those where curves A and B
are too close to one another,

Multicapacity System

The heat-exchanger response curve shown in Figure |3-7 has a greater
lag than the curve of Figure 13-35 for the two-time-constant system,
Thus, the vanation in the new curve A in Figure 13-8. The graphical
solution for the time constants proceeds as follows:

1. Tabulate percent-incomplete data (since the measuring element is
not located at any great distance, there is no predictable dead
time),

Fiot the percent-incomplete curve on semilog paper fcurve A in
Figure [3-81,

[0

LA bl g

E el
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a8 —1

PERCENT  RESHINSE

o i " P ¢ i W@ za dE @ e H O3 3 o
FIME [Sezonds|

Fig. 127, Response of multiple-time-constant system.
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13-5. Finding the o maor tme constants af the multiple-time -¢onstant system.

Extend the linesr portion of curve A to form curve B and establish
point &, (176 percent),

Point P, equals 0,368 of #,, From point £, (66 percent), draw a
horizontal line until it intersects curve B, The length of this line
represents the first time constant (8.5 seconds),

Plot curve € hy subtracting curve A from curve B (e,
Py =P =0 Py s the point where curve O intersects the zera-
time uxis |76 percent),

Point £, = 0.368 7, From £, 128.5 percent), draw a horizontal line
until it intersects curve C, The length of this line represents T (24
seconds).

Using the check previously descnbed in the text. verify the time-
constant values.

Since the heat exchanger is a multicapacity, multiresistance pro-

cess containing many time constants, the values of £, and £, do not
check exactly. However, the time constants found by the percent-

i
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incomplete methed are. in this case, nearly equal to those found by
more exacting methods.

Finding Control Modes by Step Analysis

Step-change process-reaction curves not only reflect the dynamic be-
havior of a process, but also are & means for finding the first-order and
second-order time constants, This is done by using the percent-
incomplete method. Theoretically, this methad could be used to find all
of the time constants in a process, but usually it is limited to second-
order systems in which the time constants are of different magnitudes,
Equally important, the reaction curve reveals the best control action
for the process, and additional data from the curve can be used in
calculating the aptimum controller adjustments.

Three criteria are of major importance in designing a process Con-
tral system. One, continuous cveling of the controlled variable must be
avoided (except where on'off control is acceptable). Two, offset should
be kept 1o a minimum. Three, control should be capable of returning
the varable to the set point as guickly as possible. For a glven process,
the simplest control system that still meets these regquirements should
be used. Information from the step-reaction curve can be used in the
selection of best control mode.,

Process controllahility (or difficulty) is revealed by the shape of the
reaction curve (Figure [3-9). The nature of the response can be ap-
praised hy two factors: the time (M) it takes the curve to reach its
maximum rate of change. and the value of the maximum rate of change

TuivE &

| I ..._:._.I
5

[ e .

Fig, 134%, Typical response curves of systems with multiple-time-constants. The
tangent is constructed-al the curve™s maximum rate of rise. (3 is delay tme: M is the
time o maximum rate of rise.
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Islope of the tangent line in Figure 13-9), In general, the larger the
product of these two factors—that is, the more pronounced the 8"
shape of the response curve—the more difficult the process. The pro-
cess represented by the curve at the nght in Figure 13-9 is thus more
difficult to control than the process represented by the curve at the left.

On/Off Control Action

The on'off {two-position) controller operates only when the measure-
ment crosses the set point. In on/off contral, & valve would have only
two positions—tully opened or fullv closed: the energy or material
supplied to the process is always either too much or not encugh. As a
result, the output measurement always eveles above and below the set
point. However, when on/off control is applied to the right type of
process, the amplitude of the oscillations of the controlled variable is so
small that the output appears to be constant. However, small ascilla-
tions are always present.

Un/ofl contrel is best applied to a lorge-capacitance process that
has essentially no dead time, such as a large tank or bath. The rate of
rise {or fallt of the output curve is small because the encrgy inflow is
small compared with the large capacitance of the system. The response
curve would be more like that of the left curve in Figure 13-9, 4 svsiem
where dead time 15 shoet aned eate of rise is slow can Be handled adegquatefv
frv emfedl control,

Proportional Control Action

Proportional sction is required for contral when the system has smal
capacitance and thus a faster response to input changes.

A proportional controller continuously throttles o control valve
when the measurement is within the proportioneal band (Figure 13100, A
narrow band means full valve travel for a narrow range of variables: a
wide band means that the variable moves over a wider range before full
valve travel occurs. Unlike on/off control, the proportional controbler
can “'meter’’ the energy input to counteract variations from the desired
set point, and thus maintain one control poimt without oscillation
arcund the set point,

With proportional control, however, offset accurs due to load
changes. This is undesirable in some situations. Narrowing 4 propor-
tivnal band can reduce the amount of offset, but too narrow a band
leads to cycling. Accordingly, the proportional band setting for op-

]
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timum control 1s generally just abowve this entical oscillating point (Fig-
ure 13-111

A bathroom shower is an example ofa small-capacity process. that
is, the capacitance of the system s smull compared to the flow rate of
energy 1o the system. The reaction curve for this system would show
that the Iag is relatively short and the response is rapid. In Fect, most of
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Fig. 13-11. Curve A resalts when the proportional Hamd 15 (o0 wide (msensitive)
Dscillation results (Bl when band s too narrow. Proportional band setung foc optimem
contrel () 35 just above the pomt of oscillation
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this is lug in the measuring system itself, The rate of rise of temperature
in o shower is faster than that in a bath because the volume per minute
of incoming hot water is larger in comparison with total volume of
wiler in the system, Thus, a shower would need proportional control
whereas the bathtub can use onfoff control,

The response curve of 4 shower process would be similar to that
illustrated in the curve at the nght of Figure 13-% Since lag is short and
maximum rate of rise 1s relatively high, proportional control action s
the proper selection.

Proportional-Plus-Integral Action

For some processes—{or example, the measurement and control of
flow—a wide proportional band is necessary to eliminate cyeling. A
wide band means that large amaunts of offset can occur with changes in
lead, and 1t i3 necessary to introduce a control function that will reduce
offsel and thus return the measurement to the set point even if a load
change occurs. This function was first known as automaric reser | Figure
13-12, but is now correctly called integral action,

The response curve of the flow loop shown in Figure 13-13 might be
simifar to that illustrated by the right curve in Figure 13-9. Note that the
process takes a relatively long time to reach its maximum rate of rise,
and that its maximum rate of change is higher than the larger capacity
system represented by the lefl curve in Figure 13-%,

4]
FLOW WOULD STABILIZE
HERE WITHOUT INTEGRAL
I
. | ) N -
= | =
= z
=2 |
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= f
o x
i | INTEGRAL TIME
- {x} 700 SHORT
DECREASED {2 To0 Lows
FLOW DEMAND () comrrec
o

TIME —+

Fig. 1312 Integral control action eliminates offset due 1o load changes
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Proportional-Plus-Derivative Control Action

While it is possible to use proportional-plus-integral action on difhcult
imulticapacity) processes, recovery [rom process disturbances often is
slow, In many such cases. derivative action can be added to hasten the
FECOVErY,

Dervative action of the controller s proportional o the rate of
change of measurement. Therefore, the control valve reaches a given
position seoner than it would with proportional action alone. Since the
amount of **lead” that the valve has on the measurement is propor-
tional to the rate of change of the measurement, denvilive action ¢an
he described in terms of time, If derivative times is set in accordance
with the requirements of the process, the proportional band may be
narrowed without creating mstability (Figure 13-14),

Proportional-plus-derivative control actions uare generally em-
ploved on discontinuous processes (for example, batching operations
involving periodic shut-down. emptying, and refillingl. Here, the pro-
portional and integral combination would not be applicable because
time lugs are long and operation is intermittent.

Proportional-plus-derivative control action also 15 recommended
for processes emploving duplex control action where one of the 1wo
control mechanisms always is inactive, In these situations, denvative
conirel action (bécause i1 is rate sensitive) permits use of a narrower
proportional band. thus reducing the deviation of measurement from
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Fig. 13140 Addition of derivative {frate) action can often permit a narrower propoctional
band without creating instahility,

the set point. Dervative action alse reduces the amount of overshoot at
the start of a batch operation.

Proportional-Plus-Derivative-Plus-Integral Control Action

A gas-fired vil-heating furnace (Figure 13-13) presents a difficult control
problem. The messurement is slow in reaching the maximum rate of
rise (similar to right curve in Figure 13-1), but the maximum rate is
high. Following a change in valve position, the measurement is slow to
change because the furniace has large capacity and there is lag in the
measurng system. However, once the process is under way, it reaches
a high rate of change because the heat capacity of the furnace is large
campared to the heat capacity of the fluid in the furnace tubes (oil).
Therefore, all three comtrol modes (proportional-plus integral-plus
dervativel can be emploved to advantage.

Using the Reaction Curve to Determine Controller Adjustments

A passive system is one which has no independent energy inputs: pro-
cess gain can never exceed unity, For passive processes, there are
empirical formulas which predict the optimum settings for propor-
tional, integral, and dervative control actions. Four quantities are de-

i
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Fig. 1315 CGins-fired oil-heating Turnace is a Cdifficult-to-contral ™ process that reguires

all three control modes.

termined fromy the process reaction curve for inclusion in the formulas:
time delay, time period, a ratio of these two. and plant gain {Figure

13- 16},

With a line drawn tangent to the curve at its point of maximum nse,
the time delay () extends from zero on the horizontal axis 1o the point
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where the tangent line intercepts the fime axis. The time period (L)
extends from the end of the delay period to the time at which the
tangent intercepts the 100 percent completion (maximum measure-
ment) line. The ratio (8) of the time period to the time delay describes
the dynamic behavior of the system;

R=L/D

The last parameter te be used in the equations is the plant gain (),
Plant gain is defined as the percent change in the controlled variahle
divided by the percent change in the manipulated variable (valve
stroke).

For the response of a typicul heat exchanger ( Figure 13-16). 2 = 4
seconds and L = 12 seconds, The ratio (R) iy

K= LiD= |3/4:=3

Since the span of the measuring transmitter is 200°F, and the
temperature change is MFF, the percent temperature change is

Table 13-1. Control Action Belationsbips for the Klealized Controller

CQUECAEST REXPONSE DUTCKEST RESPONSE
WITHOLT OV ERSHONT WiTH 27 GVERS HOOT
Neep Nreg: Steyp Steg
e fn Chatgr Charge i Clhanpe
Munipnlaied i Muaniorluted  in
Tvpe of Coniral Variahle Lo Visriade Livgad

STRAIGHT PROPORTIONAL

e ; 330 33 C 143 C 143
Proportonal band o= =in L= D
Ipercent| = R R R
PROPORTIONAL & INTEGRAL  4q000 167 ¢ 167 C 143 ¢
Proparmional band i R " W
{percenti=
Integral e htT I . o
(rime umts of Dy= R i HEEEES w3 R
PROPORTIONAL & INTEGRAL
& DERIVATIVE IhT 105,2C |82 C B3
Progartionsdl band H [ R ]
{percentt=
Inteeral S 5 De ) 167 B
{tinve unirs of D= R ® DO R

Dervative 0.3 RD 0:4 RD 0.45 RD 0.5 RD
(time upits of D= L C [ T
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JCF/200°F = 0,15 = 15 percent. The percent change in valve travel
which produced this temperature rise was 3 percent, The plant gain is,
therefore,

C=15/5=13

The empirical equations in Figure 13-9 describe the optimum pro-
cess control settings for each of three types of control actions. They are
defined for the idealized controller and, therelore, require slight correc-
tions, depending on actusl controller configurations. They do, however,
provide a close approximation to eptimum settings, The equations are
based on the work of Chien, Hrones, and Reswick (Ref. 3.

For control without overshoot, one of the first two columns of
Table 13-1 is used. If 20 percent overshoot can be tolerated. then the
formulas in the third or fourth column are applicable. Overshoot, as
shown in Figure 13-17, reduces the time it takes for the measurement to
regch the set point,

Since a heat exchanger is classed as " difficult to control,” 1t proba-
bly will require all three control actions—proportional, integral, and
derivative. In the reaction test, the step change was in the manipulated
variable and, assuming no oversheot, the formulas in column | would
be used, Again, & = 3 (dimensionlesst, € = 3 {dimensionless), D = 4
seconds, and L = 12 seconds.

Substituting into the equations in Figure 11-9,

Proportioni] band = 167 C/R = |67 % 3/3 = 167 percent
Integral time = 1.67DC = 1.67 x 4 ®x 3 = M seconds

Denvative ime = L3 RD/C = 0.3 = 3 =2 4/3 = 1.2 seconds

|

\§ 22

OVERSHOOT

CONTROLLED VARIABLE

TIME ——#

Fig. 1317, Besponse from o step change in manipulated variable for quickest recavery
with po overshool Ce/7h and quickest recovery with 20 percent overshoot {rfghrl,
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Controllers manufactured by The Foxboro Company are of the
series-connected type. For these controllers, the proportional band
needs no correction factor. However, the integral time should be multi-
plied by 100/ percent P8 und the derivative multiplied by percent P8/ 100,
The corrected values therefore, are

20 % 100/167 = 12 seconds

Il

Corrected integral rime

Corrected denvative time = 1.2 x 167/100 = 2 seconds

Many other controllers are parallel connected, If a parallel-
connected controller is emploved, the correction becomes considerably
more complex.

These values have been confirmed by actual tests on a heat ex-
changer. The resulting recovery curve is similar to the left curve in
Figure J3-11,

If 20 percent overshoot is permissable, the formulas in column 3
would give

Proportional band = 105.2C/R = 1052 = 3/3 = 105.2 percent
Integral time = 1.43DC = 143 % 4 % 3 = 7.6 seconds

045 ROC = 0:45 x 30473 = 1.8 seconds

Derivative time
The corrected values of integral and derivative are:

Corrected integral time — 7.6 % (00/105.2 = 16,9 seconds

Corrected derivative ttme = 1.8 »% 1052100 = .89 szconds

These settings also have been confirmed o a heat exchanger, and
results are similur 1o the right curve in Figure |13-17.

The step analysis of 4 reaction curve 15 not exact but is an empirical
approximation. However, it requires little or no special equipment and
serves as o reasonably complete identification of dynamic behavior,
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MPF/200FF = (L15 = 15 percent, The percent change in valve travel
which produced this temperature rise was 5 percent. The plant guin is,
therefore,

C=15/8=73

The empirical equations in Figure |3-9 describe the optimum pro-
cess control settings Tor each of three types of control actions. They are
defined for the idealized controller and, therefore, require slight correc-
tions, depending on actual controfler configurations. They do, however,
provide a close approximation to optimum setlings. The equations are
based on the work of Chien, Hrones, and Reswick (Ref. 3},

For contrel without overshoot, one of the first two celumns of
Table |3-1 is used, If 20 percent overshoot can be tolerated, then the
formulas in the third or fourth column are applicable, Overshoot, as
shown in Figure 13-17, reduces the time it takes for the measurement 1o
reach the sel point.

Since a heat exchanger is classed as “difficult to control,”" it proba-
bly will require all three control actions—proportional. integral, and
denvative. In the reaction test, the step change was in the manipulated
variable and, assuming no overshoot, the formulas in column | would
be used. Again, B = 3 (dimensionless), C = 3 (dimensionless), ) = 4
seconds, and L = 12 seconds.

Substituting into the equations in Figure |1-9,

Proportional band = 167 C/R = 167 = 3/3 = 167 percent
Integral time = 1.670DC = 1.67 ® 4 ® 3 = 20 seconds

Dervative time = 0.3 R/C =03 ¥ 3 = /3= 1.2 seconds

1

u |
ﬁt S5ET |
& ponr_/\ § 20%
= |
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Fig: 1317, Response from a step change in manipufated variable for quickest recovery
with no overshool {lefr) and guickest recovery with 20 percent overshoor irioht ),
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Questions

131, A trnsler Tunction relates:

[mput to output altenuition

Input potential to output potential

Input dewd tome o output dead time

. Behavior of the ourpin to the behavior of the tnpin

[~ M = -]

13-2. When used in block diwgram the transfer function is:
f. A shorrhand notation
b, An algebraic formula
€. A slatic expression deseribing the relationship
d. Useless if more than one lime constant s involved

13-3, The percent-incomplete method enables you o delerming the
following:
a. First-, second-, and third-order Time constants
b, First- and second-order time constants
¢, Second- and thicd-order time constints
d. Anv number o Ume conslants

13-4, The percent completion curve s 1 - (o7 /T where ¢ 15 the natural
lngarithm bzge T TIR ¢is actish time, and T s fome-constant time. When the
actual nme eguals the tme-constant time. the curve will be ar the following
perveniage of completion:

w. 368 percen €. 100 percent

b. 63 X percén d, i} pércent

13-5. Pure dead time such as transporiation lag:
w. Bhould be subtracted from the time coordinate For cach
percent-incomplele: poiml
h. Makes the percent-incomplete method useless
¢. Makes the percent-incomplete method more gecurate and very useful
d. Shauld be added 1o the me coordinate for each percent-incomplete
poant
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13-, The shape of & process reaction curve indicates:
#, Process productivity
b. Process safetv
e. The tvpe of control valve required
d. Process controllability

137, Ondoff contral can be effectively applied to a process where:
d. Dread time s short and cate of rise 5 slow
b. Lag is short and maximum rate of rise is high
¢, The aperation is continuous
d. Dead time lag is 1éss than 5 minutes

I3-8. A passive system i one that
a4. Has (0 pain
b, Has noindependent eneregy inpuis
e, Will never explode
do Ts entirely safe for anyone 10 operitle

13-9. Apinspection of the relationships for the idealized controller:
#. Heveals that integral time always equals derivatuve time
b, Proves that, properly applied, derivative tends to stabilize the svstem
v. Proves that, properly applied, integral tends to stabilize the system
d. Establishes the values of the process time onstants

13- 10, A control valve |s moved 3 percent and the resuliant reaction curve
has a £ vatue of 3seconds and an L. value of ¥ seconds. The measuring
transmitter has o span of 400°F, and after the process has restabbized, the
temperature is 40°F ahove the initinl value. A three-mode controller has been
sefected 10 control the process, The approximate controller sellings for no
vvershoot would be;

a. PB = |67 percent, Integral = 20 seconds, Derivative = 1.2 seconds

b. PB = 100 percent, Integral = 44 seconds, Derivative - 18.5 seconds
¢ PB = 74 percent, Integral = 4.4 seconds, Derivanive — 185 seconds
d. PB = 110 percent. Integral = 10 seconds, Derivative = 1,39 seconds

13-11. Having calculated the controller adjustments and dialed them into the
controller we should then:
a. Mever agdin louch the controller
h. Trim the adjustments in small increments, carefiully observing the
results until the optimum results are achieved
o Apply these results o every other process in the plam
. Apply these results only to the process from which the datn were
obtained or w0 similar svstems in the area

1312, A heat exchanger i successfully contralled with a three-mode
controlter. Then. due to an accident, the measiring transmitter with a span of
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HFF must be replaced. The replacement transmitter is very similar, has the
same center seale reading. but hasa span of 300°F. All the controller
ddinstments;

4. Will rémain the same

b. Must be altered by a factor of 1.3

. Must be altered by a factor ol .66

d. Will remain the same except for the proportional band. which will

hecome approximately two-thirds of its previous value




Frequency Response Analysis

Open-loop frequency response analysis of a control system or its com-
ponents provides dynamic characteristics of the system. Corner
frequencies reveal the Lime constants,

The step-response method described in Chapter 13 provides a
means for obtaining the process time constants and for selecting the
type of controller and its opumum settings, Although the method is
simple and wsually sufficient, there are limitations. For example, a step
upset could disrupt process operation in a plant,

Frequency response is another method for analyzing the charac-
teristics of the process. Since it usually is less upsetting to a process
than step response, it s more widely applicable. The dats derived from
a frequency test can be used to indicate the type of controller, optimum
settings, and other factors influencing the design of the process and the
control system.

The basic technique consists of changing a variable {(such as the
input signal to a valve) in sinusoidal fashion and measuring its effect on
the system. For example (Figure [4-1), a sineswave generator and a
transducer can be used to apply a pneumatic sinusoidal input signal to a
valve actuator. The resulting varation in process output pressure is
recorded and is a measure of the system response (valve, surge tank,
piping, and pressure device) 10 the input signal,

328
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&
RECORDER

FRESSURE

SENTOR

1
J.

Fig, 14-1. Freguency respomse tost of a pressure system

What happens o the sinusoidal signal that is transmitted? The
frequency of the outputl signal is always the same as that of the input.
but the amplitude of the pressure variation will change, As the fre-
guency of the input signal {valve pressure signal) increases, the ampli-
tude of the output (pressure) signal will probably diminish, The ratio of
output signal amplitude to input signal amplitude is the gain of the
system, sometimes called amplitide ratio, or arrenation (when gain is
less than unityl

The second basic consideration is the change in phase which the
signal undergoes. Since the surge tank and piping contribute both
capacitance (€ ) and resistance (R} to the system, there will be a lag that
produces a change in phase—that is, the output fluctuations will not
occur simultaneously with the input fluctuations but will be offset in
time. Since each RO component in any system produces a lag, and
since the lag depends on the frequency, a certain combination of fre-
guency and gain will induce cycling in any closed-loop operation. The
contral system designer must see that this combination does not oceur,

Ciain and phase shift should be noted over a range of frequencies
from very low {where attenuation and phase shift are minimal) to high
(at which attenuation and phase shift are marked), Typical input and
output signals are shown in Figure 14-2, Each chart shows the gain and
phase change al a given frequency. A series of such charts gives the
amplitude ratio and phase shift for many frequencies. Gain and phase
versus frequency then can be plotted on a Bode diagram (Figure 14-3),
I special Bode graph paper is available, the two graphs can be plotted
on the same piece of paper: otherwise separate sheets will suffice.

The gain can be expressed in terms of amplitude ratio on a log
scale, or decibels on a linear scale as shown in Figure 14-3. (The decibel
rating is equal to 20 times logarithm to the base of 10 of the amplitude
ratio.) Using either of these scales, the gains of individual system com-
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ponents can be added graphically to produce the gain of the entire
system. This is the same as multiplying the individual gains (since both
scales are based on logarithms), and the product of these gains is the
gain of the entire system.

Although the frequency response technique is theoretically re-
stricted to linear systems, nonlinear systems also can be tested if the
amplitude of the input signal is kept sufficiently small, and provided
there are no discontinuities.

Finding the Time Constant from the Bode Diagram

The Bode diagram of the valve shown in Figure 14-3 is similar to that of
a single-capacity single-resistance system. The time constant of a sys-
tem is the time it takes to develop one radian (one cycle divided by 2)
at the so-called corner or break frequency. Gain (G) = 1/(1 + joI); at
high ©, G = l/jol; where G = 1, oT = I; T = 1/w. The corner fre-
quency lies at the intersection of the unity-amplitude-ratio line
(gain = 1, db = 0) and the line which is asymptotic to the downward
slope of the curve. It is a measure of system response; the higher the
break frequency, the faster the response. In other words, as the flat
(horizontal) portion of the curve extends farther to the right, higher
frequency disturbances can be handled. In Figure 14-3, the corner fre-
quency f. is 0.2 cycle per second; therefore, the time constant is

e = (1.8 second (14-1)

7 ox 02

Testing a System

Figure 14-4 is a block diagram of a heat-exchanger control system. If
the transfer function of each component or block is known, actual tests
are unnecessary because a mathematical approach can be used to ob-
tain the response curves. In some cases, curves for components such as

- PNEU. TEMP. PNEU.

3-MODE VALV HEAT

SET —9 conTroL ] TUBING |— MOTOi — EXE:'G'R — MEAS. |— TUBING —>
(100 FT) SYSTEM (I00FT)

FEEDBACK LOOP

Fig. 14-4. Block diagram of heat exchanger control system
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transmitters, receivers, and valve motors are available from the
instrument manufacturer or from the technical literature. An entire
process and its control system can sometimes be simulated wholly on
paper with no equipment necessary.

If a step-response test has been performed, and the time constants
determined, the frequency response curves can be constructed by using
the time constants—because the response curves for a first-order sys-
tem have a characteristic shape. Since the time constant is known, the
corner frequency can be calculated from Equation 14-1 and the decibel
curve can be fitted to the corner frequency valve, using a slope of —6
db/octave (gain decreases by a factor of 2 as frequency increases by a
factor of 2).

Location of the phase curve for a single time constant system also
depends on the corner frequency—this is where the 45-degree phase
shift occurs. At corner frequency (wT = 1), G = 1/(1 + joI) =
1/(1 + j), representing a vector at an angle of 45 degrees, with length
1/V2, or 3 db down. This curve is shown at bottom in Figure 14-3.

However, a frequency test must be run if response data are not
available for all components. Although each system component could
be tested individually, it is easier to group several components and test
the group. For instance, the heat-exchanger, valve motor, and
temperature-measuring system can be tested simultaneously to yield
the frequency response curves (gain and phase) for the three compo-
nents. The test could be expanded to include the two lengths of
pneumatic tubing. However, since tubing length might be changed at
some later date, it is best to obtain tubing data separately. If the length
does change, new response curves can be graphically added to the
curves for the other components.

Once the response data have been gathered, the gain and phase
curves are plotted (Figures 14-5 and 14-6).

In the heat exchanger example, it will be assumed that the steady-
state gain of each component, and thus the entire process, is unity. In
Figure 14-5, the gain curve for the three components (heat exchanger,
valve, and temperature-measuring system) is added to the curve for the
pneumatic tubing to produce the curve for the entire process. Since
there are two 100-foot lengths of tubing, the tubing curve is added
twice. (For simplification, this curve is an average of two curves, one
for a pneumatic line terminating in a valve motor and the other for a
line terminating at the controller.) Measurements are made from the
zero-db line, and points on the same side of the line are additive.

A controller has a response curve for each combination of control-
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Fig. 14-5. Gain curves.

ler settings. However, this family of curves can be simplified into a
single curve for each control mode because the integral action affects
the low-frequency response, the derivative action affects the high-
frequency response, and the proportional action is simply a horizontal
line. A set of the simplified curves is shown in Figure 14-7. All curves
are shifted up or down as the proportional band is changed; the integral
line is shifted to the left as the integral time is increased, and the
derivative curves also are shifted to the left as the rate action is in-
creased.

For continuous cycling to occur, the system must simultaneously
have a gain equal to or greater than zero db (gain of unity or more) at a
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' 41 [PNEUMATIC TUBING
4N
50 _;
" \ 8% \\~-_---
] |
¥ -100
I AN HEAT EXCHANGER +
e NN ~VALVE + TEMPERATURE
w \\/ MEASURING SYSTEM
@ -150 -
3
a, COMPLETE PROCESS
(EXCEPT FOR CONTROL)
1 L L Likad A I!,
ol 1.0 )
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Fig. 14-6. Phase curves.
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Fig. 14.7. Simplified control-mode response curves.

phase shift of —180 degrees. The proportional band that results in a
gain of unity at this — 180-degree point is called the ultimate proportional
band. The ultimate proportional band is the one which, when added to
the process curve, produces a gain of unity at the critical — 180-degree
phase point.

In Figure 14-6, the — 180 degree phase shift occurs at a frequency of
1.4 cpm. At this frequency, the gain is —11 db, or an amplitude ratio of
0.28. To raise the process curve to zero db at 1.4 cpm, the proportional
band (PB) curve would be a horizontal line at + 11 db or 3.55 amplitude
ratio. Since PB is (1/amplitude ratio) x 100, the ultimate proportional
band (PB,) is, therefore,

PR, = 555 X 100 = 28%

A second factor of interest, called frequency ratio, is a measure of
the system response beyond the — 180-degree phase point. The ratio of
the frequency at —270-degree phase change to the frequency at —180°
phase change gives this. For the heat exchanger, this ratio (f,) is 2.8
cpm/1.4 cpm, or 2.0.
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Dead time is another factor to consider. Dead time increases phase
lag without affecting the gain curve. If the total dead time for the
system is greater than about 0.1 of the largest system time constant,
there will tend to be overshoot with three-mode control.

The PB, tells much about the process. A rough estimate of offset
(with straight proportional action) is PB,/2. In the heat exchanger this
would mean an offset of approximately 28/2, or 14 percent. Therefore,
if the span of the temperature measuring instrument were 100 degrees,
offset would be in the neighborhood of 14 degrees. If this amount of
offset proved to be troublesome, the integral mode should be consid-
ered, keeping in mind that the addition of integral action can cause
overshoot on startup.

Another rough indicator can be used to point out the necessity for
derivative action. If the 270 degree/180 degree frequency ratio (f,) is
two or greater, derivative can be used to advantage. Derivative action
raises the high-frequency end of the process curve to increase the
—180-degree frequency.

For the heat exchanger, all three control modes were selected.

Control Objectives

Since cycling occurs when a process plus its control has a gain of one or
greater at the same time that its phase is —180 degrees, the major
control objective is to separate this phase and gain by as large a
frequency spread as practical. To ensure this spread, two quantities are
defined—gain margin and phase margin (Figure 14-8). Gain margin is
the amount that the gain curve differs from unity (0 db) at the - 180-
degree frequency. Phase margin is the amount by which the phase
curve differs from — 180 degrees at the 0-db frequency.

When one of the margins is set at a desired value, the other margin
is fixed. Widening either the phase or gain margin reduces the settling-
out time (after a change in set point) until, in the ultimate, all overshoot
is eliminated. In general, the gain margin does not fall below —5 db nor
exceed +10 db. When the phase margin is used as the controlling
factor, it usually lies between 40 degrees and 60 degrees, with 50 de-
grees as a good compromise.

Control mode curves must be added in sequence—derivative first,
followed by integral and proportional band. The proportional band
must be added last because it adjusts the process gain without affecting
the phase; the other modes affect both gain and phase simultaneously.
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Adding Derivative

Although placement of the derivative curve is somewhat arbitrary, one
successful method is to align the +50-degree point of the derivative
curve with the —180-degree point of the process curve (Figure 14-9).
When these two curves are added graphically, the —180-degree fre-
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Fig. 14-9. Phase curve of process plus derivative.
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quency shifts to the right. The position of the derivative phase curve
determines the position of the derivative gain curve.

Adding the derivative gain curve to the process curve (Figure
14-10) raises the process gain curve. At the new — 180-degree frequency
of 2.2 cpm, the gain of process plus derivative becomes —11 db. The
derivative time is also a function of the corner frequency of the deriva-
tive gain curve; it is the frequency at which the gain of the curve is +3
db.

derivative time = —
27 x derivative-curve corner frequency

From Figure 12-10, the corner frequency is 1.1 cpm; therefore,

derivative time = = 0.142 minute

27,. X 1 1
Adding Integral

The next control mode to be added to the process-plus-derivative curve
is the integral (Figure 14-11). Here the — 10-degree point of the integral
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Fig. 14-10. Gain of process plus derivative.



338 CONTROL LOOP ADJUSTMENT AND ANALYSIS

o -1
-10° POINT
0
--.\ "’)’
N /f“
5 -50 //><\
& T N PROCESS + DERIV
o Lttt \\ /_
o T [l D N
~ -100 ™
w PROCESS + DERIVATIVE = N,
@ +INTEGRAL LN
z PHASE \
-150 MARGIN 4
(55°) &+ —170° POINT
1]
B -
, _ -180° POINT-*
200 N
ol 1.0 10

FREQUENCY (CYCLES PER MINUTE)

Fig. 14-11. Phase of process plus derivative plus integral showing phase margin.

curve is aligned with the —170 degree point of the process-plus-
derivative curve. This shifts the — 180 degree slightly left to a frequency
of 2.0 cpm. In general, adding integral lowers the total phase curve
since the integral phase curve lies entirely below zero.

Adding the integral gain to the process-plus-derivative curve (Fig-
ure 14-12) raises the low-frequency response. Note that the high-
frequency end of the curve does not change.
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Fig. 14-12. Gain of process plus derivative plus integral.
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integral time = 27 X integral-curve corner frequency
The corner frequency here is also at the 3-db point and is equal to
0.26 cpm. Therefore,

integral time = = (0.615 minute/repeat

27 x 0.26

If the controller is calibrated in repeats per minute, the reciprocal
of this number is used.

Adjusting the Proportional Band

Adjusting the proportional band moves the gain curve vertically but has
no effect on phase. From Figure 14-11, the —180-degree frequency of
process-plus-derivative-plus-integral curve is 2.0 cpm.

From Figure 14-12, the gain of process plus two control modes
(corresponding to 2.0 cpm) is — 10 db, or the gain margin without pro-
portional band is 10 db. To obtain a gain margin of 5 db, the curve can
be raised 5 db. This is accomplished by adding a proportional band of
+5 db to the process-plus-derivative-plus-integral curve. Since +5
db = 1.78 amplitude ratio,

1
PB—WXIOO

=56.2%

The final gain curve is shown in Figure 14-13.

The phase margin is found by first noting the frequency of the gain
curve of the process plus the three control modes at 0-db gain. From
Figure 14-13 this is 1.0 cpm. Since at 1.0 cpm the phase is —125-
degrees, the phase margin (Figure 14-11) is 55 degrees (180 degrees
— 125 degrees). The curve of process plus derivative plus integral
(PB = 0) in Figure 14-11, and the gain curve of the process plus all
three control modes in Figure 14-13, are the open-loop response curves
of the process plus its control.

Closed-Loop Response

Using data from the open-loop response curves, closed-loop response
can be found from a Nichols diagram. The Nichols diagram, or phase
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Fig. 14-13. Gain of process plus all three control modes. A controlling gain margin of
5 db determines the value of the proportional band.

margin plot, may be used to define system performance. It is a plot of
magnitude versus phase. The magnitude is plotted vertically, and the
phase is plotted horizontally. For a more detailed description, refer to
an advanced text on frequency response techniques. Closed-loop re-
sponse is automatic control; manual control is open loop. If the open-
and closed-loop responses are plotted on a single Bode diagram, much
interesting information can be obtained. For instance, a plot of the ratio
of closed-loop to open-loop magnitude ratios reveals the effectiveness
of the controller in handling various disturbance frequencies. Also, if
the process plus its control resembles that of a second-order system
(this is valid in many cases), such quantities as the natural frequency of
the system, damping factor, and settling time can be estimated. Also
calculable is the peak deviation after a set-point change.

Conclusion

The frequency response method is both a test and a graphical technique
to obtain information about the control loop. The instrument manufac-
turer can put these tests to good advantage in evaluating instruments.
However, few plants would allow the process disruptions caused by
frequency response testing. Perhaps the greatest benefits are the
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graphical solutions of rather complex problems and the simultaneous
understanding of the system that is developed.

Questions

14-1. The frequency response technique is theoretically restricted to:
a. Nonlinear systems c. Closed-loop systems
b. Resonant systems d. Linear systems

14-2. The frequency response analysis technique is:
a. A test that can be quickly conducted without special equipment
b. A test that does not upset the process in any way
c. A test that will reveal controller settings, process time constants, etc.
d. Not suitable for large-capacity systems

14-3. The first-order time constant or single time constant occurs at a phase
shift of:
a. 90.0 degrees c. 45.0 degrees
b. 63.2 degrees d. 36.8 degrees

14-4. In constructing a Bode diagram on linear graph paper the gain
(vertical) axis should be expressed in terms of:
a. Decibels ¢. Linear gain
b. Gain ratio : d. Maximum gain

14-5. In using the frequency response method as a graphical analysis
technique, the only component that usually requires actual testing is the:
a. Controller ¢. Closed-loop combination
b. Process d. Control valve operator

14-6. The frequency response of a three-mode controller:
a. Displays the quality of the controller
b. Varies according to the manufacturer
c. Can be manipulated to a desired curve shape through mode adjustment
d. Is fixed and always remains rigid

14-7. The frequency response gain curve is not affected by:
a. Proportional band ¢. Integral
b. Dead time d. Derivative

14-8. When control mode curves are added, the following order must be
observed:
a. Proportional, integral, and derivative
b. Derivative, proportional, and integral
c. Integral, proportional, and derivative
d. Derivative, integral, and proportional
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14-9. When the frequency response curves of all loop components are
added, the resultant curve becomes:
a. The closed-loop curve
b. Useful in that the Nichols diagram will then reveal closed-loop
response
c. Interesting from an academic standpoint only
d. A measure of controller effectiveness

14-10. Perhaps the greatest benefit of the frequency response technique is
that it:
a. Provides a method of controller adjustment
b. Makes it possible to predict stability
¢. Provides a method of measuring time constants
d. Provides the student of automatic control with a clearer insight as to
what occurs within the control loop



SECTION V COMBINATION CONTROL SYSTEMS

Split-Range, Auto-Selector, Ratio,
and Cascade Systems

Although conventional controllers satisfy most process control
requirements, improvements can be achieved in some situations by
combining automatic controllers (duplex, cascade, ratio). All of the
combination controller actions to be described can be achleved with
either pneumatic or electronic equipment.

Duplex or Split-Range Control

A duplex controller has one input and two outputs. It may have two
control mechanisms, each with an output, or a single-control mecha-
nism operating two control valves by means of relays or positioners.

The need for such a system is apparent in a process such as elec-
troplating. For example, the quality of bright chromium plating
depends largely on proper temperature control of the bath. With a given
current density and bath composition, variations in temperature not
only affect the final appearance, but also the rate of chromium deposi-
tion.

Temperatures a few degrees too high produce dull, lusterless plat-
ing. When tools are being plated with a hard chromium finish, low

343
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temperatures can cause hydrogen embrittlement of the steel, resulting
in cracking and tool failure.

Desired thicknesses and finishes can only be produced on succes-
sive jobs if the operating conditions are duplicated exactly (Figure
15-1). Plating current flowing through the electrolyte generates heat
that is normally dissipated by a controlled flow of cooling water through
the tank coils. Frequently, however, when large, cold metal pieces are
introduced, the solution becomes too cool for good plating. Also, on
startup, the temperature must be brought up to the operating level or
the initial batch will be below specifications. The problem is solved by a
duplex controller that adds cooling water when the temperature is too
high, and steam to the heating coils when the temperature is too low. If
the temperature is within acceptable limits, neither cooling water nor
steam is admitted.

The control action is pneumatically produced by a conventional
controller with proportional action (left in Figure 15-1). Controller out-
put is simultaneously fed to (1) the receiver bellows in a valve posi-
tioner, located on the water (cooling) valve, and (2) a similar bellows in
a second positioner located on the steam (heating) valve. If the control-
ler proportional band is adjusted to 10 percent, the response will be as
shown in Figure 15-2. The positioner on the steam valve is adjusted to
stroke the valve through its full travel when the air signal on the valve
positioner receiver bellows goes from 3 to 9 psi (20 to 60 kPa); the valve
is closed with 9 psi (60 kPa) applied to the positioner and wide open
with 3 psi (20 kPa) applied. The positioner on the water valve is ad-
justed to operate in the opposite direction; it opens the valve fully with
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Fig. 15-1. Plating process requires a duplex controller, one with one input but two
outputs.
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Fig. 15-2. Response of proportional controller with a proportional band setting of 10
percent.

15 psi (100 kPa) applied and closes it when the signal pressure is 9 psi
(20 kPa).

A properly aligned pneumatic proportional controller produces an
output of 9 psi (60 kPa) when measurement and set point agree. In this
example, both valves would be closed with a signal pressure of 9 psi (60
kPa). If measured temperature rises above, or falls below, the set
point, water or steam would be circulated in proportion to the mea-
surement’s deviation from the set point.

Integral and derivative action could be incorporated in the elec-
troplating control system. However, neither one is required normally
because a system of this type usually is required to control only within
a narrow band of temperature (say 10 percent band) between heating
and cooling. Thus, integral and derivative modes are unnecessary.

On/off control sometimes proves to be the most economical and
satisfactory solution to the same problem—provided the process can
tolerate the cyclic operation that will occur.

Auto-Selector or Cutback Control

Auto-selector control is the opposite of duplex in that it allows the
automatic selection between two or more measurement inputs and
provides a single output to control a single valve. The auto-selector-
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Fig. 15-3. Pipeline operates safely on auto-select/cutback control.

control system continuously senses all measurements applied to it and
provides control action to the valve based on the value of the measure-
ment closest to its particular set point. All measurements must be
interdependent, that is, directly related to each other, for successful
auto-selector application.

While control may be either pneumatic or electronic, the electronic
type is ideal for this technique. A simple selector system, often found in
pipeline control, will be used as an illustration (Figure 15-3).

In attempting to operate a pumping station efficiently on a pipeline,
it is desirable to operate the control valve wide open at all stations
except one. One station will then become the limiting or throttling unit
and will pace the line based on the delivery requirements. However, if
any of the following conditions occur, it is necessary to cut back on the
position of the control valve:
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1. Suction pressure drops too low.

2. Motor load rises too high.

3. Discharge pressure rises too high.

If the suction pressure drops below a predetermined level, there is
danger of causing the pump to cavitate. If motor load rises above a
predetermined level, there is danger of overloading the motor and burn-
ing it out. If discharge pressure rises too high, there is danger of causing
problems downstream. Cutting back on the position of the final
operator will cause each of these variables to return to a safe operating
level.

Consider the operating parameters in the following example for a
pumping station:

1. All variables are on the ‘‘safe’’ side of their respective set points.
Suction is sufficiently high; motor load and discharge pressure are
sufficiently low.

2. A decreasing suction pressure will cause the output of the suction-
pressure controller to decrease.

3. An increasing motor load will cause the output of the motor-load
controlier to decrease.

4. An increasing discharge pressure will cause the output of the
discharge-pressure controller to decrease.

5. A low-signal selector is used. Its output will be equal to the lowest
input.

6. A decreasing input to the low-signal selector will cause its output
to decrease.

7. The control valve opens as its input increases (air-to-open).
Since all variables are operating in their ‘‘safe’’ zones, all control-

lers will have a maximum output, that is, 100 percent, and the control
valve will be wide open.

Assume that the suction pressure drops below the predetermined
low limit, as will be indicated on the suction-pressure controller’s set-
point dial. Output of the suction-pressure controller will start to de-
crease. This decreasing output will be selected by the low-signal selector
and transmitted to the control valve. The control valve will close until
the suction pressure is brought equal to the preset limit. Assume this
condition is met with a 50 percent valve position.

If all of the controllers in a cutback system contain proportional-
plus-integral action, integral windup should be anticipated. In order to
prevent this condition, a special type of ‘‘external feedback’’ is em-
ployed. The selected output is fed back to each controller’s integral
circuit. This feedback (rather than conventional feedback, where a con-
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troller’s output is fed to its own integral circuit) conditions all of the
controllers whose outputs are not being selected.

Assume one of the other variables, for example motor load, ap-
proaches its limit. As soon as the load exceeds the limit, the output of
the motor-load controller will begin immediately to decrease from 50
percent (the output of the low selector) and not from 100 percent as
would be the case if external feedback had not been provided. If the
control valve must start to move before the motor load reaches the
limit, a batch-cutback (auto-selector) controller should be used.

A slow, ramping-open of the control valve is a common require-
ment in starting up a pumping-station pipeline-control system. A ramp
generator providing a constantly increasing signal (commencing on
operator command) will smoothly open the valve at a controlled rate.
This generator simply becomes another input to the low-signal selector.

Provisions for switching the entire system to the manual mode of
control are normally incorporated into the system as an integral part of
the signal selector, or sometimes as a separate unit.

If an air-to-close valve is required, a high-signal selector should be
specified. The switch on each controller that determines whether an
increasing measurement will cause an increasing or decreasing output
should be changed to the action opposite to that used in the preceding
example.

Nonpipeline Application of Auto-Select/Cutback Control Systems

A nonpipeline application of a cutback system is shown in Figure 15-4.
In this system, the outlet temperature of the product is sacrificed if the
oil pressure drops below a preset low limit. In normal operation, the
temperature controller will regulate the oil pressure, and thus the heat
input, in order to maintain the product temperature at the desired con-
trol level.

If the demand for oil by the exchanger should start to diminish the
main oil supply (indicated by a falling oil-header pressure), the oil-
pressure controller will cut back the control valve, reducing the prod-
uct temperature and, at the same time, the consumption of oil. The
header pressure will now be allowed to recover and remain at the
predetermined low limit. Should other process demands for oil be
reduced, the oil-pressure controller will gradually open the oil valve
until complete control is returned to the temperature controller.

The one major requirement for auto-selector application is that all
of the measured variables must be interdependent, that is, regulated by
the single manipulated variable.
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Fig. 15-4. Temperature adjusts to reduce oil pressure.

Flow-Ratio Control
Assume a fixed ratio between two flow rates is to be controlled. This
would suggest a flow-ratio control. Acid-to-water ratio for a continuous
pickling process found in certain plants working on metal would be
typical. An acid-water-ratio control system for continous pickling au-
tomatically controls the addition of fresh acid in correct proportion to
the water used. The accurate flow control and proportioning of the acid
results in a stricter adherence to pickling specifications, and, there-
fore, a minimum consumption of acid. The system records and inte-
grates the consumption of both water and acid. Control of solution level
by the operator is also simplified since he need adjust only the water
valve. An installation is schematically shown in Figure 15-5.

Normally, variation of the flow of water, either to fill the pickling
tank or maintain the operating solution level, is accomplished by
pneumatically positioning a control valve in the water line by means of
a pneumatic manual setting station.

This is a typical ratio control system; however, it does have a
limitation. It is assumed that the instrument components are selected—
sized to provide the desired ratio of acid to water, and that this ratio
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will never need to change. Unfortunately, this is seldom the case,
making a method of ratio adjustment necessary.

The ratio factor is set by a ratio relay or multiplying unit. This unit
would be located between the wild flow transmitter and the flow-
controller set point (Figure 15-5). It is desired to control Flow B in a
preset ratio to Flow A. Flow transmitter A senses the wild flow. The
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Fig. 15-5. (continued)

ratio relay multiplies the output (0 to 100 percent) of the flow transmit-
ter by a manually set factor:

(Flow output A) X (Preset factor) = Output of ratio relay

This output becomes the set point of the controller that regulates
Flow B. At equilibrium, Flow B equals the set point of the controller,
or:

Flow B = (Flow A) X (Ratio factor)
Ratio factor = Flow B/Flow A

The following example may help in understanding a ratio-control
system. Assume that the range of Flow A is 0 to 100 gpm, the range of
Flow B is 0 to 100; the output of transmitters A and B changes linearly
from 0 to 100 percent as the fiow changes from 0 to 100 percent. The
ratio relay has a factor adjustment ranging from 0.3:1to 3: 1.

If the ratio factor is set at 1 (meaning a 1: 1 ratio), for every mea-
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sured gallon of A, the controller will allow 1 gallon of B to flow. If 50
gpm of A flow, then 50 gpm of B will flow. If the ratio factor changes to 2,
then 2 gallons of B will flow for every gallon of A. If 50 gpm of A flow,
100 gpm of B will flow.

If the range of flow transmitter B is changed to range from 0 to 10
gpm, while A remains 0 to 100 gpm, a 1 : 10 ratio factor is built into the
system. In other words, if the factor set on the ratio relay is 1, then for
every gallon of A that flows, 0.1 gallon of B will flow. Hence, the range
of the transmitters, as well as the multiplying factor set into the ratio
relay, determines the ratio factor for the system. Therefore, care should
be taken in selecting transmitter range in order to allow maximum
system flexibility. Try to choose a range so that the ratio factor is
normally in the middle. However, make sure that the transmitter range
will cover all process conditions.

Flowmeters used in a ratio control system are often orifice meters
or other constriction meters with differential-pressure transmitters.
Thus, transmitter output is proportional to the square of flow, rather
than being proportional to a linear relationship as in the above example.
(The transmitters in the example could be magnetic flowmeters, turbine
flowmeters, rotameters, and so on.) In this case, the ratio relay
provides the same 0.3:1 to 3.0:1 ratios between transmitter outputs,
that is between differential pressures. Since flow is proportional to the
square root of differential pressure, the actual flow ratios will be
(0.3:1)2t0 (3.0:1)'2, or about 0.6: 1 to 1.7 : 1. The ratio dial will have
a square root layout and indicate flow ratios of 0.6:1 to 1.7: 1. This
ratio range is the square root of the gain range.

A transmitter with a linear output cannot be used with another
having a square root output unless one or the other output is passed
through a converter to obtain its square or square root, as required.

More complicated systems may involve ratioing two or more flows
to the wild flow.

A ratio control system may be implemented in several different
ways with pneumatic or electronic hardware. The ratio delay may be
incorporated in the controller, and a ratio dial replaces the normal
set-point dial. This is normally called a single-station ratio controller
(Figure 15-5).

Cascade Controller

A cascade-control system consists of one controller (primary, or mas-
ter) controlling the variable that is to be kept at a constant value, and a
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second controller (the secondary, or slave) controlling another variable
that can cause fluctuations in the first variable. The primary controller
positions the set point of the secondary, and it, in turn, manipulates the
control valve.

The objective of the cascade-control system is the same as that of
any single-loop controller. Its function is sirply to achieve a balance
between supply and demand and thereby maintain the controlled vari-
able at its required constant value. However, the secondary loop is
introduced to reduce lags, thus stabilizing inflow to make the whole
operation more accurate.

The cascade-control technique is shown in schematic form in Fig-
ure 15-6. Two feedback controllers are used but only one process vari-
able (m) is manipulated. The primary controller maintains the primary
variable (C)) at its set point (r,) by automatically adjusting (r2) the set
point of the secondary controller. The secondary controller controls the
secondary loop responding to both its set point (r;) and the secondary
measurement (Cs).

The secondary controller may be regarded as an elaborate final
control element, positioned by the primary controller in the same way
as a single controller would ordinarily position the control valve. The
secondary variable is not controlled in the same sense as the primary; it
is manipulated just like any control medium. If, for example, the sec-
ondary controller is a flow controller, then the primary controller will
not be dictating a valve position, but will, instead, be dictating the
prescribed flow.

A simple, single-loop temperature-control system is shown in Fig-
ure 15-7, wherein the temperature of the liquid in the vessel is con-
trolled by regulating the steam pressure in the jacket around the vessel.
Since such a process normally involves a longtime constant, a three-
mode controller having a long integral time is required. This will pro-
vide satisfactory control as long as the supply of steam is constant, that
is, the upstream pressure does not change.

PRIMARY SECONDARY
CONTROLLER _ CONTROLLER

r DISTURBANCES j

PRIMARY
PROCESS PROCESS

Fig. 15-6. Cascade control technique.
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However, if the supply steam is subject to upsets, a different con-
trol scheme is needed. The temperature controller will not know that
the heat input (steam pressure) has changed until the temperature of the
liquid in the vessel starts to change. Since the time constant of the
temperature loop is long, the temperature controller will take a long
time to return the process to an equilibrium (a new steam-valve posi-
tion corresponding to the new level of heat input). Therefore, it is
desirable to correct for the change in heat input before it affects the
temperature of the liquid.

The cascade control system shown in Figure 15-7 will both control
the temperature in the vessel and correct for changes in the supply
steam pressure. The steam-pressure controller, called the secondary or
slave controller, monitors the jacket inlet steam pressure. Any changes
in supply pressure will be quickly corrected for by readjusting the valve
because this loop has a fast time constant, and, hence, a short integral
time. The temperature controller, normally called the primary or mas-
ter controller, adjusts the set point of the pressure controller as dictated
by the heat requirements of the incoming feed. Thus, the secondary
controller has its set point set by another controller rather than by a
manually adjusted dial. These secondary devices are termed remote-set
controllers.

For the cascade control system in the above example, the time
constant of the secondary control loop must be significantly faster than
that of the primary loop. If the time constant of the secondary loop is too
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long—equal to or even greater than the primary loop—cascade control
will provide no benefits. It may, in fact, cause stability problems. An
example of this occurs when a valve positioner, described in Chapter
10, is used for flow control. The flow process is faster than the valve
positioner and this produces a continuous cycle. Stating it another way,
the slave controller will not accept orders from the master controller
faster than it can carry them out.

Typical secondary loops or inner loops and primary loops may be
generally classified as follows:

Types of Set By
Inner Loops Anything but flow
Valve position Anything
Flow Temperature (with longer time
Temperature constant)
Inner (Secondary) Loops Control Modes
Valve position Proportional only
Flow Proportional plus integral
Temperature Proportional only

Mathematically, it could be demonstrated that a cascade system
will increase the natural frequency and reduce the magnitude of some
of the time constants in the system, both beneficial results. However,
the more evident benefits are reduced effect from disturbances, more
exact adjustment in the presence of disturbances, and the possibility of
incorporating high and low limits into the secondary control.

Saturation in Cascaded Loops

Integral windup or saturation, mentioned in Chapter 11, can become a
problem in cascade control. Assume, for example, the process load
demands more than the control valve can deliver. This would result in a
sustained deviation of the secondary measurement from its set point.
The primary measurement will then change and result in a change of
the primary controller’s output. This will readjust the set point of the
secondary controller.

In practice we do not want the primary controller to change its
output. A simple way to accomplish this in a pneumatic system is to use
the secondary measurement as the integral to the primary controller
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(Figure 15-8). In a conventionai controller, as in Chapter 11, the inte-
gral input is the output. In the cascade system this is the secondary
set point. As long as the secondary measurement and set point are
equal, integral action of the primary controller proceeds in normal fash-
ion. If the secondary measurement can not follow its set point, integral
action in the primary controller will stop. It will resume only when the
secondary measurement once again can follow set point. To accomplish
this, both primary and secondary controllers must have integral action
and the primary controller must be equipped with an external integral
connection.

This arrangement also simplifies transfer from automatic to
manual. With conventional integral action, the primary controller
would saturate if the secondary were placed in the manual position.
With the arrangement described, this cannot happen as the primary
controller’s integral bellows will track the process (secondary) mea-
surement. :

In the electronic system (SPEC 200), a similar arrangement may be
employed to prevent saturation of the primary controller. Just as in the
pneumatic system described, secondary measurement is used as the
integral input to the primary controller resulting in operation similar to
the pneumatic system.
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SPLIT-RANGE, AUTO-SELECTOR, RATIO, AND CASCADE SYSTEMS 357

Logical use of cascade control systems requires nothing more than

standard control instruments. A standard unit can provide indication or
recording and control of both the primary and the secondary variables,
plus output indication and manual-automatic transfer. That is all that is
needed for normal operation.

To tune a cascade-control system, the following procedure is sug-

gested:

1.
2.

Place both controllers in manual.

Adjust proportional and integral settings to conservative values
(wide proportional band and long integral time) on the secondary
controller.

. Place secondary controller in automatic and then tune, using any of

the procedures outlined in Chapter 12.

. Adjust the proportional, integral, and derivative settings on the

primary controller to conservative starting values.

. Place the primary controller in automatic and then tune, using any

of the procedures in Chapter 12.
Always tune the secondary controller first (with the primary con-

troller in manual), and then the primary controller.

1.

2.

Summarizing the major advantages of cascade control:
Disturbances affecting the secondary loop are corrected by the
secondary controller before they are sensed in the primary loop.
Closing the secondary loop reduces the lags sensed by the primary
controller, thus increasing the speed of response.

Questions

15-1. A duplex controller has the following number of inputs:

a. One c. One for each output
b. Two d. As many as required
15-2. The duplex controller provides the following number of control valve
signals:
a. One ¢. One for each input
b. Two d. As many as required

15-3. An auto-selector control system should be considered when:

. The process has more controlled variables than manipulated variables
. The process has more manipulated variables than controlled variables
. Two independent control systems are not economical

. Two or more measured variables must be isolated

Qe T
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15-4. The auto-selector controller will function only when the measurement

inputs are:
a. Interdependent c. Isolated from one another
b. Independent d. Flow measurements

15-5. The ratio controller:
a. Can be used with any combination of related process variables
b. Has one measurement input and two outputs
c. Can be used for even-numbered ratios
d. Must always employ the derivative mode in the controller

15-6. Two flows are to be ratio controlled, the first is measured with an
orifice and the second with a shedding vortex flowmeter. The signals must be;
a. Both made linear by using a square root extractor on the orifice signal
b. Used as if a 1 percent error can be tolerated
c. Both made linear by using a square root extractor on the shedding
vortex transmitter
d. Flow-calibrated

15-7. A cascade control system will increase the natural frequency of the
control loop along with having the following influence on the magnitudes of
the associated time constants:

a. Reduce them c. Not affect them
b. Increase them d. Have an unpredictable effect

15-8. In a cascade control system the secondary may be regarded as:
a. A valve actuator
b. An elaborate final control element
c. A means of slowing down regulation of the manipulated variable
d. A sophisticated noise filter

15-9. If two square root flow signals are to be ratio-controlled and the ratio
factor adjusted, the maximum practical factor is:
a. 0.6to 1.7 c. 1.0to 10
b. 0.3t0 3.0 d. 1.0to 1.0

15-10. A very common secondary loop that may be used with almost any
process except flow is:

a. Flow ¢. Pressure

b. Temperature d. Valve position

15-11. A cascade control system is to be adjusted. You should first:
a. Place the primary controller on manual and adjust the secondary
controller
b. Place the secondary controller on manual and adjust the primary
controller
c. Place both controllers on automatic and go through the conventional
adjustment routine i
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d. Bypass the secondary controller and adjust the primary controller by
the conventional method

15-12. If the time constant of the secondary loop is greater than the time
constant of the primary loop, cascade control will:

a. Shorten the period of the total system

b. Lengthen the period of the total system

¢. Improve the operation of the system

d. Provide no benefits



Feedforward Control

Definition

The term feedforward control applies to a system in which a balance
between supply and demand is achieved by measuring both demand
potential and demand load and using this information to govern supply.

History

The first feedforward control system was used in about 1925 to control
boiler drum level. In this type of feedforward control, which is de-
scribed in Chapter 9, water inflow is directly regulated by steam out-
flow. Feedback in the form of bias, or trim, corrects for any cumulative
measurement or other error in the system. This system, which is still in
everyday use, met an urgent need for better level control. It was
applied to a process that was completely understood and required no
special instrumentation. Many years passed before feedforward tech-
niques were applied to other process applications.

Advantages

The potential applications of feedforward techniques are virtually end-
less, but they usually involve a distillation process. Several improve-

360
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ments are provided by feedforward control. One is reduced measure-
ment lag. For example, in a distillation column, the lag between input
and output may vary from a few minutes to many minutes, depending
on the size of the column and other vanables. A feedback control
system cannot make any required corrections until an error is sensed.
With the long lags inherent in such a process, good control becomes
difficult. However, with the feedforward technique, an exact balance
between supply-and-demand potential is achieved before the process is
infiuenced, and improved control results.

Technique

Before feedforward control can be applied effectively to any process,
the process must be completely understoad. It must be possible to
write one equation that accurately states the material balance, and
anather equation, 1t required. that shows the energy balance. If the
process creates interactions between energy and matertal balances, this
also must be understood. The development of feedforward control was
delayed hecause of the lack of such understanding.

When the equations that completely describe the process are writ-
ten, the next step is Lo manipulate the equations into.a form that can be
solved by available instrumentation. The absence of this type of analog-
computing instrument was another reason for the defay in developing
feedforward technigues. This type of instrumentation has become
generally available only in the last few decades. Other instrumen-
tation that will provide dynamic compensation must also be incorpo-
rated inte the system to overcome the uniavoidable leads and lags con-
tributed by other process components; If all elements were perfect, the
strajght feedforward system would result in ideal control of the pro-
cess, Howewver, in practice, very small errors can accumulate over a
period of time. and small nonlinearities can add up to ditficultes: They
can be overcome by adding feedbuack to trim the feedforward system.
This results in the optimum feedforward control system.

Application to Heat Exchanger
Figure 16-1 represents a typical heat exchanger set up for conventional

feedback control, Figure 16-2 shows the recovery curves that result
from typical load upsets under feedback control using 4 three-mode
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Fig. 16-3, Heat exchanger with-feedforward control.

controller. The recovery curve in Figure 16-2 is a good example of ideal
feedback control, but because no corréection can occur before an errar
develops, the overshoot reaches a substantial value,

Figure 16-3 shows the same heat exchanger, controlled with a feed-
forward system. The energy balance that the control system must
maintain is:

heat in = heal out
ar

Wil = WC(T — 1)

W, = steam flow (pounds per hour)
H, = heat of vaporization (Btu per pound)
» = wiater flow (pounds per hour)
specific heat of the liquid (Btu per pound [F])
T, — T, = temperature rise

L5
i

When solved for the manipulated variable W, the eguation becomes

W, = W, 151,1’ I 5 (16-1)




364 COMBINATION CONTROL SYSTEMS
If the specific heat of the liguid (£, and the heat of vaporization of the
steam (f, ) remain constant, the eguation may be written:

W, = WK - T) i 16-21

This equatica is easily handled by readily available analog computers.
One device subtracts T, from Tsand multiplies the result by a constant,
An example of this is the Foxboro Model 56-3,

T.o— | % ! —T,
KT —T,)
Water How s measured by an orilice plate and o differential

pressure transmitter. Thus, the signal represents W *. The Foxboro
Model 557 may be used 1o extract the sguire rool.
b 4

Wt |y | =W,

Fhese two signals K(T, - T and W, must be multiplied to complete
the equation for the manipulated variable W, (steam Aow}h:

KiTs— T
l
W, = E — W.KI(T; - T,\1 = W,

This signal is then fed o the steam flow control loop.

If typical values are now assigned to the heat exchanger process,

the technigues of scaling the system can he demonstrited,
Assume the following conditions:

W, = 0 o 3000 pounds per hour
H, = latent heat (steam saturated at 100 psi condensing at 0 psi),
1,010 Btu per pound from steam table
W, = 8.33 (pounds per gallon) (60 gpmi (V)
Vi, = 0o 50 gpm
and W, = 8.33 (pounds per gallon) (60 minutes per hour)
= %33 (60 (V.0 pounds per hour
;= specific heat of water = one Bru per pound
L) = outlet temperature = 50 1o 250°F
T, = inlet temperature = Oto 100°F
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Applying these conditions to Equation 16-1

L I _
W, = %.33 (a0 Imwt,,.rlz T
= 0495 V. iT. — T,] { 16-3)

From this point, scaling depends on the transmission method.
Assume A pneumalic system:

When pneumatic devices are to be used, the subtraction of 7, from 1,
must be made separately prior to multiplication.

The first problem to be resolved 15 the discrepancy between the
runges of Tand Ty The most direct way to resolve this is to change the
scaleof T, from 0 to 100°F to 50 to 250°F. Now

=T

If the input signal is given as 7', then

Ty= 10T {where |08 = span of input}

If the output signal is 7," then

Ty= 50+ 200 7,150 = base and 200 = span of outpur)
Combining

50+ 2007, = 10T

The scaled equation is

T =057, — .25 (this selves for output in terms of 7" which is
desired scaled output)

The pneumatic computer has a common multiplier for both positive
and negative inputs or bias terms. This makes it necessary Lo rearrange
the equalion

T= 0500 — 6:8)
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This equation is solved by & Foxboro M/ 56-693, lts gain is adjusted
to o value of 0.5 and 1two bellows are replaced with springs. Now a
scaled eguation may -be written for the system:

W, = 3.000 W/

V.= 3k V.

T, = 50+ 200 T
¢ = 50 + 200 7"

Substituting (Eguation 16-3%

3.000 W) = 0,495 (50 V') (2007 — 200 7))
W, = Lés ¥y (5 =T

The only scaling factor appearing 15 the gain 1.65. This can be distrib-
uted between the multiplier and the subtracting computer. For con-
venience, the element factor for the multiplier can be selected at 2.00,
leaving 0L825 for the subtracting relay. Or it may be selected at 1.65
with 100 for the gain of the subtractor, However, in no case should the
factor for the multiplier be less than 1.63, because the output of the
subtractor then may have to exceed full scale for a given set of condi-
tions, since its gain would excesd |00,

Mow let us review the steps essential to scaling, Beur in mind that
analog computers operate on signals that vary across a standard range.
forexample, 3to 15 psii20 o 100 kPa) or 4 1o 20 mA dc. Within the nest
of the Foxboro SPEC 200 system. the signal is 0 to 10V, and thes
simplifies scaling. In order to make a correct calculation, information
about the scales of all inputs and output signals, as well as conversion
factors, must be considered. There 15 a straightforward procedure
which simplifics this task of “scaling,” but it must be followed rigor-
oushy:

1. Write the equation to be solved in its standard dimensional form.

2. Write equations giving each input and oulput in terms of its analog
signal range of 0 to 1,000 ta 100 percent of scale). It is convenient
1o use a prime to indicate the analog signal in contrast to the
variable itself. with its dimensions,

3. Substitute the analog signals into the original dimensional equation.
Then solve for the output signal in terms of all the input signals.
The resulting equation contains entirely pure numbers and is called

a “‘scaled eqguation.’’ It may be used directly in electronic computers,
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but will have to be converted to-a standard form tofit the mechanical
properties of the pneumatic computers: Oecasionally two or more
mstruments will be reguired 1o solve a given equation, Scaling requires
some judgment, then, because the constants may be distributed smong
the varous instruments; improper distribution can result in an off-scate
output from one of the intermediate instruments,

The system thus has its eneregy balance equation selved at all times.
Figure 16-4 shows o response to a load change using the system shown
in Figure 16-3. Curve 4 shows improvement over the feedback system
showm in Figure 16-2, but the dvnamic balance berween the load and
the manipulated variable prevents the resull from being jdeal. Figurs
16-5 compdres a step change in water flow with a step change in sleam

STEP CHANGE IN WATER FLOW
|

WATER
TEMP
01';'T STEP CHANGE N STEAM FLOW
z

Fig. 16-3, Step changes in water and steam Aow,

E—
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flow, Tt can be seen that the dynamic response of the load variable
{water flow) is faster than the dvnamic response of the manipulated
variable (steam flow),

A device capable of correcting these dynamic differences must be
added to the system. This dynamic compensator is called fead/lag unit.
The analog leadlag umit 15 similar to & controller, Integral and deriva-
tive adjustments in conjunction with gain become the lead/lag adjust-
ments. The unir is inserted in the flow signal {W,) line as shown in
Figure 16-6, The response of the svstem with dvnamic compensation is
shown in Figure 16-7. This is a5 close to perfect control as is possible at
present and far better than the reésults obtained with the feedback sys-
tem. The complexity of the feedforward control system makes ILA great
deal mare expensive than the conventional feedback sysiem. The feed-
back system 1s also easier to adjust, The practical conclusion is gener-
ally 1o use the feedforward spproach only when the process requires
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Fig. It-7. System response with lead lag.
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the accuracy it provides, and this would seldom occur with a simple
heat exchanger.

Distillation Control

Although feedforward control can be applied to almost any process,
many of the most successful systems designed and applied over the
past several years have been in the complex area ol distillation control,
Control of the distillation process has needed improvement since the
column became a key part of most chemical and petrochemical pro-
vesses. The problems associated with the control of a distillation pro-
cess are slow response and |long dead times, Distillation is affected by
many variables. On-line analvsis is often not available. and varying
feed rates subject the column to constant upsets.

Figure 16-8 indicates that both an energy balance and a material
balance are involved in the operation of a distillation calumn. This
operation is further complicated by the fact that considerable interuc-
tion occurs between energy and material. The relationships between
energy and material have been thoroughly investigated and reasonably
well defined. It is possible, therefore, to measure and analyvze the feed
mput and mampulate the energy input along with distillation (refux
rate) 1o keep the column under efficient control, Figure 16-9 shows a
column with Teedforward control on two loops arranged to control
product composition. Thorough explanations of this process and the

ENERGY QUT

"
—=DISTILLATE

FEED =i

— EOT TOMS
S

T

ENERGY IM

Fig, I6-K. Both energy and muterial balances are involved ina distillation column,
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Figr. 16-9, Fecdtorward loopsan two varisbles set product compasition,

relattonships that exist within it are given in the references listed at the
end of the chapler.

Conclusion

Many feedforward systems have produced increased efficiencies in dis-
tillation processes and have justified their cost in & very short time.
However, to achieve this. the process generally must be one that can
demonstrate economic advantages through closer control. Each appli-
cation requires considerable engineenng elfort, since the control sys-
lem must be designed for the particular process, The characteristics of
any distillation column are unique, and the control system must be both
curefully selected and carefully adjusted ifitis to produce good results,
The feedforward system has unlimited possibilitics in many process
applications. The only limitation of feedforward control is that it can
only be applied where complexity justifies its expense.
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Questions

16-1.
a.
b.
c.
d.

16-2.
a.
b.
c.
d

16-3.

The feedback control system:

Cannot make corrections until a measurable error exists
Makes a change in output which is the differentiated error
Is always superior to a feedforward system in operation
Is theoretically capable of perfect control

The feedforward control system:

Cannot make corrections until a measurable error exists
Makes a change in output that is the integrated error
Requires little knowledge of the process before installation
Is theoretically capable of perfect control

The original boiler drum level application of feedforward control,

developed in 1925:

a.

Is still being applied every day
Was abandoned because of poor measuring techniques

371

Worked well only with the particular boiler for which it was originally

designed

. Was immediately recognized as the ultimate control system

A properly designed feedforward control system:

. Should be applied to every process
. Should be employed when its use can be justified economically and

technologically
Is always easier to adjust than a feedback system
Will always result in more economical process operation

16-5. The most dramatic application of feedforward techniques has occurred
in their application to:

a.
b.

Heat exchangers c. Flow processes
Level processes d. Distillation columns
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Computer Interface and Hardware

For many years the slide rule, an analog device, was a universally
popular and useful calculator. In recent years, the slide rule has been
replaced by the pocket calculator, or electronic slide rule—a digital
device. The advantages of the calculator are obvious. Similar advan-
tages, proportional to the required investment, are possible from prop-
erly applied digital control systems.

A digital computer cannot reason for itself. Therefore, it must be
provided with all the relevant data and told exactly how to solve the
problem. This is called the program, or ‘‘software.’’ Essential to a basic
understanding of software and its operation is the identification of its
functional components—the hardware. This chapter will be devoted to
a discussion of hardware.

Basic Elements of the Computer

Computers are designed to perform the particular varied tasks assigned
to them. For example, a computer designed for machine control would
not make a very good filing system. Nevertheless, there are several
basic elements common to all computers. These elements are shown in
Figure 17-1.
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Fig. 17-1. Computer elements.

Input

In its simplest form, the input system translates the input information
prepared by people into a form to which the machine can respond.
Generally, the source of computer input information includes punched
cards, punched or magnetic tape, or a special typewriter.

The input system converts information into a series of signals.
Each signal is merely the presence or absence of a voltage or electrical
current. A signal is either there or it is not there at any particular time.
Just as the 26 symbols of the English alphabet can be combined into
many different words to convey information, so can the two symbols of
the computer alphabet (signal and no signal) be combined to form
words, phrases, and sentences in computer language. When the infor-
mation ‘is put into this form, the computer is able to work with the
information and process it through a series of logical operations.

The input information, now in the form of signals, is next sent to
the computer memory.

Central Processing Unit (CPU)

The combination of the working memory, control, and arithmetic ele-
ments is often called the CPU. The CPU has a bus for transmitting
and receiving signals, and the controllers, or modules, which are tied
directly to that bus. At the ‘‘head’’ of the bus is the central processor,
which decodes and executes instructions, a series of which are stored
in memory as programs. The central processor controls the activity of
its bus, performs the computations with the data it obtains from various
devices connected to its bus, and stores the results of these computa-
tions in its memory, alternatively transmitting them to the appropriate
bulk storage device or controller.

Memory
This element stores information until it is needed. Just as people store
in their memories multiplication tables, phone numbers, addresses,
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schedules of what they plan to do, the computer memory stores infor-
mation for future reference. The memory element is passive in that it
merely receives data, stores them, and gives them up on demand.
Devices used as memory elements include magnetic cores, magnetic
drums, tape recorders, disks, and solid-state devices.

Control

The next element, the control unit, is active. It selects information from
the memory in the proper sequence and sends the information to other
elements to be used. In addition, the control unit conveys commands so
that the next element down the line will perform the proper operations
on the information when it arrives. Thus, the control element makes
decisions.

Arithmetic

The arithmetic unit receives information and commands from the con-
trol unit. Here, the information, still in the form of symbolic words, is
analyzed, broken down, combined, and rearranged in accordance with
the basic rules of logic designed into the machine and according to the
commands received from the control unit.

The astonishing phenomenon is that there are so few rules of logic
designed into the machine. The power of the digital computer lies in the
fact that it can perform complex operations rapidly by breaking them
down into a few simple operations that are repeated many, many times.
By performing these few simple operations over and over again in
many different combinations, immense problems can be solved a bit at
a time, but at fantastic speed.

Output

When the signals have passed completely through the arithmetic unit,
they no longer take the form of a problem, but now assume the form of
an answer. This answer is passed back to the memory unit and along to
an output element. The output element reverses the process, convert-
ing the new train of signals back into a form that can be undestood by
the operator or by other machines.

Types of Memory
Core

This is the main memory associated with the computer. The basic unit
of storage within main memory is called a word. Process computer
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systems typically have main memories with storage capacities between
24,000 and 64,000 words. Memory sizes are usually expressed as multi-
ples of 1,024 words, for example, 24K, 64K, and so on, where K equals
1,024. (A 24K memory actually contains 24,576 words). Since main
memory is essentially part of the basic computer, access to it is ex-
tremely rapid.

Drum

A drum is essentially a continuous loop of magnetic tape. A cylinder is
coated with a ferrous material similar to that used on tape. The cylinder
is then kept in rotation and read/write heads are positioned around its
circumference. Each head writes only on that track (band) of the drum
with which it is aligned.

Heads are energized by addressing circuits that select the desired
track and are synchronized by the output of a prerecorded timing track,
which generates pulses at bit and word time intervals. In this fashion,
computer words can be written on any track and at any word position
of that track.

In either writing or reading a word into a given position, the longest
wait encountered is the time of one complete drum revolution. Drums
typically rotate at speeds of up to 6,000 RPM. Figure 17-2 shows the
basic elements of drum memory.

Disk

A disk is similar to a drum. Data are stored on the magnetic surface of a
flat circular plate, like a phonograph record. The disk material is
somewhat similar to that used in magnetic tape. Stored information is
divided into tracks, or sectors, as with a drum. The primary difference
is that the disk has only one read/write head that moves from track to
track. The advantage to this design is that it is less expensive than
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Fig. 17-2. Magnetic drum memory.
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multiple heads. However, the mechanical movement of the head
causes data access to be slower than with drums (Figure 17-3).

Semiconductor (Solid-State)

The semiconductor memory, like the others, is simply an information
storage device. These memories are classified into a number of types
according to such variables as manufacturing technique, how informa-
tion is put in and taken out, permanence of storage, and other charac-
teristics. In any memory, the binary bit storage location must be ad-
dressable. Further, it must be possible to read the state of every binary
word. If the binary words can be read but not changed, the memory is
called a read-only memory (ROM). If the contents of the memory can
be changed as well as read, it is called a read/write memory. Read/write
memories are commonly called random-access memories (RAM). A
memory is said to be randomly accessible if individual binary words
within the memory can be accessed directly. Solid-state memories are
also divided into two categories—static and dynamic. Static memories
are bistable. Information is stored in either of the two stable states. It
remains in a state until changed by an external signal. A flip flop is a
common form of static memory. A dynamic memory circuit uses logic
absence or presence, zero or one, in the form of a capacitor charge, as a
storage element. Because a capacitor charge can leak off, it must be
periodically recharged or refreshed.

The specifications for the memory used in the FOX 3 computer
are as follows: N-channel MOS, 4K by 1 bit RAM. This translates into
N-type material, manufactured by metal oxide semiconductor (MOS)
technology, 4096 bits on each chip, and 16 chips per array for a total of
4096 words with 16 bits per word. One logic board contains two arrays,
which provides 8192 addresses per board. The unit can accommodate
from three to eight boards or 24 to 64K words capacity of random-access
memory. The FOX 3 also contains a diskette (small disk) which is used
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Fig. 17-3. Magnetic disk memory.
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diskette (small disk) which is used for both bulk storage and for initiat-
ing programs into the working solid-state memory.

Operator Communication Devices

The process computer system supports various operator communica-
tion devices that enable the process operator to observe process mea-
surements, enter control set points and tuning parameters, request logs
and summaries, and trend critical process variables. These devices
include operator’s consoles, auxiliary special-function keyboards,
alarm and message typers, trend recorders, Teletype® and CRT termi-
nals, and remote CRT monitors.

Process Interface Equipment

Process parameters that are monitored by the control system are called
inputs. Voltage or current signals from measurement sensors are
classified as analog inputs, since the voltage, or current value, is analo-
gous to the value of the measured process parameter over the entire
parameter range. Some process parameters, such as flow rates mea-
sured using turbine flowmeters, are monitored by pulse-generating
devices and are classified as pulse inputs. Limit switches and other
contact sense devices indicate which of two possible states a parameter
is in, such as pump (on or off) and pressure (high or low). This type of
process measurement is called a digital input.

Since the FOX 3 is a digital system, there must be some means of
converting the analog signals from the field devices into equivalent
form before it can be used in the computer. This conversion is done by
an analog to digital convertor which, when activated, converts the
input voltage to some equivalent digital number. The key phrase is
“‘when activated.’’ Since there could be a large number of inputs to any
computer system, it would be wasteful to have one A/D convertor for
each input. Therefore, one convertor will function for a number of
inputs, and each time any of these inputs is sampled the A/D convertor
is also activated.

The input/output (I/O) module reads the current process signal,
converts it to a number that can be read and processed by the control
computer, and notifies the computer that the value is available by send-
ing it an interrupt. The computer reads the converted parameter value
and stores it in its memory for further processing.
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There are several types of computer systems. The most common
type is the business or data-processing system. Next is the scientific
type, and last—but most important to the process industry—is the
process control computer system.

A process control computer system is an on-line computer system.
Measurements and other indications from the process are sent directly
to the computer system. The computer system changes the analog
signals to digital words, and then performs the proper control equa-
tions. Results of control calculations are sent to the computer system’s
output circuits, which change digital words to analog signals, which
then return to the process. Many loops are controlled by this means.
Since data for each loop reside somewhere in the computer system,
occasionally these systems may also be used simply to collect informa-
tion for the operator. However, this is simply an extension of the con-
ventional analog system. The true process computer, when used for
control, is part of the closed loop.

The outputs from the computer connect to the controller via the
analog output subsystem. In this closed-loop configuration, the com-
puter will take the measurement and perform calculations based on the
measurement and other process parameters. The computed results, or
control strategy, will be sent to the selected controller to update the
controller set point or to change the controller output directly, thereby
driving the valve.

If the computer determines the set point of an analog controller, it
is called a set-point control system. Set-point, or supervisory control
systems, use the computer to determine new set points. Measurements
are sent to the computer and the analog controllers. The computer
partially replaces the operator by changing set points in response to
process changes, production schedules, and supervisory control pro-
grams while control is by conventional analog means. This frees the
operator for more important tasks.

Direct digital control is a system in which the manipulated vari-
ables are controlled directly by the computer. A valve is driven accord-
ing to the result of computer calculation of the control equation or
algorithm for that loop. (An algorithm is an equation that is repeated
many times. Algorithms are named for the control action they provide,
i.e., Lead-Lag, Proportional-plus-Integral, Ratio, etc. These algorithms
make up most of the control actuating program of the control software.
Thus, the actual operation of the closed-loop computer control system
can be subdivided into DDC (direct-digital control) or SPC (set-point
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control). The typical process computer has the capability of operating
in either fashion. At times, a combination of these techniques may be
employed.

Having explored the functions that are carried out by a computer,
let us look at an actual computer. Computer systems are available in
many sizes with varying abilities. Since this presentation is simply an
introduction, the computer selected is of modest size, but is used
widely for monitoring and process control of plants such as the one
shown in Figure 17-4.

This computer system has a multiprogrammed operating system
and utilizes modular equipment. The process interface is through SPEC
200/INTERSPEC (Foxboro multiplexing system). The INTERSPEC
port plugs into the FOX 3 the same as any other peripheral device and
accepts, converts, directs, and transmits the many signals that flow
between a SPEC 200/INTERSPEC system and the FOX 3, allowing the

Fig. 17-4. Typical process plant.
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Fig. 17-4. (continued) Analog/digital instruments.

FOX 3 to perform process monitoring, supervisory set-point control, or
direct-digital control of even the most complex loops. Standard
software packages have been developed and are available for process
monitoring and control applications. Those discussed in the next chap-
ter may be employed to create video displays, as well as other support
facilities.

The FOX 3 system equipment provides the speed, storage, and I/Q
capabilities needed for real-time, on-line data acquisition and control
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Fig. 17-4. (continued) Fox 3 computer.

applications. It combines the reliability essential to process applica-
tions and the functional modularity necessary for economical growth
and ease of maintenance.

Functional modularity means that the system is composed of basic
building blocks, such as a completely independent, intrinsically safe,
I/O subsystem.
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Fig. 17-4. (continued) Parts of this figure show major components in a computer system:
process plant, instruments, computer, and operator.

The major hardware components of a FOX 3 system include:

Processor cabinet (Figure 17-5)
Peripheral equipment (Figure 17-6)
Process I/O interface (Figure 17-7)

All of the electronics necessary for system operation are housed in
this single cabinet, which contains the following elements:

Microprocessor

The major functional elements are four microcontroller chips chosen
for their high-speed characteristics and application flexibility. The mi-
crocontrollers form a 16-bit processor that interprets the language
statements stored in memory that directs the FOX 3 to perform its
control functions. It can perform arithmetic calculations in both fixed
and floating-point formats.



Fig. 17-5. Processor cabinet.
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Diskette i .

The diskette provides a simple, fast, safe, and convenient method for
the user to save a permanent record of tasks, schemes, or the entire
contents of memory (Figure 17-8). Data can be reloaded from diskette
to memory at any time.

Processor Service Unit

This unit is an integral part of the processor and performs off-line
functional testing of critical processor operating parameters. It is used
in conjunction with a diagnostic diskette and eliminates the need of
procuring separate processor test equipment. Just as the patient tells
the doctor where it hurts, the diagnostic program tells the technician
where the trouble lies.

System Clock
The line frequency clock provides a time reference that schedules
many functions vital to accurate and effective control applications. It

Fig. 17-8. Diskette.
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can be used to generate interrupts, provide references for measuring
elapsed time, control program sequencing, and so on.

Peripheral Interface Logic

This logic provides a standard interface channel for easy interconnec-
tion with all keyboard/printers, alarm loggers, video consoles, and so
on. Each interface channel supports full-duplex operation. The FOX 3
provides up to eight channels for devices that may be located up to 8
kilometres (5 miles) from the processor cabinet if optional models are
used.

Other components located within the cabinet include a battery
backup unit that provides power to system memory for up to 30 min-
utes (optionally for 24 hours) during power outages, power fail/restart
circuits that assure continuous process control during power dips or
outages, a service panel that monitors cabinet temperature and power,
as well as the mode (normal/backup) of the process controllers and the
system power supplies.

Conclusion

We should note that the physical size of a computer in no way relates to
its power or performance. Computers cannot be compared in terms of
the sizes of memory banks or cycle times, since these factors do not
indicate the power available to perform the required tasks. A reliable
method for selecting a computer involves running the same higher lan-
guage program on several types and sizes. Note the ease of develop-
ment, the results in time of execution, the amount of storage consumed
by each computer, and the potential ability to handle development of
programs while the process is under computer control.

A digital computer system may or may not be more economical
than the equivalent analog system, depending upon the complexity of
the system, performance requirements, projected long-term changes,
and other relevant factors. For many applications, the digital system
will prove to be more economical than an equivalent analog system.

Questions

17-1. A digital computer .
a. Has the ability to solve problems by reasoning
b. Can only do the things it has been taught to do
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¢. Has all the answers on file in its memory
d. Makes assumptions and estimates the answer

17-2. The computer’s memory element is

a. Passive c. Always a magnetic device

b. Aggressive d. Always a capacitive device
17-3. The arithmetic unit receives information and commands from

a. The operator’s console ¢. The control unit

b. The memory d. A punch tape reader

17-4. The longest delay in reading information from a drum is
a. One drum revolution
b. 1 second
¢. /60 second
d. Dependent on track configuration

17-5. A disk recording surface is made of
a. Aluminum
b. Cast iron
c. Fiber
d. Plastic containing magnetic material

17-6. A process control computer system is
a. A real-time system
b. An off-line system
¢. Independent of the control loop
d. On-line until the operator presses the release key

17-7. A process control computer system
a. Always costs more than an equivalent analog system
b. Always costs less than an equivalent analog system
¢. May prove cost effective if future changes and process efficiency are
considered
d. Will always provide superior control

17-8. Most process inputs to the computer control system are
a. Digital c. Pulses
b. Analog d. On/off

17-9. The input/output module reads the process signal and notifies the
computer it is available by an
a. Interrupt c. Activating pulse
b. Alarm d. Equivalent digital number

17-10. A diagnostic program is useful for
a. Locating information in memory
b. Locating process malfunctions
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¢. Off-line functional testing of operating parameters
d. Indicating when routine maintenance is needed

17-11. A system clock
a. Keeps the operator aware of the time
b. Schedules functions vital to control applications
¢. Programs the rate at which memory is searched
d. Places the alarms on a periodic basis

17-12. The power of a process control computer
a. Is a direct function of physical size
b. Depends only on available memory
¢. Can be evaluated only by applying a higher language to the computers
being compared
d. Is measured by the total number of control loops it can handle



Computer Software and Operation

A Brief Introduction

By definition, software is the collection of programs and routines asso-
ciated with a computer. The first working process computer became
operational in 1958. These routines involve other programs such as
compilers, library routines, input/output (/O) device handlers, plus
various other devices shown in Figure 18-1. This figure is termed a
software configuration. The computer performs many tasks in decimal
parts of one thousandth of a second. While it is extremely fast, it can do
only one thing at a time; therefore, an executive program is provided to
control the order in which tasks will be accomplished. This is called a
priority schedule. Under the control of the executive are process I/O
service handler programs, terminal I/O handler programs, and applica-
tion programs such as scanning, alarming, controlling, and logging.
Thus, the executive is both a manager and a traffic director.
Computer systems also have on-line compilers and off-line compil-
ers. The example shown in Figure 18-1 is an on-line system. This means
that, while the system is actively monitoring or controlling process
routines, the engineer or programmer may at the same time modify his
control scheme or compile new scan-and-alarm-logging programs.

388
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Fig. 18-1. On-line system.

Thus, changes in the various application programs or the overall con-
trol scheme may be made without shutting down the computer or
removing the plant from the control of the computer. The on-line capa-
bilities of some computer systems have been used to develop mainte-
nance programs that allow the computer to diagnose itself and to gen-
erate alarms when preventative maintenance is due.

On the other hand, some computer systems require that compilers
be loaded off-line, which means that the computer must be shut down
for modification of programs. No process control is carried out during
the modifications. With certain types of computers, program develop-
ment must be carried out on a different machine altogether. To compare
on-line with off-line operation, let us assume that a particular solenoid
valve fails to energize as a result of a minor computer I/O failure. If the
computer has on-line capabilities, a test program can be compiled im-
mediately to determine the location of the problem. The maintenance
man, using the test program, can isolate the specific point of failure and
determine the proper action to take without affecting the rest of the
process. However, with an off-line system, the computer would have to
be shut down to develop or load a test program into the compiler and
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isolate the problem. Some off-line computers will not even allow the
tuning of control loops without shutting down.

Basic Computer Operation

The steps the computer negotiates when it follows the program are
shown in a general way in the following discussion. First, a program is
written and converted into a language the machine can understand.
This is called machine language.

For our illustration, let us: calculate output No. 1 by solving the

B where A = 25, B = 4and C = 5. The program will be

equation A X
q C

stored in memory, beginning at location 200. For the purpose of sim-
plicity, these instructions have been shown here symbolically.

Instructions enter the machine through some type of input equip-
ment (Figure 18-2). The input equipment would normally be used to
convert these instructions into electrical pulses that would represent
the data. The control logic sends command signals to the input equip-
ment and the memory, causing data to be transferred to memory for
storage. The control logic probably would be initiated by an operator
function. Once the program and its data have been stored in the mem-
ory, the program can be run. Again, this likely would be initiated by an
operator function.

The operator would set the starting address where the program has
been stored on a set of computer console switches—in this case, ad-

Loc |paTa
200 | MULT. A-B
201 [DIv. €

202 | OUTPUT NO. 1
203 [ HALT
204 | (A) 25
205 [(B) 4
206 [(C) 5
ACCEPT

DATA FROM
_— INPUT DEVICE

DATA AND
INSTRUCTIONS

INPUT
DEVICE

SEND DATA
TO MEMORY

CONTROL
LOGIC

Fig. 18-2. Instructions entering memory.
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dress 200—then press a start button. As a result, the control logic
would obtain or ‘‘fetch’’ the first instruction from the address that was
provided by the operator through the console (Figure 18-3).

After fetching this first instruction, the control logic would have to
interpret and determine the type of instruction. In this case, the control
logic would establish this as a MULTIPLY instruction. The control
logic is capable of determining the type of instruction because of the
way in which an instruction is coded. Each type of instruction has a
particular operation code associated with it. Therefore, the control
logic decodes that portion or field of the instruction that contains the
operation code and, as a result, provides other pieces of logic that will
be needed for the execution of that instruction. To execute the MUL-
TIPLY instruction, the control logic must allow the two factors (A and
B) to be obtained from memory and brought to the arithmetic unit. The
addresses of these two factors (204 and 205) would also have been
provided in this hypothetical instruction.

Upon entry into the arithmetic unit, the two numbers will be multi-
plied, resulting in a product of 100, which would reside in the arith-
metic unit’s temporary storage register or accumulator.

After executing the multiply instruction, the control logic sets itself
up to fetch the next instruction, which is located at Location 201 (Fig-
ure 18-4). After fetching this instruction from its memory location, the
control logic will interpret it. This time, the control logic establishes the
operation code as a DIVIDE instruction. The control logic will be set
up to perform the division using data from the address specified by the

CONTROL LOGIC ACTION MEMORY

I f—"

—

202 | OUTPUT NO.1
203 | HALT
— (A) 25

GET DATA

WORDS FROM

MEMORY AND |
EXECUTE

INSTRUCTION I

[ 3

Fig. 18-3. Fetching the first instruction.
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MEMORY
ONTROL LOGIC ACTION
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INSTRUCTION 201 | DIiv. C
FROM MEMORY 202 | OUTPUT NO.1
1 203 | HALT
204 | (A) 25
DETERMINE
4
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INSTRUCTION 206 | (C) 5
DIV
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AND EXECUTE v
DIVISION 100+5=20
INSTRUCTION

Fig. 18-4. Performing the divide operation.

DIVIDE instruction—Location 206. The divisor value (5) will then be
brought to the arithmetic unit and the division process will be per-
formed upon the accumulator contents and the data from Location 206.
The result of this operation is the quotient of 20, which becomes the
new accumulator contents. '

The control logic will now fetch the next instruction from Location
202, this time finding an output instruction (Figure 18-5). Since the

Fig. 18-5. Output of data.
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output instruction is not an arithmetic instruction, the control logic will
handle it somewhat differently than for the arithmetic MULTIPLY and
DIVIDE instructions.

Instead of looking for an address where it can find other data
words, the control logic will look for a code that will specify the device
to which the contents of the arithmetic unit should be sent. In this case,
the output instruction is specifying device No. 1, which we will call a
line printer. The contents of the arithmetic unit will be sent to the line
printer as a result of control logic signals sent during the execution of
the instruction.

Finally, after the output instruction has been completed, the con-
trol logic will return to fetch the next instruction, this time from Loca-
tion 203 (Figure 18-6). When it determines that it has fetched a HALT
instruction, it will bring the memory and control unit timing circuits to
an orderly shutdown.

Many steps are necessary to perform even an elementary problem.
In some of the most complicated problems, the number of instructions
necessary to define the problem completely may require hundreds of
instructions. However, it must be kept in mind that the computer can
execute these programs at lightning speeds, since cycle or operating

MEMORY
LOC | CONTENTS
CONTROL LOGIC ACTION 200 | MULT. A-B
201 | DIV. C
GET NEXT 202 | OUTPUT NO.1
INSTRUCTION 203 | HALT
FROM MEMORY
204 | (A) 25
205 | (B) 4
206 | (C) 5
DETERMINE
THE TYPE OF : ARITHMETIC UNIT
INSTRUCTION

HALT 20

OUTPUT DEVICE

NO. 1 PRINTER
STOP COMPUTER
TIMING TO
EXECUTE HALT 20
INSTRUCTION N

A

‘ TERMINATE ’

Fig. 18-6. Halting the program.
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time of these instructions is in the order of microseconds (millionths of
asecond). Any problem or condition that can be represented logically or
numerically, can be solved with the digital computer. In addition, once
a program has been written, the computer is able to solve that problem
repeatedly, using original or new data.

Real-Time Clock and Power Fail/Restart Logic

The real-time (line frequency) clock interrupts the system at a high
priority level every '/so of a second so that the system can time events
to this degree of accuracy. The clock ‘‘tick’ is accumulated into
seconds, minutes, and days so that user programs can respond to
time-oriented events.

The power faillrestart module continually senses system ac power.
If power drops below a predetermined threshold, the module interrupts
the system, forcing it to come to an orderly shutdown (before insuffi-
cient power is available to read and write memory). On the return of
suitable operating power, a second interrupt forces the system to re-
sume operations.

The term *‘control system software’’ describes all programs that go
into the making of a complete control system. On large systems, pro-
grams are placed in bulk storage (drum, disk, tape, etc.) and the operat-
ing system controls the transfer into cone or semiconductor memory
for program execution. These programs are grouped into three basic
categories: the operating system, control software, and support
software. The operating system consists of programs that control sys-
tem resources and do internal housekeeping. The control package con-
sists of programs that interface with the process to accomplish some
level of control. The support programs consist of programs that mini-
mize the user’s effort in using the system.

Control Software

The primary approach to process and plant control is to use a building
block concept to complete control loops. Each block in this control
loop represents a mathematical algorithm that is performed on some
piece of information to achieve some other piece of useful information
in the control scheme. These algorithms are performed at fixed periods
to achieve the proper control. These periods, called scan periods, gen-
erally range from one second to several minutes. Every control loop in
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a plant will be represented by a number of these control blocks. To
minimize the user’s efforts in creating a control scheme, most control
systems employ the standard algorithms currently used in analog con-
trol. These blocks are assembled in a file called the data base. The data
base contains all the information necessary to define each control loop,
both internal to the computer and external to the user.

Building the data base is the first task that the user must perform
with the control system. This building effort is often accomplished by
using fill-in-the-blank forms to describe the type of control and the type
of control scheme that is to be accomplished. These forms ask such
questions as: What is the name of the control loop? What is the range of
the measurement and the engineering units? It asks for such things as
set-point and measurement limits. It also asks for the hardware address
of the measurement and the control valve. After all the questions are
answered, these forms are converted into punch cards, paper tape, or
other means and fed into one of the control programs called a data-base
generator. The data-base generator converts this information into espe-
cially formatted words that are filed away and utilized by the control
program.

Having created the data base and, of course, having the operating
system and the control program, the user can then load the data base
into the system and start to control the process. Since data base modifi-
cations are frequently required, provision must be made for on-line
data-base-modifying routines. This is a part of the control package.
Data-base modifications would include simple set-point changes
through more sophisticated modifications.

As the level of control increases, the building block approach soon
becomes inadequate to handle the special needs of individual plants.
Therefore, rather than try to create standard algorithms that apply to
all control needs, an interface is normally provided within the control
package to allow user-written programs to assume some of the control.
With the capability of user programs interfacing to the control package,
either the engineer or the programmer, or both, can accomplish various
sophisticated functions in terms of plant level control. Production
scheduling, inventory control, and material tracking are just a few of
the many powerful things that can be accomplished. The only limitation
is the capability of the engineer/programmer and the time available to
develop the control scheme. An important component is the support
software, called the compiler. The compiler converts the language em-
ployed by the engineer/programmer into machine language the com-
puter can understand.
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Now let us demonstrate how a typical process computer, the FOX
3, is programmed to carry out its control assignments. The system
language is called Foxboro Process Basic (FPB). This language has
evolved from the American National Standard Basic with some modifi-
cations provided by Foxboro Process Language (FPL), which was de-
veloped originally as a programming tool for small computers.

In FPB, tasks (programs) are written like operating instructions,
using expressions (statements) familiar to process people. This FPB
enables process engineers and operators to build, operate, and modify
process monitoring and control tasks, using conventional process ter-
minology.

Within the computer’s memory there exists a program that will
convert the FPB into so-called machine language that the computer can
utilize. This function is called a compiler.

Achieving Process Control

The purpose of a language like FPB is to allow the user to tell the
computer what to do and how to do it, in a concise and orderly way. To
attain a control objective, the user first defines the problem in func-
tional terms, then designs an appropriate solution. The next step is to
express the solution as a structured set of statements. The superv1sory
portions of the solution are written as FPB tasks.

These tasks are groups of FPB statements arranged so that they
describe a set of procedures for the FOX 3 system to follow. Typically,
these tasks describe supervisory functions, such as generating reports
and controlling the sequence of process operations. To define a task,
the user types FPB statements at the interactive device currently serv-
ing as the system terminal. Once entered, a task is ready to run.

The illustrations below show a simple batch process. The task
called CHARGE involves mixing two materials in a tank, heating the
mixture, and holding it at a constant temperature for 20 minutes before
draining the tank. Figure 18-7 shows the process diagram. Figure 18-8
is the flow chart depicting the steps to be taken to control the process.
Figure 18-9 is the FPB task that performs those steps.

When the user types the command: RUN CHARGE, the task will
begin executing; that is, the materials will be mixed, heated, and held at
the specified temperature, and, after the designated interval, the tank
will be drained.

An important part of the FPB software is the control package,
which is the means of describing the process interface and control
structure to the FOX 3 system.
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Fig. 18-7. Process for charge task.

In a question-and-answer format, the user enters the specific
characteristics of the process control and computational elements to be
used. This description is called a ‘‘block.”’ Blocks can be connected to
form a variety of control strategies, called ‘‘schemes,’”’ which tell the
system how to control the process.

A block is comparable to an analog device. It is a conceptual en-
tity, identified by a name, for which certain monitoring and control
functions (called ‘‘algorithms’’) are defined. By logically connecting
blocks of various functions, the user can create a block scheme in the
computer which can replace or enhance an analog control scheme—
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SET POINT

Fig. 18-10. Analog flow loop.

receiving measurements from the plant, processing these signals, per-
forming control or computational functions, and returning control sig-
nals to the plant.

In a simple analog flow loop (Figure 18-10), the signal from a differ-
ential flow loop is conditioned and transmitted by the square root ele-
ment (/). The resulting flow signal is passed to a controller, where it
is subtracted from a set point to produce an error value to be used in
the control function.

The control function, or algorithm, is two-mode proportional-
integral (PI) control, which calculates the new valve position. This is a
building block approach to process control, since the process engineer
selects standard ‘‘black boxes’’ that perform defined functions and
connects them into loops.

The Foxboro Control Package (FCP) refers to the computer equiv-
alent of an individual analog device as a ‘‘block.’”” For every analog
‘‘black box,’’ there is an equivalent computer ‘‘block.”’ Using the con-
trol package, the process engineer logically connects blocks to achieve
control schemes exactly as with analog devices. Figure 18-11 depicts a
computer-based control scheme equivalent to that in Figure 18-10. This

[T compurern T T 7

SET POINT

Fig. 18-11. Digital flow loop.
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is a direct digital control (DDC) scheme because the computer is
producing the valve position signal. In certain situations, flow control
would be superior with an analog controller because of its speed. When
this is necessary, the computer would set the analog controller’s set
point.

FCP consists of standard control blocks that provide a wide range
of process monitoring, control, and calculation functions. Each FCP
Control Package block is a standard skeletal definition of one process
function. The user completes the definition of a block by participating
in a question-and-answer dialogue with the FOX 3 system. That is, the
user signifies the kind of block to be defined, and the system asks
questions about the alarm limits, engineering units, and so on. The
user’s answers, which define the characteristics of the block, are called
the block parameters. As in the comparable analog control scheme, the
block itself is called an.algorithm. A wide variety of control block
algorithms is available. These software blocks now replace analog
components in the system.

The user can define each block in the system by specifying all of
the control parameter values that pertain to each block type. For ex-
ample, all analog input blocks start with the same basic block structure,
yet each one can have its own unique set of block parameter values
such as the frequency of block execution, high and low limits, engineer-
ing units conversion, and so on.

In addition to control functions, blocks are available to perform
alarm functions, displays, monitoring calculations, and virtually every
function an analog device would accomplish.

The software for the modern process computer system has pro-
gressed considerably in recent years. When the first computer was
applied to the control of a refinery in 1958, it was necessary to program
the computer in machine language. This was a long and extremely
tedious job. Modern technology, combined with controller languages
like FPB, makes the job much easier and infinitely more pleasant.
Significant improvements in computer technology continue to occur at
a rate that staggers the imagination.

Questions

18-1. A compiler
a. Stores bulk data ¢. Establishes priorities
b. May be on-line or off-line d. Is an input/output handler
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18-2. In computer operation even a simple operation
a. Requires a sophisticated CPU

Takes many steps

c. Must be scheduled by the real-time clock

d. Must be reprogrammed each time it is run

4

18-3. An algorithm is
a. A sequence of calculations performed to obtain a given result
b. A formula
c. Always a differential equation
d. Determined from a table

18-4. Every analog function
a. Is duplicated by digital hardware
b. Should be reviewed to confirm its usefulness
c. Can be duplicated by digital software
d. Can be improved upon in a digital system

18-5. A major advantage of the digital system is
a. Energy efficiency
b. The ease of making changes
¢. Economy
d. Its ability to control without feedback

18-6. The first working process computer became operational in

a. 1976 c. 1968

b. 1948 d. 1958
18-7. The number of tasks that a computer system can carry out depends
mostly on

a. Real-time clock c. Its restart module

b. Capacity of its memory d. Its data base

18-8. If the computer is examined as a process control tool, we conclude
a. It has reached its full potential
b. It has the potential to become virtually anything you wish to make it
c. Economically it cannot be justified
d. It is a more economical method of control for any process.



Programmed Control Systems

In a programmed control system, the control point is automatically
adjusted to follow a predetermined pattern with respect to time and
process conditions. For example, assume that a food product is to be
cooked and the cooking process requires the following sequence: 1.
Raise the batch temperature uniformly up to the cooking temperature
over a 1-hour period. 2. Cook the batch for 1 hour at the cooking
temperature. 3. Allow the batch to cool to room temperature gradually
and uniformly over a 2-hour period.

This type of process can be satisfied by a programmed control
station. Originally, most programmed controllers were cam-operated,
and this technique is still widely used. In the cam-operated controller,
the control setting movement is replaced by a follower, riding on a cam
that has been cut to produce the desired schedule. The cam is friction-
driven by a clock. The cam can be laid out to provide any predeter-
mined schedule of time-and-process requirements. The cam-operated,
programmed controller offers the advantages of simplicity and ease of
operation. The limitations are that it is only a single loop; and a pro-
gram change requires a new cam layout, and, in some cases, a change
in cam speed (motor). These limitations made the elapsed-time control-
ler popular.

402
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The elapsed-time controller is designed to bring the measurement
up to a set point at the start of a preset period (holding period) and
control it at that point for the remainder of the period. At the end of the
period, control ceases and the process shuts down until another cycle is
started. Elapsed-time controllers may be either electronic or mechan-
ical instruments for application on any process variable. On/off or pro-
portional control may be used.

The timer periods are adjustable and available to provide holding
periods from minutes to hours. Figure 19-1 shows a typical process
curve controlled by an elapsed time controller.

Description of Circuit

The Model 40E-A elapsed-time controller consists of a conventional
pneumatic controller with an additional flapper-nozzie operated by an
electrical circuit (Figure 19-2). With the elapsed time switch in the
manual (M) position, the flapper is held against the nozzle irrespective
of the solenoid plunger position, and the pneumatic circuit functions in
the usual manner. However, with the elapsed-time switch in the A
(automatic) position, the flapper is free to be operated by the solenoid,
which, in turn, is controlled by the timer.

When the timer is set to the desired value of the holding period, and
the timer start button (14) is pressed, the timer circuits (1) and (3) are
completed, as shown in Figure 19-2. The solenoid is energized, moving
the plunger to the right in the diagram, covering the nozzle, and thereby
starting pneumatic control. The control valve opens to raise the mea-
surement to the holding value and maintain it there for the duration of

GREEN LAMP RED LAMP

VARIABLE

START

TIME

Fig. 19-1. Typical process curve controlled by elapsed time controller.
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Fig. 19-2. Foxboro 40E-A elapsed time controllers.

the holding period. Electric circuits are also completed that operate the
timer motor and the green holding light.

At the end of the holding period, timer circuits 1 and 2 are con-
nected, all previous circuits are broken, and the solenoid is deener-
gized. Air bleeds from the pneumatic circuit and the control valve
(air-to-open) close to shut down the process. At the same time, the
electric circuit through the ‘‘End-of-Cycle’’ light is completed.

This type of elapsed-time controller is, like the cam-operated con-
troller previously described, a single-control loop device.

If more than one control loop is involved and additional functions
are required, the control systems described are inadequate. The initial
solution to the problem might be to use a cam-operated controller for
each loop, which has been done on occasion. This approach would have
limited success, since any required change in the program would be
difficult to incorporate into the system. This type of problem can be
resolved quite readily by the digital computer.

A digital computer-oriented system provides versatile, prepro-
grammed sequential logic control functions. It is used to automate ad-
justments of analog set points and the check and inhibit actions of
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interlock logic. Also, the synchronized starts and stops of process
equipment are completely automated with the use of a computer sys-
tem. This computer-compatible logic system bridges the gap between
mechanical programmers and process computers. The sequential con-
trol program is designed with an easily understood ladder logic lan-
guage. The logic operation is created by pushbutton, without wires or
wiring, and is stored in the memory of a programmable controller. This
programmable controller is capable of operating multiple, completely
independent process units at the same time.

Sequential Control Systems

In addition to startups and shutdowns of continuous systems, batch
processes are potential applications for computer-controlled systems.
A stored control program is used to repeat all the events in an opera-
tion, step-by-step, throughout a production cycle. The program ele-
ments consist of on/off relay logic, time-delay and elapsed-time pe-
riods, predetermined counts of pulses, and pulse outputs for set-point
control.

Elementary mathematical manipulations (addition, subtraction,
multiplication, division) can be performed within a step of the logic
program. Each of the stepped phases of all operational events is con-
trolled by input contacts and feedback. These contact inputs are from
pushbuttons for manually initiated action or from limit switches for
positional action. Also, contact inputs can be derived from analog inputs
for signal comparison or from other permissive interlock or inhibit
actions. The memory and logic program, shown in Figure 19-3, controls

PUSHBUTTONS MEMORY
LIMIT SOLENOIDS

MOTOR

SWITCHES ‘
ALARM STARTERS
INPUTS OUTPUTS
SuTGHES :> :> INDICATOR

LIGHTS
SWITCHES P;°G'R° “ :
NUMERIC INPUTS ek SETRONT ST
ANALOG INPUTS

SEQUENTIAL CONTROLLER

Fig. 19-3. Functional diagram of sequential controller.
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the conditions when a field output is turned ON or OFF for any of the
following operations:

Opening or closing individual valves
Starting or stopping pumps or agitators
Operating the lights of communication displays

Programmable Controllers

The programmable controller is a solid-state, sequential logic control
system. It replaces mechanical logic equipment, such as relays, step-
ping switches, and drum programmers. It is designed and packaged for
operation in harsh industrial process environments and for high reliabil-
ity and long-operating life. The logic sequence program, implemented
by pushbuttons, simplifies the development, checkout, and mainte-
nance of the control system design.

The programmable controller consists of four functional sections: a
core memory, a logic processor, storage registers, and input/output
signal conditioners. The size of the memory determines the logic stor-
age capacity for individual programs. These programs are executed by
the control routines of the logic processor and are used to generate
signals to turn on or off operating field outputs or to adjust set points of
controllers. To communicate these input/output signals, storage regis-
ters act as bridges between the signals at field levels and the high-speed
circuit of the logic processor. The input/output signal conditioners con-
vert input signals at field levels for compatibility with the logic pro-
cessor and control the output power for operation of field circuits.

Programming Language

The language used to describe sequential on/off logic is an electrical
ladder diagram with logic line numbers and contact symbols. A logic
control program closely resembles the format used for mechanical
relay systems. A typical ladder diagram is illustrated in Figure 19-4. In
this diagram, the source of power is indicated by the vertical uprights of
the ladder. The horizontal rungs indicate switch contacts to control the
flow of power. The four contact symbols used in logic sequences are
shown in Table 19-1.
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Fig. 19-4. Logic language (ladder diagram) format.

Generally, the logic program diagram elements use the same num-
ber designations as the conventional relay diagram. However, an indi-
vidual rung is limited to a maximum of four contact elements. If a logic
sequence requires more than the four elements, it may be handled as
follows: The original line output number is used as the first contact
input reference to the next line. For step-controlled events, a single-
input contact is used to control many contacts by assigning the same
reference number as if it were a relay with unlimited poles.

Table 19-1. Logic Sequence

Symbols
TYPE NORMALLY NORMALLY
OF OPEN CLOSED
CIRCUIT (NO) (NC)

seres | —

_1\t_
el ol
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Programming

The logic control program is created in memory by the use of a pro-
gramming panel. A typical panel is shown in Figure 19-5. Logic is
entered line by line. The programming panel is plugged into the service
port of the programmable controller. A new program is manually en-
tered into the memory by pushbuttons marked with the same symbols
as the four relay contact types. The line number and the individual
contact reference number are dialed on a thumbwheel; one of the
pushbuttons, marked with the logic symbol, is then selected and
pushed. The programming panel contains other types of logic func-
tions, including time delay or elapsed time, event counting, and calcula-
tion (addition, subtraction, multiplication, division, and comparison of
two numbers) for control of a logic line output.

v
Programming Panel
Logic Timing Counting
LINE NUMBER SELECTED ELEMENT
RELAY DISABLE A
1 a 2 POWER 'Ow: L] !ow: n !ov;( L] ourrur
) )
\ 7)) (7))

Fig. 19-5. Programming panel.
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The logic program lines are designed with seal circuits for momen-
tary contact inputs or with latch relay circuits for retentive output
action in case of power failure.

Logic System Automation

Proper application of a programmable control system begins with an
economic justification analysis. Savings are developed principally from
reduced cycle time and scheduling. Cycle automation provides rigid
control enforcement to eliminate human errors and to minimize neces-
sary manual interventions. Increased efficiency in scheduling is to be
expected with maximum utilization of equipment and reduction of fluc-
tuating demands on critical equipment.

Guidelines should be established to determine future plant goals
and the direction for the analysis. For instance, in a limited production

Table 19-2. Operational Displays

PROGRAM THE CONTROL CYCLE PROGRAM IS ENTERED AND THE
READY SYSTEM IS PREPARED TO RUN A NEW CYCLE.

RESET TO REPEAT THE SAME RECIPE, THE OPERATOR RESETS
CYCLE THE CYCLE TO THE STARTING POINT.

CYCLE START | THE OPERATOR CAN INITIATE THE CYCLE.

PROGRAM ~ THE CYCLE OPERATING CONDITION IS FROZEN AT THE
HOLD (LAST) OPERATING LEVEL.

ALL FIELD OPERATIONS ARE INHIBITED, AND THE
CHECK/RUN PROGRAM SEQUENCE CAN BE MANUALLY ADVANCED FOR
A PREVIEW OF EACH STEP AND OPERATING VALUE.

(OPERATED IN THE CHECK POSITION) STEP-BY-STEP

‘;LSNUAL SEQUENCING AHEAD OR BACK THROUGH THE PROCEDURE
VANCE OR RETURNING TO A PRIOR STEP CAN BE ACHIEVED.
EMERGENCY

SHUTDOWN | COMPLETE AND SUDDEN SHUTDOWN OF THE PROCESS-
(OPTTONAL) | ING OPERATION HAS BEEN INITIATED.

THE CONTROLLER SET POINT RAMPING ACTION IS

RATE STOPPED AND WILL REMAIN IN THE LAST POSITION
INTERRUPT | yNTIL THE MEASUREMENT IS WITHIN THE
(OPTIONAL) | CONTROLLER THROTTLING RANGE. ‘
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plant, the economic incentives are immediate from increased
throughput. In a plant that produces for a limited market, quality con-
trol, cost reductions, and future flexibility for change are more impor-
tant. With this type of system, the many possible control schemes are
as variable as the individual processing applications.

System Control Displays

The effectiveness of the programmed logic control system depends on
cycle status communication. This, in turn, depends on the proper selec-
tion of compatible display hardware and an understanding of the needs
of the operator for efficient performance of his job in varying circum-
stances. The display task is to advise not only the correct information,
but the most useful information. Table 19-2 lists typical displays that
might be incorporated into the system.

A good display technique simplifies the communication of the op-
eration tasks. There should be no time lost while the operator waits for
operating status and instructions.

CLE LOGIC SYSTEM # 14 DATE 25 SEP 73 PAGE
A NODE b NODE C NODE D NODE LINE ¢ REFERENCED IN LINES 1-17

COOKER READY LIGHT
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Fig. 19-6. Computer printed ladder diagram.
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Fig. 19-7. Typical program cycle.

The outputs controlled by this program adjust the correct process-
ing values by moving the set points of the analog controllers.

The logic system can program the final set-point position by com-
paring the programmed set-point signal to the measurement signal from
the process. These signals are interlocked to prevent the sequence from
advancing to the next step until the measurement has reached the pre-
programmed set point. A typical program cycle is shown graphically in
Figure 19-7.

Conclusion

The batch processes in the food, chemical, paper, and cement indus-
tries are sequential in nature, requiring time-or-event-based decisions.
Programmable controllers are being used more and more as total solu-
tions to a batch problem rather than just a tool. A process control
computer system generally has the ability to perform a programmable
controller function.

Industry’s goal is to improve quality and cut costs. This can be
done by increasing throughput by minimizing cycle time per batch, and
consistent production of on-spec products.

Questions

19-1. A programmable control system is
a. A single-cam set controller
b. A digital computer programmed to carry out a multiloop control
sequence
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¢. A data logger attached to a multiloop system
d. Any digital computer that performs set-point control

19-2. Programmable control systems are generally used with

a. Flow loops ¢. Batch processes

b. Pressure loops d. Large-capacity systems
19-3. Cam-operated controllers are programmed by

a. The layout of the cam ¢. Varying the timer settings

b. Using the programming panel d. The operator

19-4. The effectiveness of the programmed logic control system depends on
a. Cycle status communication
b. Economic justification analysis
¢. The mathematical manipulations required
d. The computer it interfaces with

19-5. Proper application of a programmable control system should begin with
a. A difficult control problem
b. A passive process
¢. Proper selection of compatible hardware
d. An economic justification analysis



Constructing and Instrumenting
Real and Simulated Processes

A process control loop can best be understood when its components are
combined in a loop and studied in operation. This, of course, requires
both the instrumentation and a process to be controlled. The process
may be real, or it may be an analogy or a simulation of a real process.
This chapter describes how both simulated and real processes can be
constructed. In terms of operation, there is little difference between the
real thing and the simulation, but in terms of being able to visualize the
operation, the real process definitely has the advantage. First, let us
consider the simulated process.

Simulated Processes

The axiom in plane geometry that ‘‘two things equal to the same thing
are equal to each other’’ applies to the technique of simulating a pro-
cess and its control. The axiom is applied by constructing a system, a
simulator, which simulates the behavior of the physical system under
study. The information from the simulator is applied to the actual sys-
tem.

The technique is convenient because it is generally much easier to

413
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manipulate the components of the simulator than it is to work with the
actual system being investigated. It also is a great time-saver, because
the simulator time base can be manipulated. For example, if a dynamic
study of a process with a 30-minute time constant were made, it would
take many hours to collect the necessary data. However, an equivalent
simulator with a time constant of a few seconds, or even milliseconds,
could provide the same data in a few minutes.

Still another area of effectiveness for the simulator is its application
to the training of instrument engineers and operators. Frequently, it is
desirable not only to demonstrate control action, but also to let the
student make adjustments and observe the results. An actual process
may be expensive and unwieldy, and may contain time constants that
would make the demonstration too long to be practical. Both of these
obstacles can be overcome by a suitable simulator.

A process simulator may be analog or digital; that is, it may use
voltages or pressures, currents or flows, or other continuous variables
to represent the process. Or a digital computer may be used to make a
digital simulation of the process. Only the analog simulator will be
considered here. The process simulator may be electric or pneumatic;
the choice usually is dictated by the type of instrument mechanisms
being investigated.

The response of many process elements is similar to that of a single
resistance-capacitance (RC) electric circuit. More complicated process
elements usually have a response similar to several RC elements in
series. Thus, three RC groups can simulate a three-element process.

Constructing an Electric Process Simulator

A three-element electric analog simulator for a process containing mul-
tiple capacitances and resistances, including an adjustment for gain and
load changes, is shown in schematic form in Figure 20-1 and pictured in
Figure 20-2. This simulator consists of three RC networks whose resis-
tance value—and hence the RC (time-constant) value—is adjustable.
The middle capacitor in the series has an adjustable resistor in parallel
with it to simulate process load changes.

The output of the RC network P has an adjustable gain control,
making it possible to simulate various process gains. Output P is
amplified, recorded, and brought to the controller input to close the
loop. With the adjustments available, this analog simulator has the cap-
ability of simulating a wide variety of process types and operating con-
ditions. It has the further advantage of being relatively inexpensive and
easy to construct.
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Fig. 20-1. A three-element electronic simulator for a process containing multiple
capacitances and resistances and used with Foxboro SPEC 200 equipment.

Now let us examine a commercially available analog simulator and
the features it makes available.
The Foxboro Electronic Process Simulator

The Foxboro Company electronic process simulator is a lightweight,
portable, self-contained real-time simulator (Figure 20-3). A wide range
of industrial processes can be simulated with this device.

o
I

Fig. 20-2. Electronic analog.
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Fig. 20-3. Process simulator.

The simulator consists of three serially connected special elec-
tronic circuits. One circuit simulates a final actuator—commonly valves
or dampers of various sizes and characteristics. A second circuit (Pro-
cess 1), simulates a fast-flow process. The third circuit (Process 2),
simulates a thermal process.

Simulated final actuators (valves, dampers, and so on) may be
scaled to a range of sizes. The simulated final actuator characteristics
may be linear or nonlinear, with either a slow or fast response time. A
hold position is provided to allow display of the controller output with-
out the dynamic effect of measurement feedback.

Process 1, the fast-flow or materials feed process, is adjustable for
process gain. Single or repeated load upsets, with or without noise, can
be superimposed on the input to Process 1.

Process 2, the slow heating, tank, and reactor process, is adjustable
for total-process time lag and process load. In addition, the circuit
allows the simulation of linear or nonlinear processes with three differ-
ent sensor gains.
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Fig. 20-4. A student and the author at electronic process simulator.

When using pneumatic instrumentation, controllers, and recorders,
it is necessary to add only pneumatic-to-electric and electric-to-
pneumatic converters between the simulator and the instruments. With
such converters, useful and direct comparisons can be made between
electric and pneumatic instruments.

The process simulator input, the manipulated variable, is an analog
signal either 10 to 50 mA dc, 4 to 20 mA dc, or 0 to 10 volts dc.

The process simulator outputs (MEASUREMENT 1 and MEA-
SUREMENT 2) from, respectively, Process 1 and Process 2, appear as
the same type of signals.
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Inside the simulator, special purpose solid-state electronic cir-
cuitry provides the features and characteristics to provide realistic
simulation of a variety of processes.

Circuit block diagram Figure 20-6 shows the internal arrangement.

Assume that we wish to simulate a heat exchanger—a single-
element temperature control as shown in Figure 20-7.

(FINAL ACTUATOR)
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Fig. 20-6. Circuit block diagram.
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Fig. 20-7. Heat exchanger—single-element temperature control.

In this single-element temperature control system, the controller
compares a measurement of hot water temperature with its manually
adjusted set point to develop an output signal. This output signal feeds
to and controls a fast-acting equal percentage steam valve.

The size of the heat exchanger, hot water load, steam pressure
variations, and many other factors determine the success of the control-
ler in its efforts to control the hot water temperature.

As stated in Chapter 11, the final actuator or valve must be prop-
erly sized. To accomplish this, several steps must be taken. The valve
characteristic linear or equal percentage also must be selected.

The final actuator should be sized to bring the simulated process (1
or 2) measurement to 100 percent when the controller output (manipu-
lated variable) is 100 percent. To do this:

1. Adjust controller output to 100 percent.
2. Adjust Process 2 load to the highest anticipated load. Low - 0.2,

High - 5.0.

3. When using Process 1 but not Process 2, adjust to normal (1),
center (up) position.
4. Adjust final actuator gain to bring Process 2 measurement to 100
percent.
5. Adjust Process 1 gain to bring Process 1 measurement to 100 per-
cent.
Now we are ready to tune the controller to control the simulated heat
exchanger process, using the procedures outlined in Chapter 12. The
results would be similar to those shown in Figure 20-9. Once the
simulator has been set, it should not be adjusted to get the desired
results. The process is not tuned to match the controller, but rather the
controller is adjusted to accommodate the process.
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Fig. 20-8. Simulator setup for single-element temperature control.

The variety of processes that can be simulated is virtually endless.
The limitations are time-related. For example, a simulation of a distilla-
tion column with time constants of an hour could not be done in real-
time with this simulator. Generally, this creates no problem, since
shorter time periods are much more practical for learning.

Pneumatic Process Simulator

The pneumatic-simulated process shown in schematic form in Figure
20-10 and pictured in Figure 20-11 consists of three -capacitances
(tanks) and three resistances (variable restrictions) alternately in series,
and a method of simulating a change in process load. Components
above the dotted line in the schematic provide simulated load changes.
In order to simulate load changes, a simple proportional controller is
used.
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Fig. 20-9. Heat Exchanger—normal load, equal percentage valve.

The Foxboro Model 56-3 relay is basically a proportional control-
ler, that is, the output (bellows P, called the feedback bellows) has a
signal proportional to the difference in signals in bellows A and C.
Bellows C is normally called the ‘‘measurement bellows,”” and A is
called the ‘‘set bellows.”’ In this case bellows C is used as the mea-
surement input, but bellows A is used as a ‘‘simulated process.”

This analog demonstrator uses three standard Foxboro instruments
(a Model 122F [two-pen] recorder, a Model 130-M-N5 [PR&D control-
ler], a three-unit pneumatic control shelf #100-3N-R1-C1, and a Model
56-3-9 computing relay).

The set-point transmitter, controller, and transfer switch are all in
the same unit. The controlled variable (pressure) is recorded by the one
pen (red in the Foxboro Model 122F). Another pen (green) may record
any of several possible inputs, such as controller set point, controller
output, or air pressure applied to the C bellows of the relay. The ability
to record these factors provides flexibility for demonstration.

The set-point transmitter delivers a signal to the controller corre-
sponding to the desired operating level. The transfer switch permits



422 PROCESS COMPUTERS AND SIMULATION

TANK (CI04AT) TANK (CIO4AT) REGULATOR
r (BIIOCZ)

—
RESTRICTOR RESTRICTOR RESTRICTOR
(UIOIBC) (UI01BC) (UI101BC)

n
Ny
x——l'-'b—
D>
mo
o
>
~<

LP SUPPLY
30-PSi

'T
3 » RECORDED
RESTRICTOR

(uio1BC)
L_' TANK
{CIO4AT)
<4
/?_i RESTRICTOR
{utotec)

| Tank
L

SIMULATED PROCESS

REAR OF
SHELF ~——,

INSTRUMENT ° AR suppLy_/ /4" TUBING
IDENTIFICATION REGULATE TO A FIXEI

(AS SPECIFIED PRESSURE BETWEEN | 3/g"pipiNG
IN SALES ORDER) IBAND 22 PSI

Fig. 20-10. Simulation of a three-element system with pneumatic components.

switching control from manual to automatic, or from automatic to
manual,

The three-mode pneumatic controller has proportional, integral,
and derivative functions. The recorder should have a 34-inch per min-
ute chart drive.
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Fig. 20-11. Pneumatic Consotrol-100 Line, three-unit shelf, and two-pen recorder.

Operation of the Pneumatic Simulator

Operation of the control loop can be traced on the schematic of Figure
20-10. First assume that a stable condition has been reached with the
recorder pen on scale. A step change then is created by moving the set
point. This results in a change in set-bellows pressure, and in the mo-
ment of force exerted by this bellows on the controller’s floating disk.

The controller immediately sets out to rebalance itself. The result
is a change of controller output pressure, which is applied through the
resistance-capacitance network to the A bellows of the relay. The three
resistance-capacitance networks and their time constants establish the
process time characteristics, or phase shift. It is by altering these val-
ues that the time constants of the process may be varied. The pressure
change in the A bellows unbalances the moments of force in the com-
puting relay. This unbalance is sensed by the flapper-nozzle detector,
and the relay rebalances itself by changing the pressure in bellows P.
This pressure in bellows P becomes the controlled variable, and is fed
back to the measurement bellows of the controller and the recorder.
Within the controller, the moment of force created by the pressure in
this bellows is concerned with that created by the set-bellows pressure.
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When these moments are again in equilibrium, the controller has rebal-
anced and the system has returned to a steady state.

The C bellows is the ‘‘measurement’’ bellows of a conventional
transmitter. Load changes are simulated by feeding changes through a
three-element RC circuit into the ‘‘measurement’’ bellows C of the
Model 56-3 relay.

Load changes may be simulated by changing the pressure in the C
bellows. The knob on the pressure regulator varies the process load.
The resistance-capacitance network in series with the regulator adds
delay time to the load-change signal and makes the operation more
realistic.

Many processes have the characteristic of pure dead time. Pure
dead time is the lapse between the instant a change occurs in the
process and the time it is sensed by the control system. For example,
assume that the outlet temperature of a heat exchanger is to be mea-
sured and controlled. If the temperature sensor is placed in the outlet
line 200 feet from the exchanger, and if the flow velocity through the
line is 5 feet per second, then 40 seconds (200 feet per 5 feet per second)
must elapse before any temperature change can be sensed by the sen-
sor. This 40-second time delay would be pure dead time. Pure dead
time is very difficult to simulate in any process analog. In the pneumatic
process simulator, the pure delay is approached by substituting a lag
for dead time. This is accomplished by introducing a resistance in
series with the P signal. Several feet of 0.007-inch bore capillary in this
line will provide the lag. A bypass valve will eliminate it as desired. For
demonstration purposes, the simulated process should be operated
without dead time, and then dead time can be introduced as an addi-
tional complication or a greater challenge.

A list of adjustments that will provide a starting point might be as
follows: VR, = 60 percent; VR, = 60 percent; VR, = Min; C = 25;
PB = 100 percent; integral = 0.5; derivative = 0.5; no dead time
resistance (bypass open).

Time Base

One advantage of the process simulator is its ability to operate on a
faster time base. For example, assume that an actual open-loop process
is subjected to a step upset and output is recorded on a chart having a
Y-inch per hour chart drive.

If the simulator recorder chart moves at 3% inch per minute and we
manipulate the RC values, we discover that the resulting curve has the
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Fig. 20-12. (Top) The response curve, the ‘‘signature’’ of the system, can have its time
axis changed by simulation. Only the time base is different. One curve is the real
system; the other is simulated.

same shape, though our time base is only !/s0 of that of the real process
(Figure 20-12).

If the control loop is now closed and the controller is manipulated,
the general problems encountered with the simulated process are essen-
tially the same as for the real process, but the speed of action has been
increased by a factor of 60.

If, after a few trial-and-error adjustments, the controller modes are
set to produce the recovery curve desired, these same settings can be
used in the controller attached to the actual process, but those factors
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Fig. 20-13. Liquid-level process.
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Fig. 20-14. Level/flow process.

having time elements (derivative and integral) must be changed by a
factor of 60.

Time scaling has perhaps been oversimplified in this illustration. If
the analog is used in the solution of a differential equation, the time
factor must be introduced into the equation so that the resultant solu-
tion will be in proper form.

Proportional band has no time factor and would remain the same
for either case. An open-loop step upset can be simulated by switching
the controller to manual control. Using this technique, and the faster
time base, the step upset or signature curve of the simulated process
can be adjusted to correspond to the process under investigation.
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Real Processes

Simplicity and economics are major considerations in the construction
of a process for instructional purposes. After investigating many pos-
sibilities, the logical choice became a simple level process. The process
and instrumentation are shown schematically in Figure 20-13 and pic-
tured in Figure 20-14.

The process consists of a tall cylindrical main tank which empties
into a short tank large enough in diameter to contain the contents of the
tanks above it. A small tank is placed in the flow line between the
bottom tank and the main tank to provide a realistic lag. Liquid (col-
ored water) is pumped by a submersible pump from the bottom tank
through an orifice plate—mounted within a differential pressure
transmitter—a control valve, the small-capacity tank, and then back
into the main tank. Level in the main tank is measured by a Foxboro
Model 17B buoyancy transmitter. The list of material required to
construct the system follows. The materials employed cost approxi-
mately $7,000 in 1980.

1 Foxboro Model 130-M-N5 PR&D controller

1 Foxboro Model 130F-N4 P&R controller

1 Foxboro Model 123, three variables

1 Foxboro Model 102-4N, four-unit mounting shelf

1 Foxboro Model V4A 34-inch body, H needle, C, = 0.56 control
valve
1 Foxboro Model 17B4-K41 pneumatic buoyancy transmitter

1 Foxboro Model 17B displacer A0100WM, 14-inch, rod = 8 in-
ches
1 Foxboro Model 13A d/p Cell transmitter

1 Foxboro Model 13A d/p Cell transmitter with integral orifice,
0.159-inch-diameter

1 Little Giant submersible pump; Little Giant Corp., Oklahoma
City, OK

20 feet of Imperial plastic tubing, 3s-inch

50 feet of Imperial plastic tubing, Y4-inch

Assorted Imperial fittings

1 pressure regulator and manifold

Wire and junction boxes
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1 plywood 2 X 6 feet mounting panel and 2 X 6 feet instrument
panel

1 plastic tank, 4-inch inside diameter X 42 inches high
1 plastic tank, 4-inch inside diameter X 13 inches high
1 plastic pail

Use all nonferrous materials to prevent rusty water.

The combinations that may be arranged with this equipment are
many and can demonstrate a variety of control actions. Figures 20-15
through 20-20 show some of these arrangements.

If you plan to do the feedforward loops Figure 20-19 and Figure
20-20, two square root extractors, such as Foxboro Model 557 and an
analog computer, Foxboro Model 136-1, will be required.

Now let us examine a more deluxe real-time process designed for
training. Figure 20-21 presents a picture of a process designed for use in
educational activity at Foxboro. It is shown in schematic form in Figure
20-22. This process unit features a graphic panel to which all instrument
inputs and outputs are terminated. It is possible, then, with pneumatic
patch cords, to make an almost endless number of loop configurations.

The dead time unit is a form of hydraulic screw. The colored water

Fig. 20-15. Flow measurement—head-meter using d/p Cell transmitter. (A) Mark one
gallon on large tank. (B) Calibrate d/p Cell 0 to 2 gpm. (C) With stopwatch, run for 2
minutes and compare reading with actual flow after adjusting control valve to allow
full-scale ¥2-gpm flow. (D) Calculate error, if any. (E) Repeat at several flow rates.
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Fig. 20-16. Flow control using head measurement.

enters one end and is delayed for a number of seconds—depending on
speed of rotation—before it exits at the other end. This unit makes it
possible to simulate dead time and capacity as it occurs in many actual
process situations. This device represents perhaps the ultimate in edu-
cational process units. It does represent a substantial investment.
From a practical point of view, building a unit similar to that shown
in Figure 20-14 and making use of available instruments around the
plant will provide an adequate teaching tool. A school engaged in teach-

Fig. 20-17. Level control.
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Fig. 20-18. Cascade control.
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Fig. 20-19. Feedforward without trim.
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Fig. 20-20. Feedforward with trim.

ing process instrumentation and control will find a working loop a most
valuable tool. The following problems are intended to stimulate possi-
ble uses of a process unit.

Problem |1 Figure 20-15. Flow measurement—head-meter using d/p Cell
transmitter. (A) Mark 1 gallon on large tank. (B) Calibrate d/p Cell 0 to
Y5 gpm. (C) With stopwatch, run for 2 minutes and compare reading
with actual flow after adjusting control valve to allow full-scale (2 gpm)
flow. (D) Calculate error, if any. (E) Repeat at several flow rates.

Problem 2 Having calibrated the flowmeter, put the controller whose
output positions the control valve on manual. With the system operat-
ing manually, position the valve at 10 percent increments from 0 to 100
percent and record the flow rate at each step. Now plot the characteris-
tic curve for the valve and compare the results with those shown in
Chapter 11.

Problem 3 Bypass the small tank as suggested in Question 20-7 and verify
your answer.
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Fig. 20-21. Educational process simulator unit.

Problem 4 Connect the system as shown in Figure 20-17 and carefully
adjust the controller. Now use the cascade arrangement shown in Fig-
ure 20-18 and repeat the proper adjustment procedure. Explain any
differences in results.

Problem 5 Create a feedforward system as shown in Figure 20-19. Once
it is operating properly, adjust the zero on the flow transmitter to intro-
duce an error. Observe the result. Repeat the same procedure using the
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Fig. 20-22. Schematic—educational process unit.

system shown in Figure 20-20. Note the results and carefully explain
any difference.

Questions
20-1. A big advantage in simulating a process is

a. Pure dead time can be clearly demonstrated
b. The noise factor is eliminated
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¢. That it is relatively inexpensive and may be performed on a faster time

base
d. That one may witness every detail of cause and effect

20-2. The major difference between the pneumatic process simulator and the
one that is electrically energized is that
a. The pneumatic type outperforms the electrical type
b. The electrical type outperforms the pneumatic type
¢. The pneumatic type operates much faster than the electrical
d. The electrical type is physically smaller and easier to construct

20-3. The academic basis of all simulation techniques is
a. All physical systems behave in essentially the same way with respect
to time
b. Electrical systems react faster than pneumatic systems
¢. Pneumatic systems are 3 to 15 times faster than real-time systems
d. Electrical simulators react in a square root relationship to an
equivalent pneumatic system

20-4. Proportional band has the following scaling factor for almost any

process
a. 1 c. 10
b. 0 d. 100

20-5. The integral orifice d/p Cell flowmeter has the greatest readability
a. At midscale
b. Within 0 to 25 percent of scale
¢. Within 25 to 60 percent of scale
d. On the upper 40 percent of scale

20-6. Assuming a properly adjusted controller is controlling a flow process,
changes in load-flow rate may cause instability because
a. The loop gain varies with flow rate
b. The loop gain varies with valve position
c. The location of the flow sensor is incorrect
d. Not true. The loop remains stable.

20-7. If the small tank between the control valve and the main tank is
bypassed, it becomes impossible to create oscillations or cycling. Why?
a. It is similar to a flow process
b. It does not have enough capacity and resistance elements to create

sufficient phase shift
¢. The gain of the large tank is so small in value that the controller gain is

inadequate for oscillation
d. The statement is not true; the system will oscillate vigorously

20-8. The cascade control system exhibits several advantages, one of which
is
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e oL

. More efficiency

Greater stability

. No possibility of cycling or oscillation
. Greater ease in adjustment

20-9.

d.
20-10.

excellent results but

The disadvantage of feedforward without feedback trim control is

a. Nonexistent
b.
c.

Poor stability .
The errors accumulate and eventually the tank either goes dry or
overflows

Difficulty in making adjustments

The process employing feedforward control with feedback trim provides

«

a. Is very difficult to adjust

b. Cannot correct for bad upsets

c. Is very sluggish in its operation ‘

d. Must in practice be a process that can justify the expense required to

provide this sophisticated control system
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Table A-1. Unit Conversions

ATMOSPHERES—atm (Standard at sea-level pressure)

x 101.325
X 14.696
X 76.00
X 29.92
X 33.96
x 1.01325
x 1.0332
x 1.0581
x 760

[ |

/]

Kilopascals (kPa) absolute

Pounds-force per square inch absolute (psia)
Centimetres of mercury (cmHg) at 0°C

Inches of mercury (inHg) at 0°C

Feet of water (ftH,0O) at 68°F

Bars (bar) absolute

Kilograms-force per square centimetre (kg/cm?) absolute
Tons-force per square foot (tonf/ft?) absolute

Torr (torr) (= mmHg at 0°C)

BARRELS, LIQUID, U.S.—bbl

x 0.11924
x 31.5

Cubic metres (m?)
U.S. gallons (U.S. gal) liquid

BARRELS, PETROLEUM—bbl

x 0.15899

X 42
BARS—bar

X 100

x 14,504

X 33.52

X 29.53

il

[

I

Cubic metres (m?%)
U.S. gallons (U.S. gal) oil

Kilopascals (kPa)

Pounds-force per square inch (psi)
Feet of water (ftH,0) at 68°F
Inches of mercury (inHg) at 0°C

436
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Table A-1. Unit Conversions (continued)

x 1.0197 = Kilograms-force per square centimetre (kg/cm?)
X 0.98692 = Atmospheres (atm) sea-level standard

X 1.0443 = Tons-force per square foot (tonf/ft?)

x 750.06 = Torr (torr) (= mmHg at 0°C)

BRITISH THERMAL UNITS—Btu (See note)

x 1055 = Joules (J)

x 778 = Foot-pounds-force (ft - 1bf)

x 0.252 = Kilocalories (kcal)

X 107.6 = Kilogram-force-metres (kgf - m)
X 2.93 x 10~ = Kilowatt-hours (kW - h)

x 3.93 x 10 = Horsepower-hours (hp * h)

BRITISH THERMAL UNITS PER MINUTE—Btu/min (See note)
X 17.58 = Watts (W)

x 12.97 = Foot-pounds-force per second (ft - 1bf/s)
x 0.02358 = Horsepower (hp)
CENTARES
x 1 = Square metres (m?)
CENTIMETRES—cm
x 0.3937 = Inches (in)

CENTIMETRES OF MERCURY—cmHg, at 0°C

x 1.3332 = Kilopascals (kPa)
x 0.013332 = Bars (bar)
X 0.4468 = Feet of water (ftH,0O) at 68°F
X 5.362 = Inches of water (inH;0) at 68°F
X 0.013595 = Kilograms-force per square centimetre (kg/cm?)
x 27.85 = Pounds-force per square foot (1bf/ft?
x 0.19337 = Pounds-force per square inch (psi)
x 0.013158 = Atmospheres (atm) standard
x 10 ‘ = Torr (torr) (= mmHg at 0°C)
CENTIMETRES PER SECOND—cm/s
X 1.9685 = Feet per minute (ft/min)
x 0.03281 = Feet per second (ft/s)
x 0.03600 = Kilometres per hour (km/h)
X 0.6000 = Metres per minute (m/min)
x 0.02237 = Miles per hour (mph)
CUBIC CENTIMETRES—cm?
x 3.5315 x 1073 = Cubic feet (ft?)
X 6.1024 x 1072 = Cubic inches (in%)
x 1.308 x 10-% = Cubic yards (yd®
X 2.642 x 10— = U.S. gallons (U.S. gal)
X 2.200 x 10~ = Imperial gallons (imp gal)
x 1.000 x 103 = Litres ()
CUBIC FEET—t?
x 0.02832 = Cubic metres (m?)

x 2.832 x 10* = Cubic centimetres (cm?)
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Table A-1. Unit Conversions (continued)

x 1728 = Cubic inches (in%)

x 0.03704 = Cubic yards (yd®)

x 7.481 = U.S. gallons (U.S. gal)

X 6.229 = Imperial gallons (imp gal)

X 28.32 = Litres (1)
CUBIC FEET PER MINUTE—cfm

X 472.0 = Cubic centimetres per second (cm3/s)

X 1.699 = Cubic metres per hour (m3h)

x 0.4720 = Litres per second (Is)

x 0.1247 = U.S. gallons per second (U.S. gps)

X 62.30 = Pounds of water per minute (IbH,O/min) at 68°F
CUBIC FEET PER SECOND-—cfs

x 0.02832 = Cubic metres per second (m?s)

X 1.699 = Cubic metres per minute (m%min)

X 448.8 = U.S. gallons per minute (U.S. gpm)

X 0.6463 = Million U.S. gallons per day (U.S. gpd)
CUBIC INCHES—in®

X 1.6387 x 10~ = Cubic metres (m?)

x 16.387 = Cubic centimetres (¢cm?)

x 0.016387 = Litres ()

X 5.787 x 10~ = Cubic feet (ft%)

X 2.143 x 1073 = Cubic yards (yd?¥

X 4.329 x 102 = U.S. gallons (U.S. gal)

X 3.605 x 10~* = Imperial gallons (imp gal)
CUBIC METRES—m?

X 1000 = Litres (1)

x 35.315 = Cubic feet (ft?)

X 61.024 x 10° = Cubic inches (in%)

x 1.3080 = Cubic yards (yd?

X 264.2 = U.S. gallons (U.S. gal)

x 220.0 = Imperial gallons (imp gal)
CUBIC METRES PER HOUR—m?%h

x 0.2778 = Litres per second (I's)

X 2,778 x 10+ = Cubic metres per second (m%s)

X 4.403 = U.S. gallons per minute (U.S. gpm)
CUBIC METRES PER SECOND—m?/s

X 3600 = Cubic metres per hour (m%h)

X 15.85 x 10% = U.S. gallons per minute (U.S. gpm)
CUBIC YARDS—yd?

x 0.7646 = Cubic metres (m?)

X 764.6 = Litres (1)

X 7.646 x 10° = Cubic centimetres (cm?3)

x 27 = Cubic feet (ft%)

X 46,656 = Cubic inches (in%

x 201.97 = 1.S. gallons (U.S. gal)

x 168.17 = Imperial gallons (imp gal)
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Table A-1. Unit Conversions (continued)

DEGREES, ANGULAR (°)

x 0.017453 = Radians (rad)
X 60 = Minutes (')
X 3600 = Seconds (")
x 1.111 = Grade (gon)
DEGREES PER SECOND, ANGULAR (“/s)
x 0.017453 = Radians per second (rad/s)
X 0.16667 = Revolutions per minute (r/min)
x 2.7778 x 1073 = Revolutions per second (r/s)
DRAMS (dr)
X 1.7718 = Grams (g)
X 27.344 = Grains (gr)
X 0.0625 = Qunces (0z)
FATHOMS
X 1.8288 = Metres (m)
X 6 = Feet (ft)
FEET—ft
X 0.3048 = Metres (m)
X 30.480 = Centimetres (cm)
X 12 = Inches (in)
x 0.3333 = Yards (yd)

FEET OF WATER—{tH,0, at 68°F
X 2.984 Kilopascals (kPa)
x 0.02984 = Bars (bar)

I

x 0.8811 = Inches of mercury (inHg) at 0°C
x 0.03042 = Kilograms-force per square centimetre (kg/cm?)
X 62.32 = Pounds-force per square foot (1bf/ft?)
X 0.4328 = Pounds-force per square inch (psi)
x 0.02945 = Standard atmospheres
FEET PER MINUTE—ft/min
x 0.5080 = Centimetres per second (cm/s)
x 0.01829 = Kilometres per hour (km/h)
X 0.3048 = Metres per minute (m/min)
X 0.016667 = Feet per second (ft/s)
x 0.01136 = Miles per hour (mph)
FEET PER SECOND PER SECOND—ft/s?
x 0.3048 = Metres per second per second (m/s?)
X 30.48 = Centimetres per second per second (cm/s?)
FOOT-POUNDS-FORCE—t - 1bf
X 1.356 = Joules (J)
x 1.285 x 1073 = British thermal units (Btu) (see note)
x 3,239 x 10~ = Kilocalories (kcal)
x 0.13825 = Kilogram-force-metres (kgf - m)
X 5.050 x 1077 = Horsepower-hours (hp - h)
x 3.766 x 1077 = Kilowatt-hours (kW - h)
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Table A-1. Unit Conversions (continued)

GALLONS, U.S.—U.S. gal

X 3785.4 = Cubic centimetres (cm?

x 3.7854 = Litres ()

X 3.7854 x 1073 = Cubic metres (m?)

x 231 = Cubic inches (in%)

x 0.13368 = Cubic feet (ft3)

X 4,951 x 1078 = Cubic yards (yd?®

x 8 = Pints (pt) liquid

X 4 = Quarts (qt) liquid

x 0.8327 = Imperial gallons (imp gal)

x 8.328 = Pounds of water at 60°F in air
x 8.337 = Pounds of water at 60°F in vacuo

GALLONS, IMPERIAL—imp gal

X 4546 = Cubic centimetres (cm3)

X 4,546 = Litres ()

X 4.546 x 1072 = Cubic metres (m?)

x 0.16054 = Cubic feet (ft3)

X 5.946 x 1073 = Cubic yards (yd?

X 1.20094 = U.S. gallons (U.S. gal)

X 10.000 = Pounds of water at 62°F in air

GALLONS, PER MINUTE, U.S.—U.S. gpm
x 0.22715 = Cubic metres per hour (m¥h)

x 0.06309 = Litres per second (Is)

x 8.021 = Cubic feet per hour (cfh)

X 2.228 x 1073 = Cubic feet per second (cfs)
GRAINS—gr av. or troy

x 0.0648 = Grams (g)

GRAINS PER U.S. GALLON—gr/U.S. gal at 60°F

x 17.12 = Grams per cubic metre (g/m3)

x 17.15 = Parts per million by weight in water

x 142.9 = Pounds per million gallons
GRAINS PER IMPERIAL GALLON—gr/imp gal at 62°F

X 14,25 = Grams per cubic metre (g/m3

X 14.29 = Parts per million by weight in water
GRAMS—g

X 15.432 = Grains (gr)

x 0.035274 = QOunces (0z) av.

x 0.032151 = Qunces (0z) troy

X 2.2046 x 1072
GRAMS-FORCE—gf

Pounds (Ib)

x 9.807 x 1072 = Newtons (N)
GRAMS-FORCE PER CENTIMETRE—gf/cm
x 98.07 = Newtons per metre (N/m)

X 5.600 x 1078 = Pounds-force per inch (Ibf/in)
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Table A-1. Unit Conversions (continued)

GRAMS PER CUBIC CENTIMETRE—g/cm?

X 62.43 = Pounds per cubic foot (1b/ft?)
x 0.03613 = Pounds per cubic inch (Ib/in®)
GRAMS PER LITRE—g/l
X 58.42 = Grains per U.S. gallon (gr/U.S. gal)
X 8.345 = Pounds per 1000 U.S. gallons
x 0.06243 = Pounds per cubic foot (Ib/ft?)
x 1002 = Parts per million by mass (weight) in water at 60°F
HECTARES—ha
X 1.000 x 10* = Square metres (m?)
x 1.0764 x 10° = Square feet (ft?)
HORSEPOWER—hp
X T45.7 = Watts (W)
X 0.7457 = Kilowatts (kW)
X 33,000 = Foot-pounds-force per minute (ft - Ibf/min)
X 550 = Foot-pounds-force per second (ft - 1bf/s)
X 42.43 = British thermal units per minute (Btu/min) (see note)
x 10.69 = Kilocalories per minute (kcal/min)
x 1.0139 = Horsepower (metric)
HORSEPOWER-—hp boiler
X 33,480 = British thermal units per hour (Btuwh) (see note)
X 9.809 = Kilowatts (kW)
HORSEPOWER-HOURS—hp - h
X 0.7457 = Kilowatt-hours (kW - h)
x 1.976 x 10° = Foot-pounds-force (ft - Ibf)
X 2545 = British thermal units (Btu) (see note)
X 641.5 = Kilocalories (kcal)
x 2.732 x 10° = Kilogram-force-metres (kgf - m)
INCHES—in
X 2.540 = Centimetres (cm)

INCHES OF MERCURY—inHg at 0°C

X 3.3864 = Kilopascals (kPa)

x 0.03386 = Bars (bar)

x 1.135 = Feet of water (ftH,O) at 68°F

X 13.62 = Inches of water (inH,0) at 68°F

x 0.03453 = Kilograms-force per square centimetre (kg/cm?
x 70.73 = Pounds-force per square foot (Ibf/ft?)

x 0.4912 = Pounds-force per square inch (psi)

x 0.03342 = Standard atmospheres

INCHES OF WATER—inH,O at 68°F

x 0.2487 = Kilopascals (kPa)

X 2.487 x 1073 = Bars (bar)

x 0.07342 = Inches of mercury (inHg) at 0°C

X 2.535 x 107? = Kilograms-force per square centimetre (kg/cm?)
X 0.5770 = QOunces-force per square inch (ozf/in%)
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Table A-1. Unit Conversions (continued)

X 5.193

x 0.03606

X 2.454 x 1073
JOULES—J

x 0.9484 x 102

X 0.2390

x 0.7376

X 2.778 x 10
KILOGRAMS—kg

X 2.2046

x 1.102 x 1078

[ ]

It

Pounds-force per square foot (Ibf/ft?)
Pounds-force per square inch (psi)
Standard atmospheres

British thermal units (Btu) (see note)
Calories (cal) thermochemical
Foot-pounds-force (ft - 1bf)
Watt-hours (W - h)

= Pounds (Ib)

Tons (ton) short

KILOGRAMS-FORCE—kgf

X 9.807
X 2.205

Newtons (N)
Pounds-force (1bf)

KILOGRAMS-FORCE PER METRE—kgf/m

X 9.807
x 0.6721

Newtons per metre (N/m)
Pounds-force per foot (Ibf/ft)

KILOGRAMS-FORCE PER SQUARE CENTIMETRE—kg/cm?

x 98.07
x 0.9807
X 32.87
X 28.96
X 2048

X 14.223
x 0.9678

il

fl

[}

Kilopascals (kPa)

Bars (bar)

Feet of water (ftH,0) at 68°F
Inches of mercury (inHg) at 0°C
Pounds-force per square foot (Ibf/ft?)
Pounds-force per square inch (psi)
Standard atmospheres

KILOGRAMS-FORCE PER SQUARE MILLIMETRE—kg{/mm?

X 9.807
X 1.000 x 108

Megapascals (MPa)
Kilograms-force per square metre (kgf/m?)

KILOMETRES PER HOUR—km/h

x 27.78
x 0.9113
X 54.68
X 16.667
x 0.53996
x 0.6214

Centimetres per second (cm/s)
Feet per second (ft/s)

Feet per minute (ft/min)
Metres per minute (m/min)
International knots (kn)

Miles per hour (mph)

KILOMETRES PER HOUR PER SECOND—km - h~! - §-!

x 0.2778
X 27.78
x 0.9113

Metres per second per second (m/s%)
Centimetres per second per second (cm/s?)
Feet per second per second (ft/s?)

KILOMETRES PER SECOND—km/s

X 37.28

KILOPASCALS—kPa
x 10®
X 0.1450
x 0.010197

Miles per minute (mi/min)

Pascals (Pa) or newtons per square metre (N/m?)
Pounds-force per square inch (psi)
Kilograms-force per square centimetre (kg/cm?)



APPENDIX 443

Table A-1. Unit Conversions (continued)

x 0.2953 = Inches of mercury (inHg) at 32°F

x 0.3351 = Feet of water (ftH,O) at 68°F

x 4.021 = Inches of water (inH,0) at 68°F
KILOWATTS—kW

x 4,425 x 10* = Foot-pounds-force per minute (ft - 1bf/min)

X 737.6 = Foot-pounds-force per second (ft - Ibf/s)

X 56.90 = British thermal units per minute (Btu/min) (see note)

X 14.33 = Kilocalories per minute (kcal/min)

x 1.3410 = Horsepower (hp)
KILOWATT-HOURS—kKW - h

x 3.6 x 108 = Joules (J)

X 2.655 x 108 = Foot-pounds-force (ft - 1bf)

x 3413 = British thermal units (Btu) (see note)

x 860 = Kilocalories (kcal)

X 3.671 x 10% = Kilogram-force metres (kgf - m)

x 1.3410 = Horsepower-hours (hp - h)
KNOTS—kn (International)

x 0.5144 = Metres per second (m/s)

x 1.151 = Miles per hour (mph)
LITRES—I

x 1000 = Cubic centimetres (cm®)

x 0.035315 = Cubic feet (ft?)

x 61.024 Cubic inches (in%

x 1.308 x 1073 = Cubic yards (yd?

x 0.2642 = U.S. gallons (U.S. gal)

x 0.2200 = Imperial gallons (imp gal)
LITRES PER MINUTE—//min

x 0.01667 = Litres per second (Vs)

X 5.885 x 10~ = Cubic feet per second (cfs)

x 4.403 x 1073 = U.S. gallons per second (U.S. gal's)

X 3.666 x 1073 = Imperial gallons per second (imp gal/s)
LITRES PER SECOND—V/s

x 1073 = Cubic metres per second (m¥s)

x 3.600 = Cubic metres per hour (m%h)

x 60 = Litres per minute (I/min)

x 15.85 = U.S. gallons per minute (U.S. gpm)

x 13.20 = Imperial gallons per minute (imp gpm)
MEGAPASCALS—MPa

x 108 = Pascals (Pa) or newtons per square metre (N/m?)

x 10° = Kilopascals (kPa)

x 145.0 = Pounds-force per square inch (psi)

x 0.1020 = Kilograms-force per square millimetre (kgf/mm?
METRES—m

x 3.281 = Feet (ft)

x 39.37 = Inches (in)

x 1.0936 = Yards (yd)
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Table A-1. Unit Conversions (continued)

METRES PER MINUTE—m/min
X 1.6667 = Centimetres per second (cm/s)

x 0.0600 = Kilometres per hour (km/h)

X 3.281 = Feet per minute (ft/min)

x 0.05468 = Feet per second (ft/s)

x 0.03728 = Miles per hour (mph)
METRES PER SECOND—m/s

X 3.600 = Kilometres per hour (km/h)

x 0.0600 = Kilometres per minute (km/min)

X 196.8 = Feet per minute (ft/min)

X 3.281 = Feet per second (ft/s)

x 2.237 = Miles per hour (mph)

x 0.03728 = Miles per minute (mi/min)
MICROMETRES-—um formerly micron

x 1078 = Metres (m)
MILES—mi

x 1.6093 x 1078 = Metres (m)

x 1.6093 = Kilometres (km)

X 5280 = Feet (ft)

X 1760 = Yards (yd)
MILES PER HOUR—mph

X 44,70 = Centimetres per second (cm/s)

X 1.6093 . = Kilometres per hour (km/h)

X 26.82 = Metres per minute (m/min)

x 88 = Feet per minute (ft/min)

X 1.4667 = Feet per second (ft/s)

X 0.8690 = International knots (kn)
MILES PER MINUTE—mi/min

X 1.6093 = Kilometres per minute (km/min)

X 2682 = Centimetres per second (cm/s)

x 88 = Feet per second (ft/s)

X 60 = Miles per hour (mph)
MINUTES, ANGULAR—(')

X 2.909 x 10 = Radians (rad)
NEWTONS—N

x 0.10197 = Kilograms-force (kgf)

x 0.2248 = Pounds-force (Ibf)

x 7.233 = Poundals

x 10° = Dynes
OUNCES—oz av.

x 28.35 = Grams (g)

X 2.835 x 1073 = Tonnes (t) metric ton

x 16 = Drams (dr) av.

X 437.5 = Grains (gr)

% 0.06250 = Pounds (Ib) av.
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Table A-1. Unit Conversions (continued)

x 0.9115 = Ounces (0z) troy
x 2.790 x 1073 = Tons (ton) long
OUNCES—oz troy
x 31.103 = Grams (g)
x 480 = QGrains (gr)
X 20 = Pennyweights (dwt) troy
x 0.08333 = Pounds (Ib) troy
x 0.06857 = Pounds (Ib) av.
x 1.0971 = Ounces (0z) av.
OUNCES—oz U.S. fluid
x 0.02957 = Litres ()
X 1.8046 = Cubic inches (in)
OUNCES-FORCE PER SQUARE INCH—ozf/in*
X 43,1 = Pascals (Pa)
X 0.06250 = Pounds-force per square inch (psi)
X 4.395 = Grams-force per square centimetre (gf/fcm?
PARTS PER MILLION BY MASS—mass (weight) in water
X 0.9991 = Grams per cubic metre (g/m?) at 15°C
X 0.0583 = Grains per U.S. gallon (gr/U.S. gal) at 60°F
x 0.0700 = Grains per imperial gallon (gr/imp gal) at 62°F
x 8.328 = Pounds per million U.S. gallons at 60°F
PASCALS—PA
x 1 = Newtons per square metre (N/m?)
x 1.450 x 10~ = Pounds-force per square inch (psi)
x 1.0197 x 1075 = Kilograms-force per square centimetre (kg/cm?)
x 1073 = Kilopascals (kPa)
PENNYWEIGHTS—dwt troy
X 1.5552 = Grams (g)
X 24 = QGrains (gr)
POISES—P
x 0.1000 = Newton-seconds per square metre (N - s/m?)
x 100 = Centipoises (cP)
X 2.0886 x 103 = Pound-force-seconds per square foot (Ibf - s/ft?)
x 0.06721 = Pounds per foot second (Ib/ft - s)
POUNDS-FORCE—Ibf av.
X 4,448 = Newtons (N)
x 0.4536 = Kilograms-force (kgf)
POUNDS—Ib av.
X 453.6 = Grams (g)
x 16 = Ounces (0z) av.
X 256 = Drams (dr) av.
x 7000 = QGrains (gr)
X 5 x 107 = Tons (ton) short
x 1.2153 = Pounds (Ib) troy
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Table A-1. Unit Conversions (continued)

POUNDS—Ib troy

X 373.2 = Grams (g)

X 12 = Qunces (0z) troy

X 240 = Pennyweights (dwt) troy
X 5760 = QGrains (gr)

x 0.8229 = Pounds (lb) av.

X 13.166 = Qunces (0z) av.

X 3.6735 x 10~
X 4.1143 x 10+

Tons (ton) long
Tons (ton) short

]

X 3.7324 x 10~ = Tonnes (t) metric tons
POUNDS-MASS OF WATER AT 60°F

X 453.98 = Cubic centimetres (cm?)

x 0.45398 = Litres ()

x 0.01603 = Cubic feet (ft%)

x 27.70 = Cubic inches (in®)

x 0.1199 = U.S. gallons (U.S. gal)
POUNDS OF WATER PER MINUTE AT 60°F

X 7.576 = Cubic centimetres per second (cm?s)

X 2.675 x 10~ = Cubic feet per second (cfs)
POUNDS PER CUBIC FOOT—Ib/ft?

x 16.018 = Kilograms per cubic metre (kg/m?)

x 0.016018 = Grams per cubic centimetre (g/cm?)

X 5.787 x 10~ = Pounds per cubic inch (Ib/in%)
POUNDS PER CUBIC INCH—Ib/in?

X 2.768 x 10* = Kilograms per cubic metre (kg/m?)

x 27.68 = Grams per cubic centimetre (g/cm?)

x 1728 = Pounds per cubic foot (Ib/ft%)
POUNDS-FORCE PER FOOT—Ibf/ft

X 14.59 = Newtons per metre (N/m)

x 1.488 = Kilograms-force per metre (kgf/m)

X 14.88 = Grams-force per centimetre (gf/cm)
POUNDS-FORCE PER SQUARE FOOT—Ibf/ft?

x 47.88 = Pascals (Pa)

x 0.01605 = Feet of water (ftH,0) at 68°F

x 4.882 x 10~ = Kilograms-force per square centimetre (kg/cm?)

X 6.944 x 1072 = Pounds-force per square inch (psi)

POUNDS-FORCE PER SQUARE INCH—psi
X 6.895 = Kilopascals (kPa)

X 0.06805 = Standard atmospheres

x 2.311 = Feet of water (ftH,0O) at 68°F

x 27.73 = Inches of water (inH,0) at 68°F

x 2.036 = Inches of mercury (inHg) at 0°C

x 0.07031 = Kilograms-force per square centimetre (kg/cm?
QUARTS—qt dry

x 1101 = Cubic centimetres (cm?)

X 67.20 = Cubic inches (in3)
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Table A-1. Unit Conversions (continued)

QUARTS—qt liquid
X 946.4
x 57.75

Cubic centimetres (cm?)
Cubic inches (in®)

QUINTALS—obsolete metric mass term

X 100 =
x 220.46
101.28
129.54
101.41
101.47
x 101.43

RADIANS—rad
x 57.30 =

X X X X
[ |

Kilograms (kg)
Pounds (lb) U.S. av.
Pounds (Ib) Argentina
Pounds (Ib) Brazil

= Pounds (Ib) Chile

Pounds (lb) Mexico

= Pounds (Ib) Peru

Degrees (°) angular

RADIANS PER SECOND—rad/s

x 57.30 =

Degrees per second (°/s) angular

STANDARD CUBIC FEET PER MINUTE—scfm (at 14.696 psia and 60°F)

X 0.4474 =

x 1.608 =

STOKES—St
x 10~
x 1.076 x 1073

Litres per second (I/s) at standard conditions (760 mmHg and
0°C)

Cubic metres per hour (m%h) at standard conditions (760
mmHg and (°C)

Square metres per second (m?%s)
Square feet per second (ft¥s)

TONS-MASS—tonm long

x 1016 =
X 2240 =
x 1.1200 =

Kilograms (kg)
Pounds (Ib) av.
Tons (ton) short

TONNES—t metric ton, millier

x 1000 =
X 2204.6 =

Kilograms (kg)
Pounds (Ib)

TONNES-FORCE—tf metric ton-force

X 980.7 =

TONS—ton short
x 907.2
x 0.9072
x 2000
X 32000
X 2430.6
x 0.8929

[

Newtons (N)

Kilograms (kg)
Tonnes (t)
Pounds (Ib) av.
Ounces (0z) av.
Pounds (Ib) troy
Tons (ton) long

TONS OF WATER PER 24 HOURS AT 60°F

x 0.03789 =
x 83.33
x 0.1668
x 1.338

Cubic metres per hour (m3h)

Pounds of water per hour (Ib/h H,0) at 60°F
U.S. gallons per minute (U.S. gpm)

Cubic feet per hour (cfh)
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Table A-1. Unit Conversions (continued)

WATTS—W

x 0.05690 = British thermal units per minute (Btu/min) (see note)

X 44.25 = Foot-pounds-force per minute (ft - Ibf/min)

x 0.7376 = Foot-pounds-force per second (ft - Ibf/s)

x 1.341 x 1073 = Horsepower (hp)

x 0.01433 = Kilocalories per minute (kcal/min)
WATT-HOURS—W - h

X 3600 = Joules (J)

X 3.413 = British thermal units (Btu) (see note)

X 2655 = Foot-pounds-force (ft - 1bf)

X 1.341 x 1073 = Horsepower-hours (hp - h)

x 0.860 ’ = Kilocalories (kcal)

X 367.1 = Kilogram-force-metres (kgf - m)

NOTE: SIGNIFICANT FIGURES The precision to which a given conversion factor is known, and
its application, determine the number of significant figures which should be used. While many hand-
books and standards give factors contained in this table to six or more significant figures, the fact that
different sources disagree, in many cases, in the fifth or further figure indicates that four or five
significant figures represent the precision for these factors fairly. At present the accuracy of process
instrumentation, analog or digital, is in the tenth percent region at best, thus needing only three sig-
nificant figures. Hence this table is confined to four or five significant figures. The advent of the
pocket calculator (and the use of digital computers in process instrumentation) tends to lead to use of
as many figures as the calculator will handle. However, when this exceeds the precision of the data,
or the accuracy of the application, such a practice is misleading and timewasting.

NOTE: BRITISH THERMAL UNIT When making calculations involving Btu it must be remembered
that there are several definitions of the Btu. The first three significant figures of the conversion
factors given in this table are common to most definitions of the Btu. However, if four or more sig-
nificant figures are needed in the calculation, the appropriate handbooks and standards should be
consulted to be sure the proper definition and factor are being used.
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Table A-2. Temperature Conversions

F c *F c F F c F

-273.15 —-459.67 -172 1 338 106 51 1238 43 110 230 266 510 950
—268 —450 ~167 2 356 1.1 52 1256 49 120 248 271 520 968
-262 —440 -16.1 3 374 1.7 53 1274 54 130 266 277 530 986
—257  -430 156 4 392 122 54 1292 60 140 284 282 540 1004
~251 —-420 -150 S 410 128 55 1310 66 150 302 288 550 1022
-246 —-410 ~-144 6 428 133 56 132.8 71 160 320 293 560 1040
—240 —400 —-139 7 446 139 57 1346 77 170 338 299 570 1058
-234 -39 -13.3 8 464 144 58 1364 82 180 356 304 580 1076
-229 -380 -128 9 482 15.0 59 1382 88 190 374 310 590 1094
-223 -370 -12.2 10 50.0 15.6 60 140.0 93 200 392 316 600 1112
-218 - 360 -11.7 11 51.8 16.1 61 141.8 99 210 410 321 610 1130
=212 —350 ~-11.1 12 536 16.7 62 143.6 327 620 1148
-207 -340 -10.6 13 554 172 63 1454 332 630 1166
-201 -3 ~-10.0 14 572 17.8 64 1472 338 640 1184
-196 -320 -94 15 590 183 65 149.0 343 650 1202
-190 =310 -89 16 608 189 66 150.8 100 212 413 349 660 1220
-184 - 300 ~-83 17 626 194 67 152.6 354 670 1238
-179 - 290 -7.8 18 644 200 68 1544 360 680 1256
-173 —280 -72 19 662 206 69 156.2 366 690 1274
169  -273 4594  —67 20 680 211 70 1580 371 700 1292
-168 -270 —454 -6.1 21 698 21.7 71 159.8 377 710 1310
162 -260 -436 -56 22 716 2.2 72 1616 104 220 428 382 720 1328
-157 —250 -418 -50 23 734 228 73 1634 110 230 446 388 730 1346
—151 -240 —400 -44 24 752 233 74 1652 116 240 464 393 740 1364
—146 -230 -382 -39 25 77.0 239 75 167.0 121 250 482 399 750 1382
- 140 -220 -364 -33 26 788 244 76 1688 127 260 500 404 760 1400
—-134 =210 —346 -2.8 27 806 250 77 1706 132 270 518 410 770 1418
-129 - 200 —-328 -22 28 824 256 78 1724 138 280 536 416 780 1436
-123 -190 -310 -1.7 29 842 261 79 1742 143 290 554 421 790 1454
-118 - 180 -292 ~-1.1 30 86.0 267 80 176.0 149 300 572 427 800 1472
-112 -170 -274 -0.6 31 878 272 81 17718 154 310 590 432 810 1490
=107 - 160 —256 [ 32 896 278 82 1796 160 320 608 438 820 1508
—10t - 150 -238 06 33 914 283 83 1814 166 330 626 443 830 1526
-95.6 -140 -220 1.1 34 932 289 84 1832 171 340 644 449 840 1544
-90.0 -130 -202 1.7 35 950 294 85 1850 177 350 662 454 850 1562
-844 ~-120 — 184 22 36 968 30.0 86 186.8 182 360 680 460 860 1580
-789 -110 -166 28 37 986 30.6 87 188.6 188 370 698 466 870 1598
-73.3 -100 -148 33 38 1004 31.1 88 1904 193 380 716 471 880 1616
-67.8 -9% -130 39 39 1022 31.7 89 192.2 199 390 734 477 890 1634
~62.2 —-80 -112 4.4 40 1040 322 90 1940 204 400 752 482 900 1652
-56.7 -70 - 5.0 41 1058 328 91 1958 210 410 770 488 910 1670
-S11 —60 -6 5.6 42 107.6 333 92 197.6 216 420 788 493 920 1688
—456  —50 -s8 6.1 43 109.4 339 93 1994 221 430 806 499 930 1706
-40.0 -40 -40 6.7 44 1112 344 94 2012 227 440 824 504 940 1724
-34.4 -3 -22 7.2 45 1130 35.0 95 203.0 232 450 842 510 950 1742
-28.9 -20 -4 7.8 46 1148 356 96 204.8 238 460 860 516 960 1760
~233 -10 14 8.3 47 116.6 36.1 97 206.6 243 470 878 521 970 1778
-17.8 0 32 8.9 48 1184 36.7 98 2084 249 480 896 527 980 1796
9.4 49 120.2 372 9 2102 254 490 914 532 990 1814
10.0 50 122.0 37.8 100 212.0 260 500 932 538 1000 1832

* In the center column, find the temperature to be converted. The equivalent
temperature is in the left column, if converting to Celsius, and in the right

column, if converting to Fahrenheit.

Interpolation Values

(o} * F c * F

056 1 1.8 333 6 108
1.1 2 36 389 7 126
167 3 54 444 B8 144
222 4 72 500 9 162
278 5 90 556 10 18.0
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Table A-2. Temperature Conversions (continued)

[ C F C C F
543 1010 1850 821 1510 2750 1099 2010 3650 1377 2510 4550
549 1020 1868 827 1520 2768 1104 2020 3668 1382 2520 4568
554 1030 1886 832 1530 2786 1110 2030 3686 1388 2530 4586
560 1040 1904 838 1540 2804 1116 2040 3704 1393 2540 4604
566 1050 1922 843 1550 2822 1121 2050 3722 1399 2550 4622
571 1060 1940 849 1560 2840 1127 2060 3740 1404 2560 4640
577 1070 1958 854 1570 2858 1132 2070 3758 1410 2570 4658
582 1080 1976 860 1580 2876 1138 2080 3776 1416 2580 4676
588 1090 1994 866 1590 2894 1143 2090 3794 1421 2590 4694
593 1100 2012 871 1600 2912 1149 2100 3812 1427 2600 4712
599 1110 2030 877 1610 2930 1154 2110 3830 1432 2610 4730
604 1120 2048 882 1620 2948 1160 2120 3848 1438 2620 4748
610 1130 2066 888 1630 2966 1166 2130 3866 1443 2630 4766
616 1140 2084 893 1640 2984 H7 2140 3884 1449 2640 4784
621 1150 2102 899 1650 3002 H77 2150 3902 1454 2650 4802
627 1160 2120 904 1660 3020 1182 2160 3920 1460 2660 4820
632 1170 2138 910 1670 3038 1188 2170 3938 1466 2670 4838
638 1180 2156 916 1680 3056 1193 2180 3956 1471 2680 4856
643 1190 2174 921 1690 3074 1199 2190 3974 1477 2690 4874
649 1200 2192 927 1700 3092 1204 2200 3992 1482 2700 4892
654 1210 2210 932 1710 3110 1210 2210 4010 1488 2710 4910
660 1220 2228 938 1720 3128 1216 2220 4028 1493 2720 4928
666 1230 2246 943 1730 3146 1221 2230 4046 1499 2730 4946
671 1240 2264 949 1740 3164 1227 2240 4064 1504 2740 4964
677 1250 2282 954 1750 3182 1232 2250 4082 1510 2750 4982
682 1260 2300 960 1760 3200 1238 2260 4100 1516 2760 5000
688 1270 2318 966 1770 3218 1243 2270 4118 1521 2770 5018
693 1280 2336 971 1780 3236 1249 2280 4136 1527 2780 5036
699 1290 2354 977 1790 3254 1254 2290 4154 1532 2790 5054
704 1300 2372 982 1800 3272 1260 2300 4172 1538 2800 5072
710 1310 2390 988 1810 3290 1266 2310 4190 1543 2810 5090
716 1320 2408 993 1820 3308 1271 2320 4208 1549 2820 5108
721 1330 2426 999 1830 3326 1277 2330 4226 1554 2830 5126
727 1340 2444 1004 1840 3344 1282 2340 4244 1560 2840 5144
732 1350 2462 1010 1850 3362 1288 2350 4262 1566 2850 5162
738 1360 2480 1016 1860 3380 1293 2360 4280 1571 2860 5180
743 1370 2498 1021° 1870 3398 1299 2370 4298 1577 2870 5198
749 1380 2516 1027 1880 3416 1304 2380 4316 1582 2880 5216
754 1390 2534 1032 1890 3434 1310 2390 4334 1588 2890 5234
760 1400 2552 1038 1900 3452 1316 2400 4352 1593 2900 5252
766 1410 2570 1043 1910 3470 1321 2410 4370 1599 2910 5270
771 1420 2588 1049 1920 3488 1327 2420 4388 1604 2920 5288
777 1430 2606 1054 1930 3506 1332 2430 4406 1610 2930 5306
782 1440 2624 1060 1940 3524 1338 2440 4424 1616 2940 5324
788 1450 2642 1066 1950 3542 1343 2450 4442 1621 2950 5342
793 1460 2660 1071 1960 3560 1349 2460 4460 1627 2960 5360
799 1470 2678 1077 1970 3578 1354 2470 4478 1632 2970 5378
804 1480 2696 1082 1980 3596 1360 2480 4496 1638 2980 5396
810 1490 2714 1088 1990 3614 1366 2490 4514 1643 2990 5414
816 1500 2732 1093 2000 3632 1371 2500 4532 1649 3000 5432
TEMPERATURE CONVERSION FORMULAS

DEGREES CELSIUS
(FORMERLY DEGREES DEGREES
CENTIGRADE) C FAHRENHEIT~—F REAUMUR—R '

C+ 273.15 K Kelvin F + 459.67 = Rankine C Celsius

(C x %s) + 32

Cx4Ys

o

F Fahrenheit

R Réaumur

(F ~ 32) x 5/ = C Celsius
(F — 32) x % = R Réaumur

(R x %) + 32

F Fahrenheit
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Table A-3. Approximate Specific
Gravities of Some Common Liquids
under Normal Conditions of
Pressure and Temperature

Specific

Liquid Gravity
Acid

Hydrochloric, 31.5% 1.05

Muriatic, 40% 1.20

Nitric, 91% 1.50

Sulphuric, 87% 1.80

Sulphuric, 100% 1.83
Alcohol

Ethyl, 100% 0.79

Methyl, 100% 0.80
Benzine 0.73-0.75
Chloroform 1.50
Corn Syrup 1.40-1.47
Crude Oil 0.78-0.92
Ether 0.74
Ethylene Glycol 1.125
Fish and Animal Oils 0.88-0.96
Freon 1.37-1.49
Fuel Oils 0.82-0.95
Gasoline 0.68-0.75
Glycerine, 100% 1.26
Kerosene 0.78-0.82
Lubricating Oils 0.88-0.94
Milk 1.02-1.05
Mercury 13.546
Molasses 1.40-1.49
Tar 1.07-1.30
Varnish 0.9
Vegetable Oils 0.90-0.98
Water 1.0
Water at 100°C 0.96
Water, Ice 0.88-0.92

Water, Sea 1.02-1.03
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Table A-4. Standard Dimensions for Welded or Seamless Steel Pipe

Nominal INTERNAL DIAMETER
Pipe oD Inches Inches Inches Threads Nominal
Size. Inches mm mm mm Per Weight
Inches mm Sch 10 Sch 40 Sch 80 Inch Ibift
% .405 .307 .269 215 27 0.244
10.29 7.80 6.83 5.46
V4 .540 .410 .364 .302 18 0.424
13.72 10.41 9.25 7.67
¥ .675 545 .493 .423 18
17.15 13.84 12.52 10.74
%3 .840 674 622 .546 14
21.34 17.12 15.80 13.87
% 1.050 .884 .824 742 14
26.67 22.45 20.93 18.85
1.315 1.097 1.049 957 1144 1.678
33.40 27.86 26.64 24.31
1Y4 1.660 1.442 1.380 1.278 11% 2.272
42.16 36.63 35.05 32.46
1% 1.900 1.682 1.610 1.500 115 2.717
48.26 42.72 40.89 38.10
2 2.375 2.157 2.067 1.939 1114 3.652
60.33 54.79 52.50 49.25
2% 2.875 2.635 2.469 2.323 8
73.03 66.93 62.71 59.00
3 3.500 3.260 3.068 2.900 8
88.90 82.80 77.93 73.66
4 4,500 4.260 4.026 3.826 8
114.3 108.2 102.3 97.18
6 6.625 6.357 6.065 5.761 8
168.3 161.5 154.1 146.3
8 8.625 8.329 7.981 7.625 8 28.554
219.1 211.6 202.7 193.7
10 10.750 10.420 10.020 9.564 8 40.483
273.1 264.7 254.5 242.9
12 12.750 12.390 11.938 11.376 . 8

323.9 314.7 303.2 289.0
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Table A-5. Properties of Saturated Steam and Saturated Water

l Press. Temp. Volume, ft*/lbm Enthalpy, Btwibm Entropy, Btu/lbm x F Energy, Btw/lbm
psia F Water Evap. Steam Water i Evap. | Steam |  Water Evap. | Steam Water | Steam
v 7
{ { L} 8 $, 8,
‘ b '1' ] t I' (]

Derived and Abridged from the 1967 ASME Steam Tables. Copyright 1967 by the American Society
of Mechanical Engineers.
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Table A-6. Resistance Values of Copper Wire
and Thermocouple Extension Wire

RESISTANCE VALUES FOR SOLID ROUND ANNEALED
COPPER WIRES AT 20 DEGREES CELSIUS

Number Resistance

American Ohms per

Wire Gauge 1000 Feet

30 103.2

29 81.8

28 64.9

27 51.5

26 40.8

25 324

24 25.7

23 20.4

22 16.1

21 12.8

20 10.2

19 8.05

18 6.39

17 5.06

16 4.02

15 3.18

14 2.53
RESISZ'ANCE CONVERSION

Rl = Rn[l +a (' - 'o)]
R; = Resistance at operating temperature, t
R, = Resistance at a known temperature, t,
t = Operating temperature
t, = Temperature for a known resistance and a
o = Temperature coefficient of resistance at t, (0.00393 per
degree C)
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Table A-6. (continued) Resistance Values of Thermocouple and Duplex Exten-

sion Wire (Ohms/ft at 70°F)

Gauge Ic W C/IA (K) CRIC cuic ()
2 0.005 0.009 0.011
6 0.014 0.023 0.027
8 0.022 0.037 0.044
11 0.043 0.074 0.087 —
12 0.054 0.095 0.112 0.047
14 0.089 0.147 0.175 0.074
16 0.137 0.234 0.279 0.117
18 0.221 0.380 0.448 0.190
20 0.350 0.586 0.706 0.297
22 0.550 0.940 1.120 0.457
24 0.87 1.49 1.77 0.754
28 2.261 3.81 4.55 1.92
30 3.568 6.05 7.23 3.04
PLT/PLT + PLT/PLT +
Diameter 10%RH. (S) 13% RH. (R)
0.020 0.46 0.48
0.022 0.38 0.39
0.024 0.32. 0.33

Table A-7. Velocity and Pressure Drop through Pipe (Air)

FLOW RATE (cfm) AP (PER 100 ft) FLOW RATE (cfm) AP (PER 100 ft)
%" Pipe I" Pipe

0.769 0.037 1.282 0.029
1.282 0.094 3.204 0.156
2.563 0.345 4.486 0.293
3.204 0.526 6.408 0.578
4.486 1.0 8.971 1.10
5.767 1.62 12.82 2.21
7.690 2.85 19.22 4.87
10.25 4.96 28.84 10.8
12.82 7.69 35.24 16.0
19.22 17.0 44.87 25.8
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Table A-7. Velocity and Pressure Drop through Pipe (Air) (continued)

FLOW RATE (¢fm) AP (PER 100 f) FLOW RATE (cfm) AP (PER 100 f)
1V2" Pipe 2" Pipe
4.486 0.035 8.971 0.036
7.690 0.094 16.02 0.107
11.53 0.203 25.63 0.264
22.43 0.727 38.45 0.573
28.84 1.19 48.06 0.887
41.65 2.42 60.88 1.40
54.47 4.09 76.90 2.21
64.08 5.61 102.5 3.90
89.71 10.9 121.8 5.47
115.3 18.0 166.6 10.1
3" Pipe 4" Pipe
28.84 0.045 57.67 0.042
41.65 0.090 76.9 0.073
54.47 0.151 102.5 0.127
70.49 0.248 128.2 0.197
96.12 0.451 179.4 0.377
121.8 0.715 256.3 0.757
166.6 1.32 512.6 2.94
230.7 2.50 897.1 8.94
448.6 9.23 1410 22.2
769 27.1 1794 36.0
6" Pipe 8" Pipe
121.8 0.023 256.3 0.023
166.6 0.041 448.6 0.068
205.1 0.061 576.7 0.111
384.5 0.204 897.1 0.262
576.7 0.450 1153 0.427
897.1 1.07 1538 0.753
1410 2.62 1794 1.02
1794 4.21 2307 1.68
2307 6.96 2820 2.50

3332 14.5 3588 4.04
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Table A-7. Velocity and Pressure Drop through Pipe (Air) (continued)

FLOW RATE (cfm) AP (PER 100 f1) FLOW RATE (cfm) AP (PER 100 ft)
10" Pipe 12" Pipe

448.6 0.022 640.8 0.018

640.8 0.043 769.0 0.025

897.1 0.082 1025 0.044
1282 0.164 1282 0.067
1538 0.234 1538 0.096
1922 0.364 1794 0.129
2307 0.520 2051 0.167
3076 0.918 2563 0.260
3588 1.25 3076 0.371
3845 1.42 3588 0.505

STEAM OR VAPOR FLOW

Determination of pressure loss through schedule-40 pipe for a steam or vapor can be accomplished by
calculating the equivalent liquid velocity.

(4.245)(W)(v)
D2 x 1000

W = Flow rate (pounds per hour)

D = Nominal pipe diameter (inches)

v = Specific volume (cubic feet per pound)

Velocity (feet per second) =

By determining the velocity, pressure loss can be found by referring to the tables for liquid losses.
E.g., if a 3-inch pipe is used, and the equivalent liquid velocity is 8.68 feet per second, the pressure
loss is 3.7 psi/100 feet.

AIR FLOW

Following is a tabulation of pressure drop per 100 feet of schedule-40 pipe for air at 100 psi and 60°F.
Note: If air at temperatures other than 60°F or pressure other than 100 psi is used, the pressure
drop can be determined by multiplying the values given in the table by

100 + 14.7 460 +
P+ 14.7 or 520

where P is the actual pressure in psi and t is the actual temperature in degrees Fahrenheit. Likewise,

if the fluid is not air and has a specific gravity other than 1.0, multiply the pressure drop by qu,
where G is the actual specific gravity.
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Table A-10. Thermocouple Temperature/mV Data For Platinum-6% Rhodium
vs. Platinum—-30% Rhodium Thermocouples, Type B Based on International
Practical Temperature Scale of 1968 (IPTS-68)
Reference Junction: At 32°F, mV =0
Temperature in Degrees Fahrenheit vs. Absolute mV

r my " i i - " OF mV il — = '

LN T.TS

00l

& | =a.m01




The oul Dat ‘e

Degr
- =l oC mV i mh ¢ mV

400 | 0.786 1200 | 6.783
410 | 0.827 1210 | 6.887
420 | 0.870 1220 | 6.991
«30 | 0.913 1230 | 7.09
440 0.957 1240 T7.202
450 | 1.002 1250 | 7.308
460 | 1.048 1260 | 7.414
470 | 1.095 1270 | 7.521
480 | 1.143 1280 | 7.628
490 | 1.192 1290 | 7.736
500 | 1.261 1300 | 7.8645
510 | 1.292 1310 | 7.953
520 | 1.364 1320 | 8.063
530 | 1.397 1330 | 8.172
540 | 1.450 1300 | 8.283
550 | 1.505 1350 | 8.393
560 | 1.560 1360 | 8.504
570 | 1.617 1370 | 8.616
580 | 1.674 1380 | 8.727
590 | 1.732 1390 | 8.839
600 | 1.791 1600 | 8.952
610 1.851 1410 9.065
620 | 1.912 1620 | 9.178
630 | 1.97¢ 1630 | 9.291
660 | 2.036 1440 | 9.405
650 | 2.100 1650 | 9.519
660 | 2.164 1660 | 9.634
670 | 2.230 1670 | 9.748
680 | 2.29 1680 | 9.863
590 | 2.363 1690 | 9.979
700 | 2.430 1500 110,09
710 | 2.489 1510 |10.210
720 | 2.569 1520 |10.325
730 | 2.639 1530 104441
740 | 2,710 1540 |10.558
750 | 2.782 1550 |10.674
760 | 2.855 1560 [10.790
770 | 2.928 1570 |10.907
; 780 | 3.003 1580 [11.02¢
ma | para 790 | 3.078 1590 |11.161
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Iahle Thermoco ipl  Temperature! For cel-Chrom

i i
cke Aluminm [Chrome auple  Type  Based on
omal cal Tempert Scale of PT¥
Sept
on:
Depree
o -t ay iy up = - -l
150§ Feska 754 | 1. Bad TR T 1,798
1np | 2.m9m 14 | | BavEd s TR el Bt
1Ted Y.l2T 17 | 16.Bie IE.43T 1ATE | aa.277
IRG A 3054 143 § 174851 FIS LT [LLER BT
18] F.SE9 %7 | [T ERE 31154 TR
#0p | dedl0 LIER Rt I1.439 Fann | a4 A5k
EELE B TLLL EIE | 1T T5Y 31.859 BRI BT
san| s.37a B7E | 1R IFLIEA Fadn | «%. 27w
B0 | AJ0aR (L WP AT FA30 | afunBi
et | s.737 Fal | 1A cBE IE5ah Fhun | aB.esE
=350 =6.064 F50 | wetns wur | ya, o 7950 | ahasne
=340| -5.989 anf | 51892 LLLS WLELEL rahn | 44,113
-330| -5.908 216 | S.sin BTE | 91T parn | adea2]
-320| -S.822 apn | GoAal LLLE LI raad ] LauS2w
=310 -S.730 790 | %oama Bap | fetan EEFTELY Fetin | . 737
=300| -5.632 10| be2d2 sop | 13.483 33.%E3 2pan | sagiee
=290| -5.529 8| e-Ma Bi6 | Fa120 Bt all RIS | 47156
=280 | =5.421 a7e | Ea%19 820 | 5. 158 Je. Jdy FLdd | aT.15e
=270 | =5.308 10| el &L a0 | #3-59) %351 TH1G | &794F
=260 =S5.190 A= T el | rr.830 des kL8 Bihn | w1:PRT
=250 | -5.067 %o | TaEes 15 bas E154 [ wt.a72
=260 | ~44939 JaE | Tawd? 1% 283
=230 | =6.806 11| Tabsd 15484
=220 | =4.669 | T ETH 15,118
=210 | =4.527 19 FMaE%T T Red
=200 | =4.381 LS Thales Fraa | anaa9e
=190 | =64.230 ab A ahe Feka | whalur
=180 | =4.07S & A543 7230 | ¥a1Tm
=170 | =3.917 LM 18, B3E ¥ | w545
160 | =3.754 aur 17058 zreg | wwetan
150 | =3.587 [ELTH BT T rrEa | evanas
an

=140 | =3,617
=130 | =3.262
=120 | =3.065

-110| -2.883 [3.333
<100 | =2.699 she | LA.4R0
=90 | ~2.511 G0 | ¥3.TRT
=80 | -2.320
=70 | -2.126 J;.t-—l
=60 | =1.929 pLErS 2
«50 | =1.729 13,685
-40 | ~1.527 i::-::
=30 | -1.322 it
=20 -1.114 aap | 42.042 s
=10 | =0,904 | seA8 A0 3%0
of -0.692 | wan -u-ag;
10| =0.678 L1 "1
20| -0+262 e2a | 13 M7 ;'i.
30 | =0.044 420 | 13.54% i
40| 0.176 Aaf | IRT8L
S0 04397 &5 | TaaDi} .:'-"-_- $limit
60| 0.619 aad | 1eafht feib | 54,080
70 0.843 TRl IaTH | & H
80| 1.068 1% 117
90| 1.29 [T
100 1.520 YeE | b5+1TE
110 1.748 T2 ] iSek07
120 1.977 FEp | L5ekn
130 2.206 Tab | EGAARD

1640 24636 TeD | E2ull= (LRTER]




X 468
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265 [10.764 1 I.'g: 5--..&91
270 [10.969 | 13%0 | 5a.ka
275 |11.175 1




b .,
herm¢ ipe1 on ppet
:an) ales  pe Pr¢ ical
Tzmper W68 (TFTS 68)
degr
oF mV e OF mV OF mV °F my
<350 | -84137 - 1275 38.544 1900 | 604163
-345 | -8,085 o 1280| 38.716 1905 | 604326
«3%0 | -8,030 |- ~-I° 1285| 38.888 1910 | 60,488
-335 | -7.973 1 1290| '39.061 1915 | 60,650
=330 | -7.915 3 1295 39,234 | 1620 | S041uL | | 1920 | 604812
-325 | -7.854 q 1300 39.407 | [1625] 50.936 | | 1925 | 60,974
=320 | -7.791 5 1305 39.561 | [1630] S1.110 ] | 1930 J 61,138
=315 | -7.726 n 1310] 39.754 | | 1635 | S1.284 | | 1935 | 61,297
=310 | =7.659 1315 39,928 | | 1660 | 514458 | | 1940 | 61,459
=305 | =7.590 , 1320| 40,103 | | 1645 | S1.632 1945 | 61.620
-300 | -7.519 325| 40,277 51,805 | | 1950 | 61.781
=295 | ~7.447 1330 40,452 51,978 | | 1955 | 614943
=290 | -7.372 1335 | 40.627 524151 1960 | 62,104
-285 | -7.29 1340| 40.R02 52.324 | | 1965 | 62,265
-280 | -7.218 1345 | 40,978 52,496 | | 1970 | 62,426
-
=275 | -7.139 1 414156 | 1675 52,668 | | 1975 | 62.587
414329 | [ 1680 ] 52.840 1980 | 624748
L 06 | | 1685 | 53,012 | | 1985 | 62,909
1 410682 | 11690 | 53,183 | | 1990 | 63.070
I 395 | 10.669 41,859 | | 1695 [ 53,354 | | 1995 [ 63.231
=dd 400 { 11.023 424035 | f1700| 53,525 | | 2000 | 63.392
«05. | 114177 42.212 | {1705 | 53.695 | | 2005 | 63,552
A 410 | 11.332 42,390 | (1710 ] 53.865 | | 2010 63.713
=235 | ~6.444 01 3 %15 | 114486 42.567 | [1715 | 54.035 | | 2015 | 63.874
-230 | -6.35¢ || ¢ la 420 | 11,600 424764 | [1720 | 54,205 | | 2020 | 644036
-225 | -6.255 425 | 11,79 424922 | [1725| 54.374 | | 2025 | 64.195
%30 | 114969 434100 | [1730 | 54,5644 | | 2030 | 644355
435 | 12,103 43.278 | [1735 ] 54,712 | | 2035 | 64.516
e aeo | 12,257 43,456 | 1740 | 56,88) | | 2040 | 64,676
1 445 | 12,411 43,635 | [1745 | 55,049 | | 2045 | 64,837
-200 | ~5.7¢0 Al 450 | 124966 43.813 | |1750 | 55.218 | | 2050 | 64,097
=195 | =5.657 e 4ss | 12,720 434992 | |1755 | 55.385 | | 2055 | 65,157
-190 | -5.553 460 | 12,875 444171 | |1760 | 55,553 | | 2060 | 654318
-185 [ -5.447 465 | 13,025 44,350 | |1765 | 55,720 | | 2065 | 65,478
-180 | =5.341 %70 13,183 «6,529 | |1770 | 55.88a | | 2070 | 65,63
475 113,337 464709 | 11775 | 56,055 | | 2075 | 65,799
480 | 13,491 44888 | 11780 | 564221 | | 2080 | 65,959
485 | 13,645 454067 | 11785 | 56,388 | | 2085 | 664110
490 | 13.800. 454247 | 1790 | 56,554 | | 2090 | 664279
495 | 13,954 454426 | |1795 | 56,720 | | 2095 | 66,440
500 | 144108 45.606 | |1800 | 56.886 | | 2100 | 66,600
505 | 144262 45,785 | 1805 | 57.051 | | 2105 |66.760
510 | 14.41¢ 45.965 | |1810 | 57.217 | | 2110 |66.920
515 | 14,570 w6166 | 1815 | 57,382 | [ 2115 |67.080
520 | 144724 464324 | 11820 | 57.547 | {2120 |67.240
525 | 16,876 46,503 | |182s | s7.712 | [2125 [67.400
530 | 15.032 464682 | 11830 | 57.87¢ | | 2130 |67.559
535 | 154186 464861 | [1835 | 58,041 | 2135 |67.710
540 | 154340 47,040 | {1840 | 58,205 | f2140 [67.879
545 | 154494 47.219 | [1245 | 58.369 | | 2145 |68.039
=100 | -3.492 S 550 | 15.64R 47,398 | 1850 | 58,533 | |2150 |68.198
=951 =3.369 555 | 15,802 47,577 | |1#55 | s8.697 | | 2155 |68.358
=90 | -3.245 560 | 15,956 47,755 | 11860 | 5A.860 | |2160 |68.517
-85 | =3.120 '3 565 | 164110 474936 | 11865 | 59,024 | |2165 |68.677
=80 | =2.99 X 570 | 16,264 4A.112 | |i870 | 59,187 | {2170 |68.836
=75 | =2.867 575 | 16,417 4R.290 | 11875 | 59,350 | 2175 |68.995
=70 | 24740 880 | 16.571 484468 | 11880 | 59.513 | |2180 ]69.158
~65 | <2.612 585 | 164725 48,645 | 11885 | 59,676 | |2185 |69.314
-60 | ~2.463 590 |16.879 48,823 | 11890 | 59,838 | [2190 |69.472
-85 | -2.353 s95 [17.032 49,000 | |1895 | 60.001
=50 | ~2.223 . A00 49.177
-45 | -2.092 T €05 49,354
~50 | =1.960 : a10 49,531
-35 | -1.828 1 615 49,707
=30 | -1.695 420 49.883
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Table A-18. Thermocouple Temperature/mV Data For Copper vs.
Copper-Nickel (Copper-Constantan) Thermocouples, Type T Based on
International Practical Temperature Scale of 1968 (IPTS-68)
Reference Junction: At 32°F, mV = 0
Temperature in Degrees Fahrenheit vs. Absolute mV

oF mv °F mV oF mV 1 .
=450 | =6.254 S0 «391 |- 300 64647
“ut0 | =6.240 60 | 0611 310 | 6.926
=430 | -6.217 70 0.834 320 7.207
=420 | -6.187 80 1.060 330 7.490
«410 | -6.150 % 1.288 340 T.775
=400 | =6.105 100 1.518 350 84062
-390 | -6.053 110 | 1.752 360 | 8.350
=380 | -5.995 120 1.98R 370 Bebb]
-370 | -5.930 130 | 2.226 380 | 8.933
-360 | -5.860 160 | 2,467 390 | 9.227
-350 | -5.785 150 | 2.711 %00 | 9.523
-340 | -5.705 160 | 2.95¢ 410 | 9.820
-330 | -5.620 170 | 3.206 420 | 10,120
=320 | =5.532 180 3.45R 430 | 10.420
=310 | =5.439 190 3.711 440 | 10,723
=300 | =Se361 200 3.967 450 | 11,027
-290 | -S.240 210 | 4.225 460 | 114333
-280| -5.135 220 | 4686 o70 | 11,640
=270 | =5.025 230 4e749 430 | 114949
=260 | =4.912 240 Se014 490 | 12.260
-4.796 250 | S.281 500 | 12,572 | T 20a 1)
-4.673 260 | 5.550 S10 | 12,885
~4456R 270 | 5.821 520 | 13,200
-4,419 280 | 6409 530 | 13.51€
-44286 290 64369 S4n | 13.834

Reference Junction: At 0°C, mV = 0
Temperature in Degrees Celsius vs. Absolute mV

oC mV oC mV 1 ks B
S gg 180 a.zgs
18% 84495
:g.g?g 4 190 | 8.757
35 :,5 195 | 9.021
. 50 200 | 9.266
166 =95 | -3.235 55 205.| 9.553
3%2 60 210 | 9.e20
007 65 215 | 10,090
007 70 220 | 104360
1 B s 225 | 10.632
1 .
I a0 230 | 10.905
8s 235 ] 11.180
:; zhg u.;ss
245 | 11.733
-50 | -1.819 100 250 | 12.011
slasm] [
-35 | -1.299 115 ;:g’ }523
=30 | -1.121 120 270 | 13.137
-25 | -0.940 125 275 | 13,421
=20 | -0.757 130 280 | 13.707
R ] ] 555 | 1aczer
.
- -g.ze: };: 295 | 144570
. 300 | 14.860
5| 0.195 155 5
10| 0:391 160 300 | 1amkes
15| o.589 165 315 | 15.736
20| o0.789 170 320 | 16.030
L | 25| 0.992 175 325 | 164325
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Table A-19. Thermocouple Temperature/mV Data For Nickel-Chromiur vs.
Copper-Nickel (Chromel-Constantan) Thermocouples, Type E Based on
International Practical Temperature Scale of 1968 (IPTS-68)
Reference Junction: At 0°C, mV = 0
Temperature in Degrees Celsius vs. Absolute mV

1 wil oC mV o mV oC mV
A0 | «.983 430 | 31.350 780 | 594451
90 | 5.646 440 | 32,155 790 | 60.237
=i | 100 | 6.317 450 | 32,960 800 | 614022
- 110 | 6.996 460 | 33,767 A10 | 61.806
120 | 7.083 L 670 ] 344574 320 | 62.588
. 130 | 8.377 430 | 35.382 830 | 634368
=41 140 9.07F 490 | 36,190 aun. | 64167
= 150 | 9.787 500 | 36.999 850 | 64,924
Ia 160 |10.501 510 | 37.808 260 | 65.700
=1 170 f11.222 520 | 38.617 870 | 66.473
-1 Pt 180 |11.949 530 | 39.426 8980 | 67,245
It s 190 |12.681 560 | 40.236 890 | 684015
1 =T+t 200 |13.419 550 | 414045 900 | 684783
Yok | an 210 | 140161 569 | 41,853 910 | 694549
Ly 220 | 14,909 570 | 42,662 920 | 70.313
[~ il 230 |15.661 580 | 43,470 930 | 71.075
= =l <k 240 16,417 590 | 44,278 940 | 71,835
2 =513 250 [17.178 600 | 45,085 950 | 72.593
Erel] S 260 |17.942 610 | 45,891 960 | 73,350 |
] ] | 270 18,710 520 | 46,697 970 | 744104
= T e 230 [19.481 630 | 47,502 980 | 74.857
=2 | =2adae 290 | 20.256 640 | 48,306 990 | 75.608
o] i 300 |21.033 650 | 49,109 1000 | 76.358
ol o A 310 |21.816 660 | 49,911
=t u 320 |22.597 670 | 50.713
b B el 330 |23.383 680 | 51.513
- ' 340 244171 690 | 52,312
350 |24.961 700 | 53.110
i ot ‘360 | 25.756 710 [ 534907
ks 370 | 264549 720 | 544703
| 380 [27.345 730 | 55,498
i 390 | 284143 740 | S6.291
©00 |28.943 750 | 57,083
' | 410 | 29,744 760 | 57,873
620 | 304566 770 | 58,663




20. sle Tempei 2l ckel-Chromium

P ~ ar
opt cke Chrom -Constantant Thermoco' sles, Type  3ased on
v o -
ical Temperatt  Sce  of (IPT5-68)
sference Junecli
Ddegree hei
of | mv ofF [ mv o | v T =
=450 -9.830 550 | 20.083
-449| -9.809 560 | 20.514 1550] Saxade
-630| =9.775 570 | 20,947 e 64.838
~a20| -9.729 580 | 214380 1os0 ] e5-700
~a10| -9.672 590 | 21.814 1390 | 6e:130
~400| =9.604 600 | 22.248
-390 -9.526 610 | 22.686 1460 66.5%9
=380 -9.437 620 | 23.120
=370 -9.338 630 | 23.558
-360| -9.229 440 | 23.996
=350 -9.112 650 | 264436
-30| -8.986 660 | 24.873
-330| -8.852 670 | 25.313
=320 -8.710 680 | 25,754
| -310] -8.561 699 | 26.195 lesa] ¢2.97
=300 =B.404 700 | 26.637
-290| -a.240 710 | 270079 17001 70.821
-280| -8.0¢9 720 | 27.522 n;o T.260
-270| -7.891 730 | 27.966 1730 | 73068
-260] -7.707 740 | 28.409 5 RS
=250 =7.516 750 | 28.854
-260| <7.319 760 | 29.299 1750 | 720930
=230 -7.116 770 | 29.744 1760 | 73.35¢
«220)] -6.907 780 | 30.190 1770 | 73.76%
=210| =6.692 790 | 30.636 H:: ;Z':::
«200] =6.471 #00 | 31.082
=190 ] =6.245 810 | 31.529
-180] -6.013 820 | 31,976
=170 =5.776 830 | 32.423
~160 | -5.534 as0 | 32.871
-150] -5.287 450 | 33,319
-140| -5.03¢ as0 | 33.767
=130 =4.777 A70 | 34.215
=120 | =4,515 BR0 | 34.064
=110 ] -4,268 £90 | 35.113
100 =3.07¢ | 900 | 35.562
-90 | -3.108 910 [ 36.011
=80 | -3.419 929 | 36,460
-70| -3.134 930 | 36,909
-60 | -2.845 940 | 37.358
50| -2.552 950 | 37.808
-40 | -2.254 960 | 38,257
=30 | -1.953 970 | 38.707
-20 | -1.668 980 | 39.157
-10 | =1.339 990 | 39.606
of 1,026 1000 | 404056
10| -0.709 1010 | 40.505
20| -0.389 1020 | 402955
30| -0.065 1030 | 41,404
“0 0.262 1040 | 41.353




Fable A-2 itinu pperatt  Res Dat .ed on

7hl. 9-6%  Fo:bo1r 38) Depree 50
thov  he of ms) setween the
n or of | it
ratt degrees Cel

°c Ohms °c Ohms T Dl °c Ohms °c Ohms
0 100.00 225 1ES.O0 450 264.14 675 337.43
220 1041 5 101.95 50 HHE B2 455 265.83 680 338.99
215 12.35 10 103.90 235 168 gk 460 267.52 686 340.55
-210 14.36 15 105.85 Mo 16046 465 269.21 690 342,10
205 16.43 20 107.79 24 1037 470 270.89 695 343.66
~200 18.53 25 109.73 50 475 272,57 ples] 3521
-195 20.65 30 111.67 255 480 274.25 M 34675
-190 22.78 35 11361 240 485 275.92 g Jap.30
-185 24.92 40 116.54 265 490 277.60 e Ja55:
-180 27.05 45 117.47 270 495 279.27 ] 35130
-175 2017 50 119.40 275 201,09 | 500 280.93 725 352.92
-170 31.28 55 121.32 200 204 B0 505 282.60 730 354.45
-165 33.38 60 12324 295 0e B8 510 284.26 735 355.98
-160 35.48 65 125.16 - ath aneAa 615 285.91 740 357.51
-155 37.57 70 127.07 b BEEC | 520 28757 745 359.03
-150 39.65 75 128.98 a0 i I 525 289.22 750 360.55
-145 41.73 80 130.89 P B 530 290.87 755 362.07
-140 43.80 85 132.80 na 21858 635 292,51 760 363.59
-135 45.87 90 134.70 3B -:' 138 540 294.16 765 365.10
-130 47.93 95 136.60 330 el L 545 295.80 770 366.61
-125 ELN: ] 100 13050 335 s 650 25743 175 368.12
-120 52.04 105 14034 330 23355 658 507 THa 369.62
-115 .00 1o e} 20 22342 60 4 05 371.12
-110 56,11 e 144,14 i 226.18 i 50 372,62
-105 5817 1201 14606 HE 2T 570 788 374.12
-100 60.20 125 147.94 ;f'“ 29| 575 305.58 800 37561
-95 62.23 130 149.82 o8 reben 580 307.20 805 377.10
-90 64.25 135 151.70 ) AR 14 585 308.81 810 378.59
-85 66.27 140 16357 :“;;‘; 4.4 590 31043 815 380.07
-80 68.28 145 155.45 ! Eh A 595 312,04 820 381.55
-75 70.29 150 | 157.32 sl el 600 | 31365 825 | 383.03
-70 72.29 155 159.18 *:E ;' 4? ;; 605 316.26 830 384.50
-65 74.29 160 161.04 i by 610 316.86 835 385.98
-60 76.28 165 | 162.90 o b 615 [ 31846 840 | 387.45
-55 78.27 170 164.76 =l riiiad] 620 320.08 845 388.91
-50 80.25 178 W52 pii ki 625 32165 850 | 390.38

-45 82.23 i 15 S iy €30 32324

| -40 84.21 108 11032 635 324.83

| =35 86.19 THQ 12t Gan 326.41

| -30 88.17 185 174,00 it 327.99

| -25 90.15 200 175.84 650 32057

-20 92.13 205 177.68 655 331.15

-15 94.10 210 179.51 660 332,72

-10 96.07 215 181,34 665 334.29

-5 98.04 220 183.17 670 335.86
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Table A-22. Platinum RTD Temperature/Resistance Data Calculated from DIN
43760 Platinum RTD Curve Data (Foxboro PR 239) Degrees Fahrenheit

vs. Absolute Ohms

These tables show the value of resistance (in Absolute Ohms) between the
black and white terminals or leads of RTD type sensors at different
temperatures (in degrees Fahrenheit).

°F Ohm °F Ohm °F Ohm *F Ohm °F Ohm
-360 11.26
-350 13.47 50 103.90 450 187.63 850 265.64 1250 337.95
-340 15.74 60 106.07 460 189.65 860 267.52 1260 339.68
-330 18.06 70 108.22 470 191.67 870 269.40 1270 341.41
-320 2041 80 11038 480 193.68 880 271.26 1280 343.14
-310 22,78 920 11253 490 195.69 890 273.13 1290 344,87
-300 25.16 100 114.68 500 197.70 900 27499 1300 346.59
-290 27.62 110 116.83 510 199.70 910 276.86 1310 348.30
-280 20.87 120 118.97 520 201.70 920 278.71 1320 350.01
-270 32.22 130 1211 530 203.69 9230 280.56 1330 351.72
-260 34.55 140 123.24 540 205.68 940 28242 1340 363.43
-250 36.87 150 126.37 550 207.67 950 284.26 1350 355.13
-240 39.19 160 127.49 560 209.65 960 286.09 1360 356.83
-230 41.50 170 129.62 570 21163 970 287.94 1370 368.52
=220 43.80 180 131.74 580 21361 9280 289.77 1380 360.21
=210 46.10 190 133.86 590 215.58 990 201.60 1390 361.90
-200 48.39 200 1356.97 600 217.56 1000 293.43 1400 363.59
-190 50.67 210 138.08 610 219.52 1010 205.25 1410 365.27
-180 52.95 220 140.18 620 22149 1020 297.07 1420 366.95
-170 55.22 230 142.28 630 22344 1030 208.89 1430 368.62
-160 67.49 240 144,39 640 225.40 1040 300.70 1440 370.29
-150 59.75 250 146.48 650 22735 1050 302.51 1450 371.95
-140 62.01 260 148.57 660 229.30 1060 304.31 1460 373.62
-130 64.25 270 150.66 670 231.25 1070 306.12 1470 375.28
-120 66.49 280 152.74 680 233.19 1080 307.92 1480 376.94
-110 68.73 290 154.82 690 235.12 1090 309.71 1490 378.59
-100 70.96 300 156.91 700 237.06 1100 311.50 1500 380.24
-90 73.18 310 168.97 710 238.99 110 313.29 | 15610 381.88
-80 75.40 320 161.04 720 240.92 1120 316.07 1520 383.52
-70 77.61 330 163.11 730 24284 1130 316.86 ‘ 1630 385.16
-60 79.81 340 165.17 740 244,76 1140 31864 ‘ 1540 386.80
-50 82.01 350 167.24 750 246.68 1150 32041 1650 388.42
-40 84.21 360 169.29 760 248.59 1160 322.18 1560 390.06
-30 86.41 370 171.34 770 250.50 1170 323.95
-20 88.61 380 173.39 780 252.40 1180 325.71
-10 90.81 390 175.43 790 254 .31 1190 327.46
0 93.01 400 17748 800 256.21 1200 329.22
10 95.19 410 179.51 810 258.10 1210 330.98
20 97.38 420 181.54 820 259.99 1220 332.72
30 99.57 430 183.58 830 26188 1230 334.46
40 101.73 440 185.61 840 263.76 1240 336.21
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Table A-23
CURVE CR-228 FOR COPPER RTDs, FAHRENHEIT TEMPERATURE
VS ABSOLUTE OHMS
Deg F Ohms Deg F Ohms Deg F Ohms
0 8.359
10 8.573 110 10.712 210 12.852
20 8.787 120 10.926 220 13.066
30 9.000 130 11.140 230 13.280
40 9.215 140 11.354 240 13.494
50 9.428 150 11.568 250 13.708
60 9.642 160 11.782 260 13.922
70 9.856 170 11.996 270 14.136
77 10.005
80 10.070 180 12.210 280 14.350
90 10.284 190 12.424 290 14.564
100 10.498 200 12.638 300 14.778
CURVE CR-229 FOR COPPER RTDs, CELSIUS TEMPERATURE
VS ABSOLUTE OHMS
Deg C Ohms Deg C Ohms Deg C Ohms
0 9.042
5 9.235 55 11.160 105 13.086
10 9.428 60 11.353 110 13.279
15 9.620 65 11.546 115 13.472
20 9.813 70 11.739 120 13.665
25 10.005 75 11.931 125 13.857
30 10.198 80 12.124 130 14.050
35 10.390 85 12.316 135 14.242
40 10.583 90 12.509 140 14.435
45 10.775 95 12.701 145 14.627
50 10.968 100 12.894 150 14.820

One absolute Ohm equals 0.999505 international ohm.
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LRV E W

Table A-24
Iy i [RUTITE

-2150  155.297
—212.5  156.047
~2100  156.802
~207.5  157.560
~205.0 158322
-202.5  159.087
-2000  159.856
~197.5  160.629
-1950  161.405
—1925  162.186
-190.0 162970
-187.5  163.757
-185.0  164.549
-182.5 165344
-180.0  166.144
1775 166.947
-175.0  167.754
~172.5  168.565
1700 169.380
-167.5  170.199
—165.0  171.022
-162.5  171.848
—160.0  172.679
—157.5 173514
—155.0 174353
-1525  175.19%
-1500  176.042
-147.5  176.893
~145.0  177.749
-142.5  178.608
-140.0  179.471
-137.5  180.339
~1350 181211
1325 182.087
-130.0  182.967
~127.5  183.851
-125.0 184740
-122.5 185633
-120.0  186.531
-117.5  187.433
~1150 188339

-112.5
-110.0
~-107.5
—105.0
-102.5

-100.0
- 975
- 95.0
- 92.5
- 90.0

- 87.5
- 85.0
- 825
- 80.0
- 715
- 75.0
- 725
- 70.0
- 67.5
- 65.0

- 62.5

- 57.5
- 550
- 52.5
- 50.0
- 47.5
—.45.0
- 425
- 40.0
- 375
- 35.0
- 325
- 300
- 275
- 25.0
- 225

- 17.5
- 15.0
- 125
- 10.0

- 50
- 2.5

P FOR OV EORE

ey

189.249
190.164
191.083
192.007
192.935

193.868
194.805
195.747
196.693
197.644

198.600
199.560
200.524
201.494
202.468

203.447
204.430
205.418
206.411
207.409
208.412
209.419
210.432
211.449
212.471

213.498
214.530
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Table A-25

CURVE NR-226 FOR FOXBORO RTDs, FAHRENHEIT TEMPERATURE VS ABSOLUTE OHMS
(ONE ABSOLUTE OHM = 0.999505 INTERNATIONAL OHM)

Deg F Ohms Deg F Ohms Deg F Ohms Deg F  Ohms Deg F ~ Ohms
—125 198.706 405 350.661
-320 161.233 -120 199.774 35 235.874 410 352.545
-315 162.099 -115 200.847 40 237.141 215 286.059 415 354.439
-310 162.970 -110 201.926 45 238.415 220 287.596 420 356.343
—-305 163.845 -105 203.011 50 239.696 225 289.142 425 358.258
—-300 164.725 —100 204.102 55 240.984 230 290.695 430 360.183
—295 165.610 - 95 205.198 60 242.279 235 292.257 435 362.118
—290 166.500 - 9% 206.301 65 243.580 240 293.827 440 364.064
—285 167.395 - 85 207.409 70 244.889 245 295.406 445 366.020
—280 168.294 - 80 208.524 75 246.205 250 296.993 450 367.986
-275 169.199 - 75 209.644 80 247.527 255 298.589 455 369.963
=270 170.108 -7 210.771 85 248.857 260 300.193 460 371.951
—-265 171.022 - 65 211.903 90 250.194 265 301.806 465 373.949
-260 171.940 - 60 213.042 95 251.539 270 303.428 470 375.959
~255 172.864 - 55 214.187 100 252.890 275 305.057 475 377.979
-250 173.793 - 50 215.337 105 254.249 280 306.696 480 380.009
—245 174.727 - 45 216.494 110 255.615 285 308.344 485 382.051
—240 175.666 - 40 217.657 115 256.988 290 310.001 490 384.104
—-235 176.609 - 35 218.826 120 258.369 295 311.667 495 386.168
-230 177.558 -3 220.002 125 259.757 300 313.341 500 388.243
—-225 178.512 - 25 221.184 130 261.153 305 315.025 505 390.329
-220 179.471 - 20 222.372 135 262.556 310 316.717 510 392.426
-215 180.436 -1 223.567 140 263.967 315 318.419 515 394.534
-210 181.405 - 10 224.768 145 265.385 320 320.130 520 396.654
—205 182.380 - 5 225.976 150 266.811 325 321.850 525 398.785
—200 183.360 155 268.244 330 323.579 530 400.928
—195 184.345 160 269.685 335 325.318 535 403.082
—190 185.335 0 227.190 165 271.134 340 327.066 540 405.247
- 185 186.331 170 272.591 345 328.823 545 407.425
- 180 187.332 175 274.056 350 330.590 550 409.614
—175 188.339 + 5 228.411 180 275.528 355 332.366 555 411.814
-170 189.351 10 229.638 185 277.009 360 334.152 560 414.027
-165 190.368 15 230.872 190 278.497 365 335.947 565 416.252
-160 191.391 20 232.112 195 279.993 370 337.752 570 418.488
—155 192.419 25 233.359 200 281.498 375 339.566 575 420.736
—150 193.453 30 234.613 205 283.010 380 341.391 580 422,997
- 145 194.492 210 284.531 385 343.225 585 425.270
—-140 195.537 390 345.069 590 427.555
-135 196.588 32 235.117 212 285.141 395 346.923 595 429.852
-130 197.644 400 348.787 600 432.162
NOTE: For narrow span instr ts or instr with midscale values below —40°F or —40°C a special value resistor is

used in place of the 217.657 ohm resistor, Padder panels with these special value resistors are identified with a RED dot and the
actual resistance value is marked on the end of the coil. This special value should be used instead of 217.657 ohms.
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Table A-26. Fahrenheit Table of Relative Humidity or Per Cerit of Saturation
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Table A-27. Celsius Table of Relative Humidity or Per Cent of Saturation
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Table A-28. Seal Fluids

Pour Point  APPROXIMATE VAPOR PRESSURE
F or MILLIMETERS OF MERCURY
Freezing
Material Sp Gr Point 100°F 160°F 300°F  500°F Manufacturer or Source
Aquaseal’ o 002 .020 1.2 100
Nujol or other highly .0002 004
refined neutral
mineral oil
Fluorolube? FS-5 1.868 -60 P.P. 0.1 0.6 5 30 Hooker Industrial
S-30 1.927 12P.P. 0.003 0.02 LS 20 Chemicals
HO-125 1.953 60 P.P. 0.002 0.01 0.6 15
Mercury 13.6 —38.8C 005 .05 2.6 96 Widely available
Halocarbon® 4-11 1.85 -110 P.P. 0.18 1.7 60 HIGH Halocarbon Products Corp.
11-21 1.90 OPP <0.01 0.12 10 HIGH
10-28 1.95 35 PP <0.01 <0.01 1.2 190
! Dibutylphthalate

2 Trifluorovinyl Chloride Polymers
* Chlorotrifluoroethylene

In the measurement of pressure
and flow, it is sometimes desirable to
protect the instruments against dan-
gerous and corrosive fluids—such as
sulphuric, hydrochloric, and nitric
acids: strong sodium or potassium
hydroxide: the halogens, and many of
the halogenated hydrocarbons. In
these applications it is necessary to
fill the connecting leads between the
instrument and the source of mea-
surement with a seal fluid which will
remain stable under a wide range of
operating conditions. Seal fiuids
should have the following
characteristics:

1. Higher specific gravity than the
measured fluid.

2. Inert to attack by, immiscible
with, and not a solvent for, the
measured fluid.

3. Stability at high ambient

temperatures.

. High boiling point, low vapor

pressure.

5. Low pour or freeze point, low
viscosity and flat viscosity
curve.

6. Nontoxic on contact or inhala-
tion, freedom from obnoxious
odors.

&

No one fluid will meet the wide
variety of conditions imposed by
many installations. The seal fluids
listed above have been reported by
users or field service engineers as
materials which have given satisfac-
tory service. The data pertaining to
these materials was abstracted from

urers’ publi or tech-
nical data, and is assumed to be
reliable.

Unless a user has had practical
experience with any of these fluids,
they should be considered on a quasi-
experimental basis until the validity
of their use is confirmed.



Table A-29. Psychrometric Chart

BAROMETRIC PRESSURE 29.92 in. Hg
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1 Dew Point Temperature
2 Wet Bulb Temperature
3 Cubic Feet Per Pound

4 Relative Humidity

5 Grains of Moisture

6 Pounds of Water

7 Dry Bulb Temperature

How to use chart

Locate point on chart at intel
section of any two values. Chitain
other values by following chart lines

Example: at a dry bulb tempoa
ture 7 of 172°F and a wet buib
temperature 2 of 102 F the fiilliw-
ing values may be obtained 11
the chart: dew point tempenitii:
187.5 F; cubic feet per pouni v
dry air 3 16.7; relative humidity
4 10.3 percent; grains of moistir
per pound of dry air 5 201; piinid=
of water per pound of dry ai
6.0287.

i
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GLOSSARY

Accuracy. Conformity to an indicated, standard, or true value, usually
expressed as a percentage (of span, reading, or upper-range value)
deviation from the indicated, standard, or true value.

Amplification. The dimensionless ratio of output/input in a device intended by
design to have this ratio greater than unity.

Amplifier. A device whose output is, by design, an enlarged reproduction of
the input signal and which is energized from a source other than the
signal. See Gain.

Amplitude ratio. The ratio of the magnitude of a steady state sinusoidal output
relative to the input.

Analog computer. A computer operating on continuous variables. Compare
Digital computer.

Analog simulator. An electronic, pneumatic, or mechanical device that solves
problems by simulation of the physical system under study using
electrical or physical variables to represent process variables.

Attenuation. A decrease in signal magnitude—the reciprocal of gain.

Automatic controller. A device, or combination of devices, which measures
the value of a variable, quantity, or condition and operates to correct or
limit deviation of this measured value from a selected (set point)
reference.

Automatic control system. An operable arrangement of one or more automatic

480
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controllers along with their associated equipment connected in closed
loops with one or more processes.

Automation. The act or method of making a processing or manufacturing
system perform without the necessity of operator intervention or
supervision. The common word designating the state of being automatic.

Block. A set of things, such as words, characters, digits, or parameters
handled as a unit.

Bode diagram. A plot of log-gain and phase-angle values on a log-frequency
base, for an element, loop, or output transfer function. It also comprises
similar functional plots of the complex variable.

Breakpoint. The junction of two confluent straight line segments of a plotted
curve.

Bulk storage. An auxiliary memory device with storage capacity many orders
of magnitude greater than working memory; for example, disk file, drum,
magnetic tape drives.

Bus. One or more conductors used to transfer signals or power.

Capacitance. The property that may be expressed as the time integral of flow
rate (heat, electric current, and so on) to or from a storage divided by the
associated potential change.

Capacity. Measure of capability to store liquid volume, mass, heat,
information, or any form of energy or matter.

Cascade control system. A control system in which the output of one
controller is the set point of another.

Chip. An integrated circuit.

Closed loop (feedback loop). Several automatic control units and the process
connected so as to provide a signal path that includes a forward path, a
feedback path, and a summing point. The controlled variable is
consistently measured, and if it deviates from that which has been
prescribed, corrective action is applied to the final element in such
direction as to return the controlled variable to the desired value.

Compiler. A program that translates a higher level language like ‘‘BASIC”’ or
FORTRAN into assembly language or machine language, which the CPU
can execute.

Computer. A device that performs mathematical calculations. It may range
from a simple device (such as a slide rule) to a very complicated one
(such as a digital computer). In process control, the computer is either an
analog mechanism set up to perform a continuous calculation on one or
more input signals and to provide an output as a function of time without
relying on external assistance (human prompting), or a digital device
used in direct digital control (DDC).

Control accuracy. The degree of correspondence between the controlled
variable and the desired value after stability has been achieved.

Control loop. Starts at the process in the form of a measurement or variable,
is monitored, and returns to the process in the form of a manipulated
variable or ‘‘valve position’’ being controlled by some means.
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Control point. The value at which the controlled system or process settles out
or stabilizes. It may or may not agree with the set point (instruction)
applied to the controller.

Control system. A system in which deliberate guidance or manipulation is
used to achieve a prescribed value of a variable.

Controlled system. That part of the system under control—the process.

Controlling means. The elements in a control system that contribute to the
required corrective action.

CPU. Central processer unit—the portion of a computer that decodes the
instructions, performs the actual computations, and keeps order in the
execution of programs.

Cycling. A periodic change in the factor under control, usually resulting in
equal excursions above and below the control point of sinusoidal wave
shape—oscillation.

Damping. Progressive reduction in the amplitude of cycling of a system.
Critically damped describes a system that is damped just enough to
prevent overshoot following an abrupt stimulus.

Data. A general term to denote any information that can be processed.

Dead band. The change through which the input to an instrument can be
varied without initiating instrument response.

Dead time, instrument. The time that elapses while the input to an instrument
varies sufficiently to pass through the dead band zone and causes the
instrument to respond.

Derivative action. Control action in which the rate of change of the error
signal determines the amplitude of the corrective action applied. It is
calibrated in time units. When subjected to a ramp change, the derivative
output precedes the straight proportional action by this time.

Deviation. The departure from a desired value. The system deviation that
exists after transients have expired is synonymous with offset.

Digital computer. A computer operating on data in the form of digits—discrete
quantities of variable rather than continuous.

Dynamic behavior. Behavior as a function of time.

Equilibrium. The condition of a system when all inputs and outputs (supply
and demand) have steadied down and are in balance.

Error. The difference between the actual and the true value, often expressed
as a percentage of either span or upper-range value.

Feedback. Information about the status of the controlled variable that may be
compared with information that is desired in the interest of making them
coincide.

Final control element. Component of a control system (such as a valve) which
directly regulates the flow of energy or material to the process.

Frequency. Occurrence of a periodic function (with time as the independent
variable), generally specified as a certain number of cycles per unit time.
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Frequency corner. That frequency in the Bode diagram indicated by a °
breakpoint—the intersection of a straight line drawn asymptotically to
the log-gain versus log-frequency curve and the unit log-gain abscissa.

Frequency-response analysis. A system of dynamic analysis that consists of
applying sinusoidal changes to the input and recording both the input and
output on the same time base using an oscillograph. By applying these
data to the Bode diagram, the dynamic characteristics can be graphically
determined.

Gain (magnitude ratio). The ratio of change in output divided by the change in
input that caused it. Both output and input must be expressed in the
same units, making gain a pure (dimensionless) number.

Gain, loop. The combined output/input magnitude ratios of all the individual
loop components multiplied to obtain the overall gain.

Gain, margin. The sinusoidal frequency at which the output/input magnitude
ratio equals unity and feedback achieves a phase angle of —180 degrees.

Gain, static (zero-frequency gain). The output/input amplitude ratio of a
component or system as frequency approaches zero.

Handler. A small program that handles data flow to and from specific pieces
of hardware for use by the other software.

Hardware. Physical equipment; for example, mechanical, magnetic,
electrical, or electronic devices. Something that you can touch with your
finger.

Hunting. Oscillation or cycling that may be of appreciable amplitude caused
by the system’s persistent effort to achieve a prescribed level of control.

Hysteresis. Difference between upscale and downscale results in instrument
response when subjected to the same input approached from opposite
directions.

Input. Incoming signal to measuring instrument, control units, or system.

Instrument. In process measurement and control; this term is used broadly to
describe any device that performs a measuring or controlling function.

Instrumentation. The application of instruments to an industrial process for
the purpose of measuring or controlling its activity. The term is also
applied to the instruments themselves.

Integral control action. Action in which the controller’s output is proportional
to the time integral of the error input. When used in combination with
proportional action, it was previously called reset action.

Integral time. The calibrated time on the controller integral (reset) dial which
represents the time that will elapse while the open-loop controller repeats
proportional action.

Integral windup. The overcharging, in the presence of a continuous error, of
the integral capacitor (bellows, in a pneumatic controller) which must
discharge through a longtime constant discharge path and which prevents
a quick return to the desired control point.
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Integrator. Often used with a flowmeter to totalize the area under the flow
record; (for example, gallons per minute X minutes = total gallons. It
produces a digital readout of total flow.

I/O. Input/Output: The interface between peripheral equipment and the digital
system.

Lag. A delay in output change following a change in input.

Laplace transform. A transfer function that is the operational equivalent of a
complex mathematical function permitting solution by simple arithmetic
techniques.

Limiting. A boundary imposed on the upper or lower range of a variable (for
example, the pressure in a steam boiler as limited by a safety valve).

Linearity. The nearness with which the plot of a signal or other variable
plotted against a prescribed linear scale approximates a straight line.

Load. Level of material, force, torque, energy, power, or other variable
applied to or removed from a process or other component in the system.

Log gain. Gain expressed on a logarithmic scale.

Loop. A signal path.

Manipulated variable. That which is altered by the automatic control
equipment so as to change the variable under control and make it
conform with the desired value.

Measuring element. An element that converts any system activity or condition
into a form or language that the controller can understand.

Memory. Pertaining to that storage device in which programs and data are
stored and easily obtained by the CPU for execution.

Nichols diagram (Nichols chart). A plot of magnitude and phase contours of
return-transfer function referred to ordinates of logarithmic loop gain and
abscissae of loop phase angle.

Noise. Unwanted signal components that obscure the genuine signal
information that is being sought.

Off-line. (1) Pertaining to equipment or programs not under control of the
computer. (2) Pertaining to a computer that is not actively monitoring or
controlling a process.

Offset. The difference between what we get and what we want—the difference
between the point at which the process stabilizes and the instruction
introduced into the controller by the set point.

On-line. (1) Pertaining to equipment or programs under control of the
computer. (2) Pertaining to a computer that is actively monitoring or
controlling a process or operation.

Open loop. Control without feedback; for example, an automatic washer.

Optimum. The highest obtainable proficiency of control; for example, supply
equals demand, and offset has been reduced to a minimum (hopefully
Zero).

Oscillograph recorder. A device that makes a high-speed record of electrical
variations with respect to time; for example, an ordinary recorder might
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have a chart speed of 34 inch per hour while an oscillograph could 'have a
chart speed of 3 inch per second or faster.

Output. The signal provided by an instrument; for example, the signal that the
controller delivers to the valve operator is the controller output.

Overdamped. Damped so that overshoot cannot occur.

Overshoot. The persistent effort of the control system to reach the desired
level, which frequently results in going beyond (overshooting) the mark.

Phase. The condition of a periodic function with respect to a reference time.

Phase difference. The time, usually expressed in electrical degrees, by which
one wave leads or lags another.

Process. The equipment for which supply and demand must be balanced—the
system under control, excluding the equipment that does the controlling.

Program. A series of instructions that logically solve given problems and
manipulate data.

Proportional band. The reciprocal of gain expressed as a percentage. Refers to
the percentage of the controller’s span of measurement over which the
full travel of the control valve occurs.

Proportional control. Control action in which there is a fixed gain or
attenuation between output and input.

Ramp. An increase or decrease of the variable at a constant rate of change.

Rate action. That portion of controller output that is proportional to the rate
of change of input. See Derivative action.

Reaction curve. In process control, a reaction curve is obtained by applymg a
step change (either in load or set point) and plotting the response of the
controlled variable with respect to time.

Real-time clock. A device that automatically maintains time in conventional
time units for use in program execution and event initiation.

Reproducibility. The exactness with which a measurement or other condition
can be duplicated over time.

Reset action. See Integral control action.

Reset time. See Integral time.

Reset windup. See Integral windup.

Resistance. An opposition to flow that accounts for the dissipation of energy
and limits flow. Flow from a water tap, for example, is limited to what
the available pressure can push through the tap opening

potential (volts)

electrical resistance (ohms) =
flow (amperes)

Response. Reaction to a forcing function applied to the input; the variation in
measured variables that occurs as the result of step sinusoidal, ramp, or
other kind of input.

Routine. A small program used by many other programs to perform a specific
task.

Self-regulation. The ability of an open-loop process or other device to settle
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out (stabilize) at some new operating plant after a load change has taken
place.

Servomechanism. An automatic control system that takes necessary
corrective action as the result of feedback. The output may be
mechanical position or something related to it as a function of time.

Servotechniques. The mathematical and graphical methods devised to analyze
and optimize the behavior of control systems.

Set point. The instruction given the automatic controller determining the point
at which the controlled variable hopefully will stabilize.

Signal. Information in the form of a pneumatic pressure, an electric current,
or mechanical position that carries information from one control loop
component to another.

Software. The collection of programs and routines associated with a
computer.

Stability. That desirable condition in which input and output are in balance
and will remain so unless subjected to an external stimulus.

Static behavior. Behavior which is either not a function of time or which takes
place over a sufficient length of time that dynamic changes become of
minor importance.

Steady state. A state in which static conditions prevail and all dynamic
changes may be assumed completed.

Step change. A change from one level to another in supposedly zero time.

Summing point. A point at which several signals can be algebraically added.

System. Generally refers to all control components, including process,
measurement, controller, operator, and valves, along with any other
additional equipment that may contribute to its operation.

Terminal. A device for operator-machine interface; for example, CRT’s,
typewriters, teletypers with keyboard input, or telephone modems.
Thermocouple. A device constructed of two dissimilar metals that generates a

small voltage as a function of temperature difference between a
measuring and reference junction. This voltage can be measured and its
magnitude used as a measure of the temperature in question.

Time constant. The product of resistance X capacitance (T = RC), which
becomes the time required for a first-order system to reach 63.2 percent
of a total change when forced by a step. In so-called high-order systems
there is a time constant for each of the first-order components.

Transducer. A device that converts information of one physical form to
another physical type in its output (e.g., a thermocouple converts
temperature into millivoltage).

Transfer function. A mathematical description of the output divided by input
relationship which a component or a complete system exhibits. It often
refers to the Laplace transform of output over the Laplace transform of
input with zero initial conditions.

Transportation lag. A delay caused by the time required for material to travel
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from one point to another; for example, water flowing in a pipe at 10 feet
per second requires 10.0 seconds to travel 100 feet, and if this 100 feet
exists between manipulation and measurement, it would constitute at
10-second lag.

Ultimate period. The time period of one cycle at the natural frequency of the
system where it is allowed to oscillate without damping.

Value. The level of the signal being measured or controlled.

Variable. A level, quantity, or other condition that is subject to change. This
may be regulated (the controlled variable) or simply measured (a
barometer measuring atmospheric pressure).

Zero frequency gain. Static gain or change in output divided by the change in
input which caused it, after sufficient time has elapsed to eliminate the
dynamic behavior components.

Zero shift. Change resulting from an error that is the same throughout the

scale.

Note: A more complete set of definitions may be found in the ISA publication, **Process Instrumen-
tation Terminology,”” ANSI/ISA 551:1, 1979.
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INDEX

Absolute pressure, 34, 37
Absolute pressure transmitter, 64—65
Acidity. See pH measurement
Actuators, 259-68
electrical signal conversion and, 263—
67
electric motor, 26768
piston-and-cylinder, 263
valve, 226-67, 25961
Algebraic summing point, 179, 180
Aspirating relay, 208-9
Atmospheric pressure, 34
Automatic controllers. See Controllers
Auto-selector control, 34548

Bar, 37

Batch controller, 231-34

Bell instrument, 44, 45

Bellows, metallic, 49-52

Bernoulli’s theorem, 91-92, 270

Blocks, 397, 399, 400

Bode diagram, frequency response analy-
sis and, 329-31

Bourdon tube, 4648

Bubble tube method of level measurement,
73-74
Buoyancy level transmitters, 71-73

Calibrator, portable pneumatic, 59-60
Capacitance, 78
Capacitance measurement, 175
Capacity

of control valves, 272-73

of a process, 14, 18
Cascade control system, 247-52, 352-57
Cavitation, 274-76
Cell constant, 153
Central processing unit (CPU), 373-74
CGS units of pressure, 35, 37 '
Chromatographs, 174
Cippoletti weir, 110
Closed loop control system, 179-201. See

also Controllers

gain and, 180-83

nonlinearities in, 189

oscillation in, 184-87

phase shifts in, 184

pneumatic, 223-31

stability in, 187-88
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Computer hardware, 372-85
Computer input, 373
Computer interface equipment, 377-85
Computer memory, 373-77
Computer software and operation, 388—
400
analog flow loop, 399
blocks, 397, 399, 400
control software, 394-400
Foxboro Control Package (FCP), 399~
400
Foxboro Process Basic (FPB) language,
396
off-line system, 389-90
on-line system, 388-89
real-time clock and power fail/restart
logic, 394
Computer system process control, 378-85
Computers, basic elements of, 372-74
Conductance, 152-54
Conductivity level sensors, 79
Conductivity measurements, 151-59
applications of, 157
calibration of instruments for, 154-57
construction of cells for, 156-57
electrodeless, 15759
polarization effects and, 156
Controllers, 12-29
adjustment (tuning), 295-303
closed-loop cycling method, 301-2
proportional-only controller, 295-96
proportional-plus-integral controller,
296-97
proportional-plus-integral-plus-
derivative controller, 297-301
reaction curve used to determine,
320-24
tuning maps, 298-99
auto-selector or cutback, 345-48
cascade, 352-57
control modes of, 189-200
proportional-plus-integral control, 196
throttling control (proportional-only
control), 191, 193-95
two position control, 189-191
direct and reverse actions of, 16
duplex or split-range, 343-45
elapsed-time, 402-11
flow-ratio, 349-52
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pneumatic. See Pneumatic controllers
programmed, 402-11
responses of, 16-29
selection of, 200-1
selection of the action of, 16
sequential, 405-6
Control valves, 270-92
capacity of, 272-73
pressure drop across, 273-76
rangeability of, 276-79
selecting, 278-79
sequencing, 279-81
sizing of, 272, 278-80
viscosity corrections for, 281
Core memory, 374-75
Cutback control, 345-48

Dall tubes, 96
DDC (direct-digital control), 378
Dead time, 6-7, 17-18, 335
Dead weight testers, 42-44
as gravity dependent, 38-39
pneumatic, 43-44
Density measurement, 81-87
hydrostatic head, 82-84
radiation, 84
temperature effects and, 84
vibration, 84
Derivative action, 25-29. See also
Proportional-plus-derivative con-
trol action; Proportional-plus-
derivative-plus integral control
frequency response analysis and, 335-37
of pneumatic controllers, 215-16
proportional control and, 199-200
in SPEC 200 system, 24445
DEWCEL, 14748
Diaphragm box, 74-75
Differential-gap control, 191
Differential pressure, 37
Differential pressure transmitter
density measurement with, 85-87
electronic, 238-41
for level measurement, 75-78
Direct action, 16
Disk, 375-76
Diskette, 384
Displacement level transmitters, 71-73
Dissociation, 159-61
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Distillation, feedforward control of,
369-70

Drag body flowmeter, 98-99

Drums, computer, 375

Duplex controller, 34345

Elapsed-time controller, 402-5

Elbow taps for flow measurement, 97-98

Electric motor actuators, 267—68

Electrolysis, 156

Electromotive force (emf) of ther-
mocouples, 131-33

Electronic control systems, 237-255. See
also Feedwater control system,
electronic

pneumatic systems compared to, 254-55
Electronic process simulator, 414-20
Exponential-rise transient, 6

Feedback control loop, 3, 179-201. See
also Closed-loop control system
basic characteristics of, 9, 12-14
Feedforward control, 360-70
advantages of, 360-61
definition of, 360
of distillation process, 369-70
of heat exchanger, 361-69
history of, 360
Feedwater control system, electronic,
237-54. See also SPEC 200 system
closed-loop operation of, 252-54
controllers in, 24143
general description of, 247-52
principle of operation of, 24347
transmitters in, 238-41
Filled thermal systems, 128-30
Final actuator, 13
Flapper-nozzle units, 205-14
Flashing, 274-76
Float-and-cable devices, 70
v-notch weir with, 116
Flow measurement, 90-124
constriction or differential head type de-
vices, 91-92
elbow taps, 97-98
flow nozzle, 96-97
flow rates pressure relationship,
100-3
orifice plates, 94, 100

Pitot tube, 97
primary devices, 94-99
secondary devices, 99-100
target (drag force) device, 98-99
temperature and flow rate, 103, 105-8
variable area meters (rotameter), 109
Venturi tube, 95-96
displacement method of, 91
open-channel, 109-16
velocity flowmeters, 117-23
Flow nozzle, 9%6-97
Flow rate
differential pressure related to, 100-3
temperature and, 103, 105-8
Flow-ratio control, 349-52
Flumes, 110-16
Force, 36
Force-balance pneumatic pressure trans-
mitter, 60-65
Frequency ratio, 334
Frequency response analysis, 328-40
and Bode diagram, 329-31
closed-loop response and, 33940
control objectives and, 335
and derivative action, 335-37
and integral action, 335, 337-39
and proportional band, 335, 339
testing a system with, 331-35

Gain, 183
frequency response analysis and,
329-31
Gain margin, 335
Galvanometric motor, 265
Gauge pressure, 34, 37
Gravity
force and mass and, 36
pressure measurement and, 38-39

Hair element, 145-46

Head, 33-34, 39. See also Pressure
Head level, measurement and, 73-78
Heat exchanger, 2, 3, 12

Humidity, relative and absolute, 144
Humidity measurements, 144—48
Hydrogen ion activity (pH). See pH

Instrument Society of America (ISA)
symbols used by, 9, 10



Integral action (reset), 23-25, 28-29. See
also Proportional-plus-derivative-
plus-integral control; Propor-
tional-plus-integral action

frequency response analysis and, 335,
337-39

of pneumatic controllers, 215-16

proportional control and, 196-98

Integral time, 196-97

Integral windup, 198, 216

Interface equipment, computer, 337-85

Ionization, 159-61

Ion-selective measurement, 173-74

Level measurement, 69-81
capacitance, 78
conductance, 79
displacement (buoyancy), 71-73
float-and-cable, 70
head or pressure, 73-74
radiation, 79
thermal, 81
ultrasonic, 80-81
weight, 79-80
Limp or slack diaphragm instrument,
44-46
Liquid density. See Density measurement
Liquid pressure measurement, 48
Lo-Loss tubes, 96

Magnetic flowmeter, 117-21
Manometers, 3942
mercury, 9

Manual control unit of pneumatic con-
troller, 216-19

Mass, 36

Measurement, 7-9, 13

Measuring transmitters, 8-9

Memory, computer, 373-77

Meniscus correction, 41

Metering pumps, 91

mho (reciprocal ohm), 152-53

Microprocessor, 382

Multicapacity system, 313—15

Newton (N), 36-37
Nichols diagram, 339

Off-line system, 389-90
Offset, 22, 28, 194-95
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On-line system, 388, 89
On/off control, 19-20, 189-91
step-analysis method and, 316
Open-channel flow rate measurements,
109-16
Orifice plates, 94
tap locations for, 100
Oscillation, 184-87
Output transducer, resistance pneumatic
transmitter used with, 141, 142
Oxidation-reduction potential measure-
ments, 172-73

Parshall flume, 112-15
Pascal, 35-37, 39
Percent-incomplete method, 310-13
pH (hydrogen ion activity), definition of,
161
pH measurement, 159-72
control system, 170-72
glass electrode system, 164-65
ionization or dissociation and, 159-61
reading the output of pH electrodes,
169-70
reference electrodes and, 165-68
temperature compensation and, 168—-69
Phase margin, 335
Phase shift, frequency response analysis
and, 329
Piston-and-cylinder actuators, 263
Pitot tube, 97
Pneumatic amplifier, 207-9
Pneumatic calibrator, portable, 59-60
Pneumatic controllers, 205-34
batch controller, 231-34
closed-loop control system of, 223-31
derivative and integral action of, 215-16
electronic systems compared to, 25455
flapper-nozzle units of, 205-14
manual control unit of, 216-19
requirements of, 211-12
set-point mechanism of, 220-23, 225-26
single-seat equal percentage valve of,
227
transferring from automatic to manual,
217
transferring from manual to automatic,
217-19
valve actuators of, 226-27
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Pneumatic indicators, 53-55
Pneumatic process simulator, 420-26
Pneumatic recorders, 53-55
Pneumatic relay, 62-63
Pneumatic transmitter, resistance, 140—42
Polarization, conductivity measurements
and, 156
Portable pneumatic calibrator, 59—-60
Positive displacement meters, 91
Potentiometric recorder, 137-38
Pounds per square inch (psi), 38, 39
Power fail/restart logic, 394
Pressure
absolute, 34, 37
definition of, 33-34
differential, 37
gauge, 34, 37
seals, 48, 55, 57-59
units of measurement for, 35-38
Pressure drop across control valve, 273-76
Pressure gauges, 34, 37, 46-48
Pressure level, measurement and, 73-78
Pressure-measuring instruments, 39-52
bell instrument, 44, 45
bellows, 49-52
calibration standards for, 3940
calibration techniques for, 59—-60
deadener or damper for, 48-49
dead weight testers, 42-44
gauges, 46—48
manometers, 39-42
seals and purges for, 48
slack or limp-diaphragm instrument,
44-46
Pressure recorders and indicators, 53-55
Pressure transmitters, 52—59
absolute, 64-65
differential, 238—41
force-balance pneumatic, 60—-65
Process control computer system, 378-85
Processes
controllability of, 17-18
types of, 5-9
Programmed contro! systems, 402—-11
Proportional action, pneumatic transmitter
and, 209-11
Proportional band, 20-23, 193
frequency response analysis and, 335,
339
ultimate, 334

Proportional control, 20-23, 28-29
offset and, 194-95
step-analysis method and, 31618
Proportional-only control(ler), 191, 193-95
adjusting, 295-96
applications of, 195
Proportional-plus-derivative control
step-analysis method and, 319-20
Proportional-plus-derivative-plus-integral
control
step-analysis method and, 320
Proportional-plus-integral action
step-analysis method and, 318
Proportional-plus-integral control(ler),
196-98
adjusting, 296-97
Proportional-plus-integral-plus-derivative
controller, 199-200
adjustment procedure for, 297-301
Psychrometer, 145, 146
Pulsation dampener, 48—49
Purges, 48
Pyrometers, radiation, 144

Radiation, density measurement, 84
Radiation level measurement, 79
Radiation pyrometers, 144
Rangeability of control valve, 276~79
Ratio control system, 349-52
Reaction curve, controller adjustments de-
termined by using, 320-24
Real processes, 427-32
Real-time clock, 394
Recorder
potentiometric, 137-38
wheatstone bridge, 142—43
Redox measurements, 172-73
Relay, pneumatic, 62-63
Resistance thermal detectors (RTDs),
139-44
output transducer used with, 141, 142
wheatstone bridge recorder used with,
142-43
Resistance-to-pneumatic convertors,
140-42
Reverse action, 16
Reynolds number, 95
Rotameter (variable area meter), 109

Seal pressure system, 48, 55, 57-59
Semiconductor memory, 376-77



Sequencing-control valves, 279-81
Sequential controllers, 405-6
Signal transmission system for pressure,
52-53
Simulated processes (simulators), 413-26
electronic, 414-20
pneumatic, 420-26
Single-seal equal percentage valve, 227
SI units of pressure, 35-37, 39
Slack or limp-diaphragm instrument,
44-46 .
Sling psychrometer, 146
SPC (set-point control), 378
Specific gravity. See Density measurement
SPEC 200 system, 241-52
automatic/manual switch in, 247
controller adjustments in, 247
derivative action in, 24445
deviation signal generation in, 244
external integral (-R) option in, 246
external summing (-S) option in, 246
final summing and switching in, 245
high and low limits in, 245-46
increase/decrease switch in, 244
power supply fault protection circuit in,
246-47
proportional band action in, 245
Split-range control, 34345
Square root extractor, 250-52
Steam pressure measurement, 48
Step-analysis method of finding time con-
stant. See Time constant, step-
analysis method of finding
Swamping resistors for average tempera-
ture measurement with ther-
mocouples, 135-36
Symbols, 9-11

Target flowmeter, 98—99
Temperature
flow rate and, 103, 105-8
pH measurement and, 168-69
Temperature measurement, 12644
filled thermal systems, 128-30
resistance thermal detectors, 139-44
thermistors, 144
thermocouples, 130-39
average temperature measurement,
135-36
calibration curves, 137
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differential temperature measurement
with, 136
potentiometric recorders, 137-38
reference junction compensation,
133-34
transmitter, thermocouple-to-current,
138-39
Temperature transmitter, pneumatic,
209-11
Thermal level measurement, 81
Thermistors, 144
Thermocouples, 130-39
average temperature measurement,
135-36
calibration curves for, 137
differential temperature measurement
with, 136
potentiometric recorders used with,
137-38
reference junction compensation and,
133-34
Thermocouple-to-current transmitter,
138-39
Throttling control, proportional-only con-
trol, 191, 193-95
Time constant
Bode diagram used for finding, 331
step-analysis method of finding,
304-24
block diagrams, 304—7
finding control modes, 315-20
multicapacity system, 313-15
on/off control action, 316
percent-incomplete method, 310-13
proportional control action, 316—18
proportional-plus-derivative control
action, 319-20
proportional-plus-derivative-plus-
integral control, 320
proportional-plus-integral action, 318
reaction curve used to determine con-
troller adjustments, 320-24
single-time-constant system, 308-9
two-time-constant system, 309-10
Time-cycle control, 191
Transducer, output, 141, 142
Transmitters
displacement (buoyancy), 71-73
pH, 170, 171
pneumatic, 140-42
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Transmitters, (cont’d.).
pressure, 52-59
thermocouple-to-current, 138-39
Tuning maps, 298-99
Turbine flowmeter, 122-23

Ultrasonic level sensor, 80-81
Upsets, 17

Valve actuators, 226-27, 259-61
Valve positioners, 15, 261-63
Valve relay, 207-8

Valves
control. See Control valves
single-seat equal percentage, 227
Velocity flowmeters, 117-23
Venturi tube, 95-96, 208
Vibration, density measurement, 84
Viscosity corrections for control valves,
281
Vortex flowmeter, 121-22

Weight system, level measurement, 79-80
Weirs, 110, 111, 115-116 .
Wheatstone bridge recorder, 14243



