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INTRODUCTION

The title of this session of the Engineering Design Seminar is given simply as
“INSTRUMENTATION.” That title does describe the subject, but it does not really
define the content. Instrumentation is a very broad subject. It has much more material
than can be covered in the time allotted. Because of this limitation, and also because it
is unlikely that process engineers would be interested in all of the material, we must

limit the content of our lecture,

We will not, therefore, go into great detail on the subject of control loop hardware - or
digital software. We will only touch lightly on control loop stability and controller
tuning; these are subjects better suited to a seminar for instrument engineers. Instead,
we will look first at a general overview of the Feedback Control Loop. We will then
look at the functions of the loop components, and try to learn how they affect the
overall performance of the loop. When we have studied all the components in the
loop, and touched on stability and tuning, we will look at a few of the more complex
systems and applications. Along with the technical aspects of instrumentation and
process control, we will try to convey some understanding of the UOP process control

philosophy, as well as the background behind it.

FEEDBACK CONTROL LOOP
HISTORY

The first significant application of closed loop, automatic feedback control was the use
of a flyball governor on a steam engine built by James Watt in 1788. Similar devices
had been used before, for controlling the speed setting of millstones in water-driven
flour mills, but Watt was the first to apply the principle to steam engines. In this
application, the flyball governor uses the centrifugal force generated by rotating flyball
weights, along with a system of links and levers, to operate a valve that controls the

steam flow to the engine, similar to the mechanism illustrated in Figure 1.
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k \\ FLYBALL
/\ WEIGHT

N

Figure 1 - Flyball Governor

As the speed of the engine in Figure 1 increases, the flyball weights move outward,
and the linkage pulls upward on the stem |of the steam valve, causing it to close and .
slow down the engine. The speed set point can be changed by adjusting the length of

the linkage connected to the valve stem.

It is interesting to note that before Watt| became involved with steam engines, he
worked as an instrument-maker. The instruments he made were used for measure-
ment, however, not for control. He studied the craft in London as a youth, and in
1757, at the age of 21, returned home to Glasgow, where he was appointed Mathemati-
cal Instrument Maker to the University. Six years later, he was asked to repair a model
of a Newcomen steam engine owned by [the university, after a London instrument
maker had failed to do so. He was successful, and it was that success that inspired his

interest in steam engines.

Mechanical feedback controls were not applied to the process industries until about

1900. They did not find general application until the 1930’s, as processing moved .
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from batch to continuous operation and it became more and more difficult to rely on
manual control alone. It was during this period that control terms such as Proportional
Band and Reset came into general use. As we will see later, these terms derive more
or less from a graphical description of the controller operation. Somewhat later,
during the Second World War, the increasing use of servomechanisms for positioning
and control of guns and related equipment inspired a more detailed study of control
theory, and a more mathematical approach to the subject. As a result we now have
control terms such as Gain, which is related to Proportional Band, and Integral Time,
which is related to Reset. We will return to these terms later, when we discuss the

controller’s function in the feedback control loop.

LOOP COMPONENTS

Almost always when we mention automatic control, it is three-mode, or PID (Propor-
tional, Integral, and Derivative), feedback control that we mean. There are other, more
sophisticated control technigues that are available today, especially with digital sys-
tems; however, feedback control accounts for more applications than any other, This
is true not only in the process industries, but in other areas as well. There are ex-
amples all around us, often with a human component in the loop. For instance, (1)
when a person adjusts a water valve to fill a bathtub, feedback control is involved.
The person who is filling the tub watches the level, and when it rises to the desired
point, operates the water valve and shuts off the water. The level information is fed
back visually to the opefator, and he takes action accordingly. Likewise, (2) when a
float ball in a toilet tank moves a valve to fill the tank to the specified level, feedback
control is involved. It is also involved when (3) a person adjusts a valve to control the
temperature of a shower bath, and (4) when a thermostat operates a gas valve to

control the temperature of a water heater.

These examples are different in some respects. Examples (1) and (3) are - by defini-

tion - manual, open loop control, rather than automatic, closed loop; and examples (1}
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Figure 2 - Feedback Control Loop

and (2) are batch operations, rather than

continucus. However, all four examples

contain the elements which are diagramed in Figure 2. In each case, there is a Process,

a Measuring Means to measure the Process

compare the value of the Process Variable

Variable, and some form of Comparator to

with the desired valuve, or Set Point. The

resulting difference, or Error Signal, is sent to a Function Generator which operates a

Final Control Element. The Final Control Element adjusts a Manipulated Variable as

necessary to minimize the Error Signal, an

value of the Set Point. Also, each case may

d bring the Process Variable closer to the

be subject to some form of Load Variable,

which causes a disturbance in the Process and requires corrective action by the control

system. These elements are identified in T

PROCES

Although the examples in Table 1 are all

able 1.

related to household plumbing, they do
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TABLE 1
Example Number — (1) (21 3 4)
Process Bathtub Toilet Tank  Shower Water Heater
Type Batch Batch Continuous Continuous
Process Variable Water Level Water Level Water Temp. Water Temp.
Measuring Means Eve Float Touch Thermostat
Set Point Adjustment Hand Linkage Hand Thermostat
Comparator Brain Linkage Brain Thermostat
Function Generator  Brain Linkage Brain Thermostat
Final Control Element Water Valve Water Valve Water Valve Gas Valve
Manipulated Variable Water Fiow Water Flow Water Flow Gas Flow
Load Variable (See Note) (See Note) Water Pressure Water Flow
Note: Normally no load variable; however, load effect could be created by water
leakage or variation in water pressure. A Load Variable is any variable, other than
the Set Point, that has an affect on the Process Variable.

Table 1 - Feedback Control Loop Examples
illustrate several important points. The first point is that although the processes are
different, they all have feedback loops, and the same principles apply to all. In fact,
the process may be almost anything: it may be mechanical, electrical, chemical, ther-
mal, hydraulic, or pneumatic; each must follow the same laws of physics and dynam-
ics, and each is described by the same mathematical equations. The coefficients of the
equations may differ, but the equations remain the same; this is what forms the foun-

daion for dynamic modeling and computer simulation.

The second point is that in continuous processes there are two external inputs to the
control loop: a Set Point and a Load Variable. The control loop must respond to a
change in gither input. The response to a change in Set Point is called the servomecha-
nism response; the response to a change in Load Variable is called the regulator

response.

The regulator response is what separates the instrument engineer from the process

engineer. Except for studies in reaction kinetics, the process engineer generally is
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concerned only with steady state operation. The instrument engineer knows that true

steady state operation never exists. He knows that there are always load changes and

upsets in the system which must be counte

the system must be considered.

red and corrected, and that the dynamics of

A third point worth noting is that the Process Variable and the Manipulated Variable

very often are not the same. In the case of liquid flow control, they are directly

related, but in many other cases, the rela

temperature controller may operate a fuel g

tionship is not direct; e. g., a fired heater

as valve, which changes the fuel gas burner

pressure (the Manipulated Variable), which changes the fuel gas flow through the

burner orifice, which changes the temper;
changes the process temperature (the Pro

more indirect the relationship between the

ature in the heater firebox, which (finally)
ress Variable). As we shall see later, the

Manipulated Variable and the Process Vari-

able is, the more difficult the controller’s task is likely to be.

MEASURING MEANS

To be able to control a process, we must first be able to measure a Process Variable.

Generally, this requires a primary element
which converts some intrinsic property of

transmitter which converts the signal from

located in the process unit out in the field,
the process into a measurable signal, and a

the primary element into a standard instru-

ment signal. Standard instrument signals for transmission from the field to the control

room are 3 to 15 psig or the nearest metric equivalent (0.2 to 1.0 kg/cm?, 0.2 to 1.0

Bar, etc.) for pneumatic systems, or 4 to

corresponding to 0 to 100% of the span of

The transmitted signal is sent to the recei
pneumatic signal used in the control room
but the electronic current signal generally

into a nominal 1 to 5 volt DC signal that i

20 mA DC for electronic current systems,

the transmitter.

ving instrument in the control room. The
is identical to the signal used in the field,
passes through a resistor and is converted

5 used by the control room instruments. A

signal based on current, rather than voltage, is used for transmission from the field
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because the transmission wire always has some resistance, which would cause a drop
in the voltage and thereby cause an error. Since the wire length varies from one
installation to the next, the error also would vary. The error could be minimized if the
receiving instrument were designed with a high input impedance, but this would in-
crease the chances of induced noise pickup in the ransmission wire, and also add more

complication to the circuit design.

Although the primary element is always located in the field, the transmitter need not
be. As we will see, a thermocouple that is located in the field may be connected to a
millivolt transmitter that is located in the control room. It may be that the transmitter
is in the field, but located separately from the primary element, as in the case of a
differential pressure transmitter that is near- but separate from- the orifice plate that
measures a flow. And it may be that the transmitter and the primary element are
located in the same enclosure, as in the case of a Bourdon pressure element located

inside the housing of a pressure transmitter.

There are several main types of Process Variable in the process industries, and several

varieties of primary element used in each type:

Temperatur

Temperature is probably the most important of the main Process Variables, because
chemical compositions and reaction rates are closely related to temperature. Other
variables, such as flow or pressure, are often controlled primarily to minimize load
changes that would otherwise affect the temperature controller, and make its difficult

task even more difficult.

The primary element used most often for temperature measurement is the thermo-
couple. The operation of the thermocouple is based on the Seebeck effect. Seebeck
discovered in 1821 that an EMF (electromotive force) is developed when opposite

junctions of certain dissimilar pairs of metals are exposed to different temperatures.
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THERMOCOUPLE LEAD WIRE
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Figure 3 - Thermocouple

The EMF developed varies as the temper
varies. The EMF also depends on the th
material combination (thermocouple type)

ture difference is predictable. Therefore if

temperature are known, the hot junction ter

measure the EMF, consult the appropriate
sponding temperature difference, and add

tion temperature. A typical thermocouple

(We should note that an intermediate jung

Figure. This is actually formed from tweg

temperature is the same at both junctions,

the net effect on the overall EMF will be z

The material combinations commonly usec

Constantan (designated ISA Type J), Chron

Constantan (ISA Type E), and Copper and
rial in the combination is electrically po
Alumel, and Constantan are proprietary allg

couple is still a relatively inexpensive dev

ature difference between the two junctions
ermocouple materials used, but for a given
the relationship between EMF and tempera-
the thermocouple type and the cold junction
mperature can be found: all we need to do is
thermocouple EMF table to find the corre-
the temperature difference to the cold junc-

circuit is shown in Figure 3.

tion exists at the thermocouple head in the
» junctions of opposite polarity, and if the
the two EMF’s will cancel each other, and

€ro.)

i for industrial thermocouples are Iron and
nel and Alumel (ISA Type K), Chromel and
Constantan (ISA Type T). The first mate-
sitive, the second is negative. Chromel,

)'ys, but are widely available, so the thermo-

ice. It is also simple, and therefore fairly
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rugged and reliable. There are other material combinations that are used sometimes,
such as Platinum/Rhodium and Platinum; but these are more expensive and therefore

generally limited to specialized applications, such as lab work.

The thermocouple specified for general use by UOP is the Chromel-Constantan, Type
E, thermocouple, fabricated from #14 AWG (American Wire Gauge) wire, which is
0.064 in. (1.63 mm) in diameter. In this configuration, the thermocouple can be used
for temperatures up to about 1200 °F (650 °C). For many years, Iron-Constantan
thermocouples were the industry standard for temperatures up to about 1000 °F
(540 °C); however, iron oxidizes rapidly, especially in the humid coastal atmospheres
where refineries are often located. Because of the problems this causes, UOP now
specifies Chromel-Constantan thermocouples. Chromel-Constantan thermocouples do
not oxidize, and also have the advantage of having the highest EMF for a given tem-

perature, as shown in Figure 4.

50

o J /‘ /

0-/‘500 400 B0C 800 1000 1200 1400 1600 1800 2000

PSS N IS S N A TN N N

TEMP. DEG F
Figure 4 - Thermocouple EMF

For temperatures above 1200 °F, the thermocouple used most often is Chromel-
Alumel, Type K. The recommended upper temperature limit for a #14 AWG Chromel-
Alumel thermocouple is 2000 °F (1093 °C). The Copper-Constantan, Type T, th-

ermocouple is used primarily for cold temperatures, from 32 °F down to -300 °F (0 °C
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down to -184 °C).

For Chromel-Constantan thermocouples, the standard limits of error are +3 °F .
(1.67 °C) for temperatures between 32 and 600 °F (0 and 316 °C), and +1/2% for tem-
peratures from 600 to 1600 °F (316 to 870 °C). The percentage applies to the tempera-
ture being measured; for example, if the temperature is 1000 °F, the allowable error is

1/2% of 1000, or 5 °F,

Thermocouples do have some minor disadvantages. In discussing Figure 3, we noted
that the hot junction temperature can be found if the EMF and the cold junction
temperature are known. Millivolt transmitters used for thermocouple measurements
do not simply measure the EMF developed by the thermocouple; they are also fur-
nished with special cold-junction compensation circuits that, as the name implies,
measure and compensate for changes in temperature at the cold junction. If ordinary
copper wire is used to connect the thermocouple in the field to the millivolt transmitter
in the control room, the cold junction will be located at the thermocouple head, not in
the control room, and its temperature will not be known. Therefore it is necessary to .
use extension wire that is made of the same materials as the thermocouple between the
thermocouple head and the millivolt wansmitter. This makes the installation more
expensive. Some instrument manufacturers now offer millivolt transmitters that are
designed to be mounted at the thermocouple in the field, and thus allow copper wire to

be used for transmission to the control ropm. UOP does not feel that this is a good

solution. With this design, the cold junction circuitry in the transmitter is exposed to
wider ranges of ambient temperature than if the transmitter were located in the control
room. Also, any test equipment used to service the transmitter in the field also must be
suitable for the wider temperature range. Finally, quite often the thermocouple is not
located with service in mind when the plant is built, and access to it may be difficul,

and may even be dangerous.

UOP standards for thermocouple extensign wire call for the wire to be continuous

without any splices from the thermocouple head to the millivolt transmitter, This .
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avoids the problems that may arise with junction boxes, such as loose or corroded
terminals, or connecting wires with the polarities reversed. Also, as indicated earlier,
the EMF’s from intermediate junctions cancel each other if the temperatures at the two
junctions are equal. If they are not for some reason, such as uneven heat from the sun,

or drafts from poor weatherstripping, an error will result.

For Chromel-Constantan extension wire, the limits of error are £3 °F (1.67 °C) from 0
to 400 °F (-17.8 to 204 °C). So for a thermocouple reading 2 temperature of 1000 °F
(538 °C), the error of the thermocouple could be £5 °F (2,78 °C), and the error of the

[ ————

thermocouple ages, the EMF for a given temperature tends to drift downward, so the
overall error may increase. Fortunately, we are generally more interested in reproduci-

bility than in absolute accuracy, and the error does not cause a large problem.

Another disadvantage of the thermocouple is that while the relationship between milli-
volt transmitter output and EMF is linear, the _rclati_qﬁship____bq@twqc_r_lm;g_n}gc_ra_ture and
EMF, as shown in Figure 4, is slightly non-linear. Therefore the charts and scales
used for thermocouple measurements must be characterized to compensate for the non-
linearity. And, lastly, the minimum span available with most millivolt transmitters is
between two and five millivolts, depending on the manufacturer. This translates into a
minimum temperature span of about 50 to 100 °F (28 to 56 °C), depending on which

type of thermocouple is used.

For narrower temperature spans, down to about 5 to 10 °F (2.8 to 5.6 °C), resistance
temperature detectors are usually used. The Resistance Temperature Detector, or
RTD, is in essence a very long, thin wire - usually nickel or platinum - which has been
wound into a small coil. The wire has a stable, accurately known reiationship between
electrical resistance and temperature. A Wheatstone bridge circuit, the circuit shown
in Figure 5, is usually used to accurately measure the resistance, and thereby the

temperature.

Resistance temperature detectors are more expensive than thermocouples, are not as
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REF
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Figure 5 - Resistanc

Temperature Detector

Wheatstone Bridge Circuit

rugged, and cannot be used at temperature
that they do have over thermocouples is
connect the RTD to the control room equ
sensitive to resistance, the resistance of th

tion of the ambient temperature, also mus

s as high as thermocouples. One advantage
that ordinary copper wire can be used to
ipment; however, because the circuit is so
e copper lead wires, which itself is a func-

t be taken into account. This generally is

done by using three lead wires, connected so the lead wire resistances have equal,

counterbalancing effects on the measurement and reference legs of the Wheatstone

bridge. Figure 6 illustrates how this can be accomplished.

As we will see later, thermocouples or RTD’s sometimes are used for differential tem-

RREF
VW
VvV o
RMEAS \/V\r
HLEAD

I EMF

Figure 6 - Resistance
Three-Wi

Temperature Detector
re Circuit
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perature measurement, in which one element is used to measure a reference tempera-
ture, and the other is used to measure an objective temperature. Millivolt transmitters
used for differential thermocouple measurement do not have cold-junction compensa-
tion circuits; in this case the reference thermocouple becomes the cold junction. Fig-
ure 7 shows how the Wheatstone bridge circuit is modified for differential temperature

. . - PRP-TRY R a8 L
measurement with resistance temperature detectors, 0o ®@ TS

N DL
Jishdal. -

A filled thermal system is another type of primary device used for temperature meas-
RRer J—lJ
| EMF

Figure 7 - Resistance Temperature Detector
Differential Temperature Circuit

urement. A common mercury thermometer is one example of a simple filled-system
device, but for process measurements, this type of system usually relates the expansion
of a liquid, gas, or vapor to the temperature by using a mechanism similar to that
shown in Figure 8. Systems that use a liquid fill are subject to errors from the liquid
head in the capillary tubing between the bulb and the instrument. The same may be
true for the system with the vapor fill. Depending on the relative temperatures of the
process and ambient, and the material used to fill the system, the bulb may be filled
with vapor, and the capillary filled with liquid, or vice versa. Systems with a gas fill

do not have this problem.

At UOP, filled thermal systems are used only for relatively non-critical services such
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— CAPILLARY

Figure 8 - Filled Thermal System

as air tempering controls, which are used on air fin exchangers in cold climates to re-

circulate some of the warm air and preve

nt freezing of the process fluid in the ex-

changer. The reason is that filled systems are not fail-safe. A ruptured temperature

bulb or capillary would result in a low
interpret this as a call for more heat, which
bulb results in an open circuit, or infinite
temperature and causes the controller to
Thermocouples are not inherently fail-safe
transmitter to drive the output upscale in ca

a safe manner,

Flow

temperature reading. A controller would
could be dangerous. Failure of a resistance
resistance, which translates to an infinite
decrease the heat, rather than increase it
but a circuit can be added to the millivolt

se of thermocouple burnout, and thus fail in

Probably 60 to 75% of all process measurements are flow measurements. At UOP,

probably 98% of all flow measurements use an orifice plate and a differential pressure

instrument. Flow measurement with an orifice plate is based on Bernoulli’s relation-

ship between pressure and velocity. The area of the orifice is smaller than the area of

the pipe, so the velocity of the fluid must increase as it passes through the orifice. The

increase in velocity is accompanied by a

decrease in pressure, as the static head is
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difference in the lead lines increases, and it also increases as the difference in elevation

. between the orifice and the transmitter increases. As a percentage of flow, the error
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decreases as the orifice differential increas

orifice differential that is set by the economics of pumping the fluid. The industry

standard differential range is 0 to 100 inches of H O or the nearest even metric equiva-

lent (0 to 2500 mm H,O, 0 to 25 mBar, etc.). The meter maximum generally is chosen

so the normal flow is at mid-scale on the O to 10 square root chart. This is about 7

chart units, equivalent to 50 inches of H/O. In terms of permanent loss, the plot in

Figure 11 indicates that for a 0.7 B-ratio (ratio of orifice diameter to inside pipe

diameter), the permanent loss is about 3
operating differential of 50 inches of H,0O,
0.94 psi. For a 0.2 B-ratio, the loss would

2% of the operating differential. For an
the permanent loss is 26 inches of H,O, or

be 94 %, or 1.7 psi.

An orifice is characterized by its -ratio. [This ratio is generally limited to a range of

0.10 to 0.70. Outside of this range there is not much experimental data, and the
accuracy of the correlations cannot be confirmed. Most lines sized in accordance with
UQP practices will not require B-ratios greater than 0.70. Some lines, however, that

are “sized tight”, and have higher pressure drop per unit length, may require that a

larger size line be used, at least for the n
flanges and the required upstream and dow
straight run is always required to insure tl
exists at the orifice; there must be dynam
experimental installation from which the
cannot be applied. The straight run requi

B-ratio; the requirements used at UQP, she

0.7 to permit future enlargement of the oril
piping.

For a quick check of the B-ratio when wri

ues for Orifice Plates has been developed.
Beta Ratio Limits located in the Appendis

used in the memo to generate the numbers

neter run portion of the piping (the orifice
ynstream straight run). A certain amount of
hat a fully developed turbulent flow profile
ic equivalence between the orifice and the
correlations were taken, or the correlations
irements for an orifice are dependent on the
own in Figure 12, are based on a B-ratio of

fice without also requiring alterations to the

ting specifications, a table of Limiting Val-
This table is in the memo titled Orifice
P A5

¢ at the end of this section. The equations

in the table illustrate how the basic orifice
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converted into velocity head. The fluid passing through the orifice forms a jet which
has minimum area (and minimum pressure) at a point called the vena contracta. As the
fluid travels downstream from this point, the jet expands and the pressure increases.
Approximately eight pipe diameters downstream of the orifice, all possible pressure
recovery has taken place; the difference between the pressure at this point and the

pressure upstream of the orifice is the permanent pressure loss.

In most installations, flange taps are used to measure the orifice differential pressure.

inch downstream from the orifice plate. Pipe taps, located 2-1/2 diameters upstream

and 8 diameters downstream from the orifice plate, are shown as PT, and PT,. The
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EZZ ;77;777777,6;,421&' P AL L L g st Pl A A

“Qi. a8 = L _
FLOW L D
e — —_—= —— —
[ Sy o 11 |
_,_5h a‘a“@
TS PO TIFTFIFrIessd AT L Ll E L L L A
%%
/]
AA| K
1" | g | (em— 17
-t 2-172 D - 8D —

PERMANENT -—
LOSS

W e —

PRESSURE
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VENA CONTRACTA

ORIFICE
PLATE

Figure 9 - Orifice Pressure Profile
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pipe taps essentially measure the total permanent loss of the orifice. Other tap loca-
tions are possible, but flange taps are used most often. One reason is because the .
orifice flanges are shop fabricated, and can be made to closer tolerances than field
fabricated pipe tap installations. Also, as the figure indicates, the differential pressure

for a given flow rate is greater for flange faps than it is for pipe taps.

A high differential pressure is advantageoys because it tends to minimize the effects of
variations in fluid density in the transmitter lead piping. The transmitter generally
does not measure the orifice differential directly; it measures the sum of the orifice
differential plus the static heads in the transmitter lead lines, as shown in Figure 10. If
the static heads are different because the material in the leads lines is of different
compositions or at different temperatures, then the differential pressure at the transmit-

ter will not be the same as at the orifice. [The resulting error increases as the density
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AP =P3 -P4
ChmEssore | ™ = (P1+HxRHO 1) - (P2 + Hx RHO 2)
TRANSMITTER =(P1-P2}+ H(RHO 1 - RHO 2}
Figure 10 - Transmitter Static Head Effects .
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DIMENSIONS ARE FOR FLANGE TAP ORIFICES ONLY, BASED ON AGA-ASME REPORT NO. 3.

Figure 12 - Orifice Minimum Straight Run Requirements

eguations can be manipulated to calculate corrections for conditions other than design.

For compressor suction measurements, or other services where the permanent loss
must be held to a minimum, venturi meters are used. The venturi’s tapering form is
designed to guide the flow streamlines in toward the venturi throat, and to expand
them back out to a fully developed velocity profile without developing the turbulence
and boundary layer separation that occurs with an orifice plate. As a result, the static/
kinetic energy exchange is more nearly reversible, and the energy losses are reduced.
The permanent loss for a classical, Herschel type venturi is given in Figure 11 as
approximately 10% for a B-ratio of 0.7, versus the 52% noted above for the orifice

plate, and operating costs for the venturi will be correspondingly lower. Capital costs
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will be higher for the venturi, however, since it is larger and more difficult to fabricate.

Also, while the orifice often can be rebored to a larger diameter if the plant throughput

is increased, it is not possible to make changes in the throat diameter of a venturi

without also changing the inlet and outlet cones and the overall length of the venturi.

The dimensional relationships of the venturi are shown in Figure 13.

HP |

— 19-23° -

dre f—
] | W_
FLOW
—

i d __5-15° D—

SEE NOTE

NOTES:
1. ROUND TO 0 TC 1.375 D RAD

3. LP TAP RADIUS <= d/6.

1 1
d —

2. ROUND TO 3.5 TO 3.75 d RAD|US.

4, FOR HERSCHEL VENTURI, EXIT CONE ANGLE IS 7 - 8.

Us.

Figure 13 - Dimensions jof Classical Venturi Tube

An orifice meter that is installed in accord

design flow rate, can be expected to have

ance with UOP Standards, and used at the

an overall accuracy (including the uncer-

tainty of the orifice coefficient and the accuracies of the transmitter and receiver) of

about +2%. As can be seen from Figure 14, because of the square root relationship be-

tween flow and differential pressure, a given error in differential pressure causes a

much larger error in flow at reduced flow 1

ates than it does at the design rate.

If accuracy greater than 2% is required for liquid streams, tank gauges should be used.

Alternatively, turbine meters can be used. These have accuracies of about £0.25%, but

are more expensive than orifice meters, and

tenance.

Other methods of flow measurement are av

have moving parts that require more main-

ailable, but none has the low cost and ver-

satility of the orifice meter. There are “mag” meters, which measure flow by means of
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100 10 —<-50 = 10 magnetic induction, but with these the
920 == flowing fluid must be clgctncally COm-
ductive. Gases, steam, and most hy-
< 80 ® o
£ -4 drocarbon liquids will not wozk.
g:-’ 70 el =
Y 8 z There are vortex meters, which use a
= T
o 60 . .
= body in the flowing stream to gener-
-
% 0 7#V50=7.07 | ate vortices that are shed at a rate pro-
= ——————
Bl —— | portional to the flow rate. Currently,
et 6
‘(-‘i-' 30 el most of these are limited to tempera-
i
5 -47P5-5
& 20 tures of about 400 °F (204 °C); newer
' 4 designs are coming out with higher
10 F a
t 2 temperature limits, but still not equal
o e 1
to an orifice plate. Ultrasonic meters.

Figure 14 - Square Root Relationship . o
Head vs. Flow which use the transit time or the Dop-

pler effect of a sound wave to measure the velocity of a fluid. But these are also tem-
perature limited. In addition, the transit time meter will not work well on dirty fluids,
while the Doppler effect meter fails on clean fluids. Rotameters and target meters are
used for some special purposes, but range changes present problems for rotameters,
and the largest standard target meter for liquids is for a 4-inch line. Positive displace-
ment meters can be used, but these are primarily for flow integration, not for flow rate.

Overall, the orifice meter still remains the first choice.

The 2% accuracy of the orifice installation is generally adequate for control purposes.
For control, if the flow signal is sufficiently reproducible, greater accuracy is wel-
come, but not a mandatory consideration. Except for charge streams, most flow con-
trols a'ctually can be considered as "dependent” variables. They are adjusted by the
operator, or by another controller, as required to achicvé other processing objectives,

such as level, temperature, or composition. If the operator can dependably relate a
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given temperature to a given flow set point, the absolute value of the flow at that set
point is not important to him. For charge and product meters, if greater accuracy is .

desired, the meters usually can be calibrated against tank gauges, as mentioned earlier.

At present, UOP has only one area, the gronp of processes known as SORBEX®, where
greater accuracy is required. In these processes it is necessary to accurately calculate
and control a volumetric flow set point which must change abruptly at intervals rang-
ing from approximately 1.5 to 10 minutes. There are no tanks in this part of the
process, and if there were, tank gauges could not be used to calibrate the flowmeters in
such a short period of time. For the flows involved in these calculations, turbine

meters are used.

The transmitters used with turbine meters furnish a pulse output to the receiving
equipment in the control room; the mag flow meter furnishes a current output. The
orifice meter uses a differential pressure transmitter to convert the orifice differential
into a standard pneumatic or electronic current signal. Many such transmitters meas- .
ure the force exerted by the differential pressure on a diaphragm. Early transmitter
! designs used a single diaphragm. To be sensitive to small differentials, the diaphragm
must be very thin and flexible. If one side of the transmitter is accidentally vented to
atmosphere while the other side is still exposed to full line pressure, the diaphragm
will rupture. Most transmitter designs now use a capsule made from two such dia-
phragms on either side of a heavy support member that can withstand a differential
pressure equal to the full design pressure of the transmitter. The capsule is filled with
a silicone liquid that, under normal conditions, transmits pressure from one diaphragm
to the other through passages in the support (Figure 15). However, if the differential
pressure becomes too high, the diaphragm on the high pressure side contacts a stop,
and closes a valve or a port. Because the silicone liquid is incompressible, its pressure
rises instantly to the same pressure as the process, the differential pressure across the

diaphragm becomes zero, and rupture of the diaphragm is prevented. .
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The differential pressure transmitter design above is sometimes called the “force bal-
ance” type. The force of the differential pressure on the diaphragm is balanced by an .
opposing force generated by the output signal acting on a feedback bellows or coil.
The actual displacement of the diaphragm as the differential pressure changes from
zero to the maximum is therefore only about 0.003 cubic inches. This means that for
steam or condensible vapor installations, il is not necessary to use seal pots. Another
common design is the “bellows™ type (Figure 16). This is actually a “motion balance”
instrument; the force of the differential pressure on the bellows is opposed only by a
range spring. This results in a larger displacement over the operating range than in the
case of the force balance instrument, and if accuracy is desired in steam and conden-
sible vapor installations, seal pots should| be provided to maintain equal condensate
levels in both lead lines. The diameter |and displacement of the bellows in these
instruments are such that the differential pressure can drive a pointer or a pen directly,
without amplification. This is useful for| local indication or recording in the field.

Instrument air is required only if the instrument is also a controller. .

The two bellows in the bellows type instrument are usually separated by a passage that

is equipped with an adjustable restriction. Adjusting the restriction changes the degree

siow erissurt () 10w Prissunr
L L

(s
b

T

Figure 16 - Bellows Type Differential instrument
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of dampening of

fluctuations in the
Seal diaphragm (H,P)
Sensing diaphragm (L.P)
Silicone fill (H.FP)
Silicone fiil (L. P_)

Bellows

differential pres-

sure. This is use-

ful for pulsating

or noisy flows, Damping restriction

Torque arm

AR N

such as in the dis- Torque rod

L
PPPOAOMA

N

v
charge from a re-

ciprocating pump Figure 17 - Diaphragm Type Differential instrument {(with Dampening)

or compressor. A few manufacturers have transmitters (Figure 17) that combine the
basic force balance design with the externally adjustable damping of the bellows type.

Unfortunately, these designs are rapidly becoming extinct.

The reason this is unfortunate is that the transmitters that are replacing them use elec-
tronic damping on the output signal, or on the input to the receiving instrument, rather
than mechanical damping. Electronic damping is satisfactory as long as the magnitude
of the pulsation is within the range limits of the transmitter, but it is impossible to tell
from looking at the output signal if this is truly the case. If the magnitude is large
enough, or if the transmitter is operating near the top of its range, the transmitter
primary mechanism can be driven to its limit, and cause clipping of the signal (Figure

18). When this occurs, an error is introduced into the flow measurement, because, as

1.00 , ' Figure 18
0.75 : PINGLIMIT— £ PR Y RS SRR shows, the av-
0.50 bu L i ' A o ST, SO

025 ' \ EwavE Ao erage of the
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VALUE
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than the actual
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-1.00 : : average. The
360 450
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Figure 18 - Sine Wave Clipping damping, with
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an externally adjustable restrictor, provide

5 a physical resistance to the pulsation, and

reduces the possibility of overtravel and consequent clipping.

Although pneumatic transmitters are essentially limited to the force or motion balance

designs, electronic transmitters are able to take advantage of various electrical phe-

nomena to generate the output signal. Some use strain gages to measure the stress on

the diaphragm due to the differential press

ure; others measure the resonant frequency

of a wire that changes with the differential; still others relate the differential to a ca-

pacitance that changes with the deflection of an element in the capsule. Any pulsation

damping that is done with these transmitters must be done electronically.

Using the silicone filled capsule design to p

revent the diaphragm from rupturing solves

one problem, but can create another. Except for certain special cases, such as HF

Alkylation units, UOP specifies standard st
not in the flowing stream, such as pressure
tial pressure instruments. For instrument
thermowells, control valve internals, and o

rides or hydrogen sulfide and moisture are

ainless steel trim for instruments which are
gauges, pressure instruments, and differen-
s that are in the flowing stream, such as
rifice plates, UOP specifies Monel if chlo-

present. Some contractors assume that if a

Monel orifice plate is specified, the differential pressure transmitter should have Monel

internals. Unfortunately, Monel is subject

to hydrogen permeation. At elevated pres-

sures during normal operation, hydrogen slowly permeates through the Monel and into

the capsule. If the transmitter is the capac

itance type mentioned above, the hydrogen

changes the dielectric constant of the fill, and causes a shift in the calibration. If the

transmitter is the force balance type, it may perform satisfactorily during normal op-

eration, but when the transmitter is depressured for a plant shutdown or for mainte-

nance, the hydrogen will not be able to permeate from the capsule to the atmosphere

quickly enough, and the capsule will blow up. In hydrogen-rich services such as Plat-

forming and Hydrotreating, Monel diaphragm capsules are not only unnecessary, they

are undesirable,
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Pressure

Pressure is very often an "independent” variable, in that the controller set point is
usually maintained at a constant value, and is not dependent on other variables. The
pressure of a reactor products separator rarely needs adjustment during normal opera-
tion. The pressure of a fractionator is held constant so the temperature can be related
to composition. The pressures that are adjusted frequently are usually utility pressures,

such as fuel gas or fuel oil to a heater.

The primary elements used in pressure transmitters are Bourdon tubes, the same as in
pressure gauges; or spiral or helical elements, which are similar to Bourdon tubes; or
diaphragm capsules, similar to the differential pressure transmitters described above.
For low pressure measurements, a bellows element is sometimes used. If the low
pressure side of a differential pressure transmitter is vented to the atmosphere, it will
measure a gauge pressure. If the low pressure side is evacuated and sealed to maintain

a zero pressure reference, the transmitter can be used to measure an absolute pressure.
Level

Level is almost always an "independent” variable. Like the pressure controller, once
the set point is adjusted, it is rarely changed. At UOP, most level transmitters are the
relatively simple, external displacement type. This is an external chamber containing a
cylindrical displacer which is often called a “float”. Actually, the “float” does not
float; the displacer is heavier than the fluid in the chamber. The transmitter has a
torque tube and torque arm, which in effect form a spring scale that weighs the
displacer. When the chamber is empty, the scale registers the weight of the displacer
itself. When the chamber is full to the top of the displacer, the scale registers the
weight of the displacer minus the weight of the fluid displaced, in accordance with
Archimedes’ principle of buoyancy. Because the displacer is cylindrical, the effective

weight of the displacer is a linear function of the liquid height on it.

For a displacer in single phase hydrocarbon service, the difference in effective weight
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over the range of the instrument is the dif]
alone at 0%, and the weight of the displ
displaced at 100%. The weight of the dis
the range of the instrument is simply the ¥
displacer in hydrocarbon/water interface s
face at 0% is the weight of the displacer 1
and the effective weight at 100% is the w
water displaced. Again the weight of the d
difference in effective weight over the ran
displaced minus the weight of hydrocarboj
operating on the specific gravity difference
also true for the ordinary level instrument,
effectively zero, so it is neglected.) If the
urement could be difficult.

For a standard

service, the lower limit of the difference i

The standard displacement type level tran

check: any time the liquid level is below th

output; the zero setting is not affected by

might change the specific gravity. The 10

is affected by these changes, as are both

level instrument.

If the vessel temperature is fairly high, the

ment may be lower than that in the vessel

vessel and the interface in the displacer cha

can be eliminated by using an internal disp

is located inside the vessel itself, so there is
maintenance of the instrument then becom

tionships between internal and external lev

ference between the weight of the displacer
acer minus the weight of the hydrocarbon
splacer cancels out, and the difference over
weight of the hydrocarbon displaced. For a
ervice, the effective weight with the inter-
minus the weight of hydrocarbon displaced,
yeight of the displacer minus the weight of
lisplacer cancels out, but for this service the
ge of the instrument is the weight of water
n displaced. In this case, the instrument is
: between the two phases. (Actually, this is
but the specific gravity of the gas phase is
hydrocarbon phase is too heavy, the meas-
1 displacement level instrument in interface

) specific gravities is about 0.2.

smitter has the advantage of a simple zero
e displacer, the transmitter should show 0%
temperature or composition changes which
0% setting of the standard level instrument

the 0% and 100% settings of the interface

temperature of the fluid in the level instru-
, and it is possible that the interface in the
imber may be at different levels. This error
lacement instrument, in which the displacer
s no temperature difference. Unfortunately,
The mathematical rela-

ies more difficulr.

els for an external displacement instrument
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SPECIFIC GRAVITY

= LENGTH OF DISPLACER
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1). AT POINT@), STATIC HEAD IN FLOAT CAGE EQUALS STATIC HEAD IN VESSEL.

2). Py APPEARS IN BOTH STATIC HEAD EQUATIONS, THEREFORE CANCELS.

3). DENSITY OF WATER APPEARS WITH SPECIFIC GRAVITY IN BOTH STATIC HEAD EQUATIONS,
THEREFORE ALSO CANCELS.

FLOAT CAGE STATIC HEAD = VESSEL STATIC HEAD

gy (x+2) + gaw+(l-x)] = Qaly+2) + Ogfw+(-y)]
g1X+01Z +03W+03! -O3% = Qay+Q2Z2+Q4wW+Qsl-0aY
x{g1- 93} + 2(g1- G2)+w(Q3- G4)+1(Q3- 94) = Y(Q@2- Qa)
SOLVING FOR y YIELDS BASIC EQUATION:

x{Qy- Qa) + 2{g1- 92)+(w+1}{(93- 94
(G2- g4}

y:

OUTPUT % = 100 {y /1) (100 /PB%) [ (g2 - 94)/Fggt] + (QUTPUT % @y =0)"

*NORMALLY =0

GENEBAL SERVICE:
g1 =0p (ASSUMES TEMPERATURES EQUAL — IF FLOAT CAGE & PIPING WELL INSULATED,
PROBABLY REASONABLE ASSUMPTION} ; g3 =g4 =0 (VAPOR DENSITY GENERALLY NEGLIGIBLE).

ELUSHED FLOAT CAGE:
03 =04 20 (IF g3 IS CONDENSIBLE VAPOR, MAY NEED TO USE DRY GAS PURGE AS g, ,TO KEEP
FROM DILUTING g5 ); @ IS FLUSH LIQUID GRAVITY, g2 > g1

INTERFACE:
g2 = 01 X HEAVY LIQUID EXPANSION FACTOR, g4 = g3 x LIGHT LIQUID EXPANSION FACTOR,
WHERE EXPANSION FACTOR = (g @ FLOAT CAGE TEMPERATURE / g @ VESSEL TEMPERATURE).

NOTE:
TOP SIDE FLOAT CAGE CONNECTION: w = 0; BOTTOM SIDE FLOAT CAGE CONNECTION: z =0,

Figure 19 - Displacement Type Level Transmitter Equations
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are summarized in Figure 19.

Displacement type level instruments are fu
torque tube and torque arm are used for ;
crease as the length increases. At the lon
and slender that extra care is required to ke
maintenance. Also, the allowable out-of-v
tion more difficult, and in addition the pipi
ture changes become more of a problem

differential pressure instrument, like that

rnished in lengths up to 10 feet. If the same
all ranges, the displacer diameter must de-
ger lenpths, the displacer becomes so long
ep it from being bent during installation and
ertical tolerance decreases, making installa-
ng stresses on the chamber due to tempera-

For level ranges above about 8 feet, a

used for flow measurement, is often used.

The transmitter is installed as shown in Figure 20. Generally, the reference leg is

filled with the same material as that inside the vessel. The transmitter measures a

differential pressure of zero when the vessel is full, and a negative differential when

the vessel is empty. Some transmitter

designs require special range suppression

X

X

REFERENGE
LEG (NOTE3) | , — NOTE?
TO LEVEL
INSTRUMENT
NOZZLES ON LOW
VESSEL PRESSURE
b {~ Y
)
L —— LEVEL TRANSMITTER
NOTES: HIGH PRESSURE

1. ALL PIPING IS 3/4".

2. CONTRACTOR SHALL ADVISE LENGTH OF REFERENCE LEG.
3. FILL REFERENCE LEG WITH SEALING LIQUID AS SPECIFIED.

Figure 20 - Ditferential Pressure Level Transmitter
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equipment to accomplish this. The main disadvantage of this type of installation is
that if some of the material leaks out of the reference leg, the transmitter indicates a
higher level than actually exists. If the transmitter is installed at the bottom of a
fractionation column, vapors will condense in the lead piping and keep the reference
leg filled; but temperature changes in the reference leg can still cause some error in the

indicated level.

When the process material is heavy and has a high viscosity, UOP practice is to heat
trace and insulate the piping to maintain the viscosity below 5000 SSU. If the tem-
perature required is more than 150 °F (66 °C), heat tracing the transmitter body could
lead to overheating and damage, especially for electronic instruments. For these cases,
a transmitter with remote diaphragm seals is used. The remote seals are connected to
the transmitter body by capillaries, and the entire system is filled with a silicone oil
suitable for high temperatures. The piping to the remote seal can be traced as required.
The transmitter body and capillaries are heat traced to maintain the silicone fill at a
constant 150 °F (66 °C). This is done to avoid static head variations and the resulting

zero errors that would be caused by ambient temperature changes.

For particulate solids, and for difficult liquids such as hydrofluoric acid, a radioactive
source and detector system may be used to detect the presence or absence of a level in
a vessel by measuring the absorption of a beam of radiation. These are mostly point
level measurements, which operate a switch that indicates whether the level is present
or not. Proportional measurements, which are actual analog measurements, require
either multiple sources or detectors. They are used rarely at UOP; at present the only
application of this type is the Surge Hopper level measurement in Continuous Catalyst

Regeneration units.

One additional device, which can be used for point or proportional measurement, is the
capacitance probe. This is a probe which, with the walls of the vessel, forms a

capacitor that uses the fluid in the vessel as the dielectric. Changes in the level
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therefore change the capacitance, and the change in capacitance is measured by the

associated electronic circuitry. If the probe is installed horizontally, the capacitance .
change occurs as the level moves over the diameter of the probe, yielding a point ‘
measurement; if the probe is installed vertically, the capacitance change occurs as the

level moves over the length of the probe, |yielding a proportional measurement.

Analysis

Process analyzers are usually open loop devices which depend on the operator to take
corrective action if required. The action required may be too complex, or the response
time may be too long, to effectively close| the loop and let the analyzer act directly on
the process. There are many types of analyzers. At UOP the more common types used
are moisture analyzers, oxygen analyzers, and chromatographs. Moisture analyzers
are used for Platforming wnit recycle gas measurements and as monitors for dryer per-

formance. These analyzers operate on two main principles.

The DuPont moisture analyzer (Figure 21) uses a crystal with an absorbent coating. .
For one part of the operating cycle the ¢rystal is in contact with the moist sample
stream, and for the other part of the cycle the crystal is in contact with a dried sample
stream which is used as a reference. The moisture in the sample stream is absorbed in
the coating on the crystal, changes its mass, and thereby alters its frequency of vibra-
tion. The difference in vibrational frequency between the moist state of the crystal and
its dried reference state is used as a measure of the moisture content of the sample
stream. The Panametrics analyzer (Figure 22) uses a probe which has a thin aluminum
oxide coating covered by a gold flashed film to form a capacitor. The oxide adsorbs
toisture in proportion to the partial pressure of the water in the sample, and changes
the capacitance of the pmobe. For Platforming recycle gas service, where the moisture
content is less than 10 ppm, a moisture generator is specified to provide a sample of
known moisture content for calibration of the analyzer. On the newer DuPont analyz-

ers, a moisture generator s built into the analyzer. .

Page 32




UOP ENGINEERING DESIGN SEMINAR INSTRUMENTATION

How the DuPont 560 Moisture Analyzer Works . /%
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Flgure 21 - DuPont Moisture Analyzer

Sampling systems for these low ppm ranges are critical if a reliable reading is to be ob-
tained. The sample tubing to the analyzer must be stainless steel. At low moisture
. concentrations, the moisture which is adsorbed on the walls can be significant in
relation to the moisture in the sample stream. Changes in concentration in the sample
stream then encounter a lag, as time is required for the walls to reach a new equilib-

rium value. Copper tubing has walls which are rough and porous; this adds to the

Equivalent circuit of a single
pore

©_z= Capacitance or entire
axide layer:

it == pore-base capacitance;

k. = resistance af sofid
siunminum oxide,

H. = pore-side resistence;

“: = pore-base resistance,

Figure 22 - Panametrics Moisture Analyzer
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thereby avoid many of the usual sampling problems. . One such analyzer is the
Westinghouse oxygen analyzer (Figure 23). This analyzer has a sensor which is made
from a zirconium oxide ceramic coated with platinum. Instrument air is used as a
reference on one side of the ceramic, and the sample gas is on the opposite side. At
the operating temperature of about 1500 °F (815 °C), a voltage is developed between

the two sides of the ceramic in accordance with the Nernst equation:
E = (RTAF) In (P, /P, ) + C Eq.(1)

where R is the gas constant, T is the absolute temperature, F is Faraday’s constant, and
P, and Py are, respectively, partial pressures of oxygen in the reference gas and the
sample. The relatively high operating temperature allows insertion of the sensor di-
rectly into the stack of a heater above the convection section. For sampling in the
hotter region below the convection section, an extraction type version of the analyzer
is available, using an eductor to withdraw the sample from the heater. The zirconium
oxide oxygen analyzer has become very popular, and is available from a number of
manufacturers. Stack or inert gas analysis is the main application for this type of
oxygen analyzer. Since the sensor operates 4t a high temperature, combustibles in the
sample will be burned, consuming part or all of the oxygen in the sample, and giving

an incorrect result.

UOP specifies a portable oxygen analyzer for checking during catalyst regeneration.
This analyzer may be a Beckman polarographic analyzer, which measures the current
from an oxidation-reduction reaction that takes place between the oxygen and a silver
anode in a KCI solution. Alternatively, a Teledyne Micro-Fuel Cell type may be used.
The fuel cell produces an electrical current proportional to the oxygen concentration in

the sample by means of the following chemical reactions:

0, + 2HO +4e —> 40H (Cathode)
40H + 2Pb —_> 2Pb0 +2H,0 + 4¢ (Anode)

One other oxygen analyzer, the Hays paramagnetic analyzer, which was used on Plat-
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forming CCR units, is no longer available. A Thermox extraction type zirconium

oxide analyzer, similar to the Westinghouse analyzer described above, is now speci- .
fied.
Another type of analyzer that is fre- FAST MOLEGULES

quently used, especially in aromatics
complexes, is the chromatograph. The
chromatograph operates on the differ-
ences in rates of adsorption and desorp-
tion of different molecular species. It

gets its name from paper chromatogra-

phy, which has been used to analyze

SLOW MOLECULES
multicomponent dyes and separate them
into their component colors (Figure 24). Figure 24 - Paper Chromatography
The branch of chromatography most useful for refinery process analysis is gas-liquid .

chromatography. This involves a long, thin packed column into which a sample is in-
jected and then is flushed through by a carrier gas (Figure 25). The packing is coated
with a liquid which absorbs and then desorbs the sample components. The chromato-

graph can discriminate between some components in ranges well below 1000 ppm,

SAMPLE INJECTION LIGHT
(LIGHT, MEDIUM, HEAVY MOLECULES) MOLECULES
ELUTE FIRST,
HEAVY LAST

B e Y L L T, o s W

CARRIER ’ 0
GAS —P ® @eo ® ® o —» 1 Cion

e et —p——_ e e g ——y

Figure 25 - Gas-Liquid Chromatography .
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which would require temperature measurements accurate to 0.1 °F or better for equiva-
lent performance. However, the complexity required for that discrimination is costly,

and the use of the chromatograph must be carefully considered.

Process chromatographs - and indeed, any process analyzer - should not be considered
a substitute for the laboratory. The process chromatograph must be built to handle
process conditions, and that generally means that something must be sacrificed in
comparison to an equivalent laboratory instrument. Also, while the lab may take 30
minutes of closely attended operation to Tun a certain analysis, the process instrument
generally must be able to complete the analysis - unattended - in 10 minutes or less.
Again, something must be sacrificed. The primary consideration is, as it was for flow
measurement, reproducibility rather than accuracy. If the plant operation is stable, we
can easily relate the laboratory results to the analyzer results; as long as that relation-
ship is constant and reproducible, we can operate almost as well as if the analyzer had

the same accuracy as the lab.

The analyzer should not be installed to replace routine samples, but to reduce the need
for special samples. Its main value is in an upset. The analyzer can run a sample in a
few minutes and indicate where operations are heading so a correction can be made,
while a lab sample might take one to two hours from the sample to the result. The jus-
tification, therefore, revolves mainly around the probability of an upset occurring, and
what that upset means in terms of product quality. If upsets are unlikely and if the off-
spec product can easily be blended off or otherwise salvaged, the analyzer is probably

not justifiable.

Other types of analyzers that are used include hydrogen analyzers, sometimes used for
recycle gas, which compare the thermal conductivity of the sample gas with that of a
known reference gas; carbon monoxide and carbon dioxide analyzers for FCC flue gas,
which relate the absorption of infrared light in the sample gas to that of a known

reference; SO_and NO, analyzers which measure stack gas pollutants by means of
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chemiluminescence; boiling point analyzers; H,S analyzers; pH analyzers; conductiv-

ity analyzers; and many others.

Almost all of these analyzers are expensive - in terms of maintenance, or initial cost,

or both. Analyzers that use wet chemical methods are especially maintenance inten-

sive.

AL NTROL ELEMEN

The final control element used most often fin the process industries is the control valve.

Occasionally, the controller output signal may adjust the stroke of a pump or the speed

of a compressor turbine. And, for a time,

energy considerations prompted many stud-

SPRING-DIAPHRAGM
ACTUATORS

SINGLE SEAT DOUBLE SEAT -
CONTOURED PLUG

DOUBLE SEAT -
PORTED PLUG

Figure 26 - Globe T

ype Control Valves
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ies into variable-speed electric motor drives and other energy saving devices (the
control valve cannot control unless it is given some energy to dissipate). But at

present, economics still generally favor the control valve.

The most common type of control valve is the sliding-stem globe type valve with a
pneumatic spring-diaphragm actuator (Figure 26). The globe valve is one of the oldest
designs. It is so named because the early valves, in particular, were cast with a
globular shape to the main portion of the body . Globe valves are available in either
single seat or double seat construction, and in a variety of materials. Because globe
valves are the most common design and are generally available almost anywhere in the

world, these are the valves that are specified most often for UOP process units.

UOP standards for globe type control valves call for top and bottom guiding or heavy
duty top guiding. Some early control valve designs used a hollow cylindrical, ported
plug, which served as both throttling device and guiding surface, a practice known as
“skirt” guiding. To keep the plug in proper alignment, clearances between the guiding
surfaces of the plug and seat had to be small. The tight clearances, combined with the
location of the guiding surfaces directly in the flowing stream, led to problems with
sticking and poor control. Differential expansion due to temperature changes, and

fouling or erosion from dirty services caused the guiding surfaces to bind. Using

guiding surfaces separate from the flow control sur-
faces and remote from the flowing stream elimi-
nated the sticking problems. In the early 1970’s,
control valve manufacturers (notably Fisher Con-
trols) began promoting a “cage” valve design (Fig-
ure 27), in which the valve seat ring is held in place

by a cage which contains the plug. The cage in

turn is clamped in to the body by the valve bonnet.

The design permits quick disassembly and change Figure 27 - Cage Type Globe
Valve
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of the valve trim, but has the same problems as the early skirt guided design.

The design can have some advantages when control valve noise is a problem. Most

low noise control valve designs involve

to flow through passages in the wall

hollow plug or cage which allows the fluid

d impinge on the fluid entering from the

opposite side. In this manner, the energy is dissipated in the fluid itself, and not on the

valve surfaces, so erosion of the trim and body is reduced, and also the noise level is

decreased. This concept fits well with the cage design, but because the passages must

be small and torturous to gain the maximum noise reduction, even more than the ordi-

nary cage design, such valves require a clean fluid to operate properly. UQOP's prefer-

ence is to utilize low-db plates or cartridges, if possible, to achieve the noise reduction,

rather than cage-guided control valves.

When cage design control valves are pr

osed for a project, each service should be

examined carefully on a case-by-case basis, to evaluate the possibility of problems

from dirt or temperature. Fisher does manufacture a valve with a cage design in which

the cage incorporates guiding similar to 4

heavy top guided conventional plug. This

Design EZ valve (Figure 28), does not meet UOP standards because the guiding is not

heavy enough, but some UQP customers

have used it successfully in HF Alkylation

services (valves for alkylation services will be discussed later).

Cage type valves are available only in single

seat design. Likewise, valves with reduced

trim smaller than 3/4-inch are available on
in single seat design. Single seated valv
are used for applications that require tig
shutoff, because it is difficult to shut ba

seats of a double seated valve simultan

ously. Although it is possible to lap the seats

of a double seated valve to reduce leakage,

if Figure 28 - Fisher Design "EZ"
Globe Valve
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the temperature changes, the difference in expansion between the body and the trim

will reduce the seating force on one port or the other, and the valve will leak again.

The main advantage of the double seated valve is that the actuator size can be smaller.
With a double seated valve, the valve is usually installed so the flow enters between
the two seats, and exits upward, flow-to-open, through the upper port, and downward,
flow-to-close, through the lower port. The net unbalanced forces due to pressure drop
on the area of the plug are therefore relatively small. The forces do not quite cancel
each other, because one port must be large enough to allow the othcr'plug to pass
through. Also, the hydrodynamic forces do not quite cancel, because the flow direc-
tions around the plugs are opposite. But the overall result is that the actuator size can

be reduced.

UOP standards require an actuator with a spring that has twice the thrust requirement
calculated on the basis that when the valve is open, the pressure drop is as specified,
and when the valve is closed, the pressure drop is equal to the full upstream pressure.
A suitable actuator with a 3 to 15 psi spring, or an integral multiple of 3 to 135 psi, is
then chosen. It is unlikely that most valves ’will ever be called upon to close against
full upstream pressure, but sizing the actuator in this manner provides a thrust at
normal conditions which is large in comparison with the plug unbalance forces, and
increases the ability to operate at conditions such as reduced throughput, as well as at

normal operation.

The 3 to 15 psi spring range specified is the “bench set” range, that is, the range as
calibrated on the work bench, with no differential pressure across the plug. It should
be noted that when the valve is installed and operating, the range will most likely not
be 3 to 15 psi because the valve differential pressure will not be zero. Control valve
manufacturers sometimes use non-standard ranges such as 7 to 15 or 6 to 13 psi, to get
sufficient closing thrust with an undersized actuvator. The non-standard setting is

generally intended to give a 3 to 15 psi range under operating conditions. However, if
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the actual differential pressure is much different from the design value, the valve
stroke range may be quite different from 3 to 15 psi, and it is even possible that the .

actuator may not be able to fully close—or possibly not fully open—the control valve.

While it is convenient for the operator to have the valve stroke exactly 0 to 100% for a
0 to 100% input signal, as long as the relationship is reasonably close, it is not a
critical requirement. Valve position can be classified as a "dependent” variable; during
normal operation the valve position will be set as required to control the flow, pres-
sure, or other process variable at the required value. It does not matter to the control-
ler if 60% of full scale output is required to obtain a 50% open valve position. Again,

as mentioned earlier, reproducibility is more important.

The convenience lies mostly in knowing what control input will just open the valve
when the loop is being commissioned. But even if the opening point is correct for one
set of operating conditions, changing the operating conditions will change the opening
point. The only way to insure that the valve stroke will match the signal input is to .

install a positioner.

Unfortunately, positioners are not recommended for flow control loops, which make
up the majority of control applications. The response of a flow loop, especially with
electronic transmission, is quite rapid. The response of the positioner is also very fast.
If the two responses are the too similar, pnder certain conditions they can reinforce

each other to the extent that the loop becomes unstable.

Some positioners can be used in flow loops. Piston actuators, which are used to meet
very high thrust requirements, must have positioners because they have no springs to
push against. Instead of springs, they use a regulated air loading pressure beneath the
piston. When the positioner output pressure exceeds the loading pressure, the piston
moves down; when the positioner output pressure is less than the loading pressure, the
piston moves up; when the pressures are equal, the piston does not move. (The unbal- .

ance forces on the valve plug are neglected for this discussion.)
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The thrust advantage of the piston-actuator
comes from two sources. The nigid con-
struction of the piston permits the use of
higher air pressure than is possible with a
diaphragm, generally up to full supply
header pressure. Secondly, the loading
pressure is regulated; as the piston moves
down and compresses the loading air, the
loading regulator bleeds off the excess to
maintain the controlled pressure. The op-
posing force therefore does not increase in
proportion to the stroke, as it does with the
spring diaphragm actuator, and therefore
thrust which would be used to compress the
spring is available for counteracting plug

unbalance forces.

The description above applies to Masoneilan
(Annin) Domotor actuators. Fisher actua-
tors (Figure 29) utilize a double-ended posi-
tioner which simultaneously increases the
pressure on one side of the piston, and de-
creases the pressure on the other. The posi-
tioners used with piston actuators are spe-
cial designs; standard positioners normally
used with spring diaphragm actuators can-

not be used with piston actuators.

; /mosz e vouime
\E‘_L__E: " R eResTRICTION
Type
476D schematic.

Dwy. 8J4155

TYPE 476D - A schematic of the
Type 476D is shown.

With the addition
of the trip valve, the loading pressure
from relay ""A’" to the cylinder above
the piston flows through the trip valve.
As long as the supply pressure is
normal, the trip valve allows normal
automatic operation. When the supply
pressure falls below 60% or 75% of the
maximum supply pressure, the force
of the volume tank pressure acting on
the trip valve piston overcomes the
force of the reduced supply pressure
acting on the other side of the piston.
The trip valve inner valve is forced to
the right, shutting off the relay output
and aliowing the volume tank pressure
to flow to the top side of the cylinder,
The piston is forced to the bottom of
its stroke and remains there untii the
supply pressure is restored.

When the supply pressure is first
introduced into the trip valve, a small
check valve in the piston opens and
allows supply pressure to flow into the
voiurme tank until the volume tank
pressure is approximately equal to the
supply pressure, The check valve closes
when the volume tank is pressurized.

Figure 29 - Pneumatic Piston Actuator

(Fisher shown)

. Another class of actuators should be mentioned in this regard. Masoneilan has been
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promoting an actuator design for globe valves called the “YF” actuator (Figure 30).

This actuator uses a horizontally mounted spring and diaphragm, with a cam and lever .
linkage to convert the horizontal motion| to a vertical thrust. The translation from
horizontal motion to rotary to vertical is not quite linear, and as a result the valve ends
up with a non-standard characteristic. (Note: valve characteristics will be discussed
later.) Instead of offering plug designs which yield the desired characteristics,
Masoneilan initially used a single plug design and different characterized cams in a
positioner. So to obtain a certain characteristic, a positioner had to be used, even on
flow control loops. Masoneilan now dogs offer characterized plugs for this valve
series. But if a prospective supplier offers only characterized cams to obtain a desired
Characteristic, it should be made clear before purchasing that if any problems result,

the supplier must be willing to assist in their solution.

oo

Air-lo-Open Air-10:Close Air-to-Open
(Dotted line shows
Air-lo-Close)

Figure 30 - Masoneilan >F Actuator

In addition to single and double seat designs, another type of globe valve is the angle

valve (Figure 31). Angle valves are used i

n slurry service in FCC units, and in Vac-

uum Column bottoms service in Vacuum Distillation units. Installed with the flow

tending to close the plug, the angle valve i

pass through without causing the clogging

s self cleaning; catalyst and coke particles

and body erosion which would occur if a
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Figure 31 - Mascnellan 71000 Series Angle Valve
standard globe design were used.
Still another globe type valve is the 3-way valve (Figure 32), used primarily for con-

trol of flows through and around heat exchangers. These valves can be arranged either

for diverting service, in which one stream enters the valve and two streams exit, or
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NOTE: UOP SPECIFIGATIONS CALL FOR
TOP AND BOTTOM GUIDING (NOT SHOWN)

No. 37-80385 Combining

No. 37-80386 Diverling

Figure 32 - Three-Way Valves

combining service, in which two streams ¢
functions also could be performed by two s
so one valve is opening when the other v
two separate valves is that it is opens up thg
would close both valves simultaneously, an
valve to protect equipment. If the valves a

able relief valve could be extremely difficy

Two other globe type valves have been u
double diaphragm fuel gas valve (Figure 3
this valve has two diaphragms, one with tw
signal pushes down on the upper diaphragn
pressure downstream of the valve is pips
which has half the area of the upper diaph

the air signal. Because of the diaphragm 4

enter and one stream exits. Either of these
eparate valves in a split range configuration
alve is closing. The disadvantage of using
e possiblity that a failure might occur which
d therefore might require the use of a relief

re in reactor effluent service, finding a suit-

e

1lt.

sed extensively on UOP units. One is the
3). Instead of a spring-diaphragm actuator,
ice the area of the other. The 3 to 15 psi air
n and opens the valve. The burner fuel gas
ed back underneath the lower diaphragm,

ragm, to oppose the downward force from

rea ratio, the gas pressure must increase to
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VENT 7O
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RELIEF
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FUEL BT GAS TO
GAS *— BURNER

Figure 33 - Double Diaphragm Fuel Gas Valve

two times the air signél pressure before it will balance the downward force and close
the valve. Thus a 3 to 15 psi air signal directly controls a 6 to 30 psi fuel gas pressure.
Diaphragm ratios of 1 to 1 and 1 to 2 are also available, but are not used as often as the
2 to 1 ratio. The space between the two diaphragms is vented to the atmosphere to
prevent any possibility of fuel gas getting into the air supply (or vice versa) if a

diaphragm ruptures.

The other type of globe valve is used for control of atomizing steam for fuel oil
(Figure 34). This valve has a single diaphragm and spring, but instead of being
operated by an air signal, the valve is operated directly by the steam and fuel oil
themselves. The steam pressure downstream from the valve is piped above the dia-
phragm, to oppose the spring and close the valve. Fuel oil pressure is piped under-
neath the diaphragm via a glycol-water seal. When there is no fuel oil pressure, the
steam pressure is set by the opposing spring force alone; as the fuel oil pressure under-
neath the diaphragm increases, the steam pressure increases by the same amount, and

therefore maintains a constant pressure differential between the steam and the oil.
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. SEAL POT —~A

&

FUEL OIL One last special-

ized globe body

design is the split-

body valve (Figure

No. 525-50 Double Seated Valve
High Prassure Case

35), which is used
for HF Alkylation
units. The body of
this valve is split
horizontally into
two halves, and

the seat ring is

p- STEAM TO

STEAM —>| )

Na. 525-50 Double Seated Vaive
Low Fressure Case

BURNER clamped between

the two halves 10

hold it in place.

Figure 34 - Atomizing Steam Regulator Vaive

This design makes

it easier to get to all surfaces for cleaning and neutralization of the acid before taking

the valve to the shop for maintenance. Standard valves have areas which are difficult

to inspect, and the threaded seat ring is ver

Another fairly common type of control valv

of having a linear sliding stem, these valy

y difficult to neutralize properly.

¢ in general use is the rotary valve. Instead

es have shafts which rotate to change the

position of a vane or plug or ball (Figure 36). The valves in this group include

butterfly valves, eccentric plug valves, and

Butterfly valves are used by UOP mostly

given nominal size, they have more capacit

ball valves.

for low pressure drop applications. For a

y than globe valves, primarily because the

flow is straight through the body with essentially no change in direction; also, when

the vane is wide open, there is little or no obstruction.
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Traditional butterfly valves are gener-
ally sized based on their capacity at a
60° vane angle. This is because the
capacity at angles beyond 60° is less
clearly defined, in part because the
shaft of the valve becomes a larger fac-
tor in determining the size of the ob-
struction at these openings. The shaft
size is generally what determines the
maximum differential pressure for a
butterfly valve. It is especially impor-
tant for butterfly valves in compressor

% suction lines, where failure of the shaft

W B could result in major damage to the

Figure 35 - Split Body Valve COmMpressor,

Of the valves with eccentric plug designs, probably the best known is the Masoneilan
Camflex valve, which has been available since the early 1970’s. The Camflex valve is
a flangeless design - it fits between two pipe flanges, and does not have flanges of its
own. It is a relatively uncomplicated design, but is not available in as many sizes and
trim combinations as the standard globe valve. For this reason it can be manufactured
and sold more cheaply. Like the early XF series valves, it requires a positioner to

achieve a standard valve characteristic.

Ball valves at UOP are used for on-off services. The main application is in Continu-
ous Catalyst Regeneration units, for gas-tight shutoff. For control of solids flow in
these units - again, on-off, non-throttling - the Fisher Vee-Ball valve is used. The Vee-
Ball valve is not a true ball valve; roughly half a hollow ball is used, with a vee-shaped

notch at the port of the body to characterize the flow vs. opening relationship. The
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MASONEILAN CAMFLEX
VALVE

""*'0‘//4\ \’4&\\\\

Conventional Disc Fishtoif® Dinc

BUTTERFLY VALVE (FISHER SHOWN)

FISHER V-BALL VALVE

Figure 36 - Rotary Type Control Valves .
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advantage of the hollow shape in han-
dling solids is that as the valve closes,
the material is not trapped in the body of
the valve, but falls on through. This
minimizes catalyst losses from crushing,
and also minimizes valve problems from
abrasion by the catalyst. The Vee-Ball
valve can also be used for throttling in

liquid or gas services.

Regulators (Figure 37) are also a form
of control valve. There are many differ-
ent kinds of regulators. For the most

part, their operation is fairly straightfor-

ward, and will not be discussed here.
2.15, 10-35 psi
Metal Diaphragm

However, there is one regunlator system
) . Figure 37 - Masoneilan Regulator (Pilot Gas)
that UOP uses which is unusual and g

which should be explained. This is the storage tank gas blanket assembly (Figure 38).

The purpose of the gas blanket is to maintain a slight positive pressure on the tank, and
thus prevent air from entering. The tank is equipped with a pressure-vacuum relief
valve, which opens to vent excess pressure at about 3-inches H,O. The set point of the
gas blanket regulator must be below that pressure, and should be as low as possible. A
set point of 1/2-inch of H,O can be achieved by using a Fisher Y600 regulator, and
mounting it upside down, so the weight of the spring does not rest on the diaphragm.
However, the Y600 regulator is a small regulator, and does not have the capacity
required to blanket a large storage tank. Therefore the Y600 is used as a pilot to
operate a larger Fisher 166-5 regulator, which does have the capacity, but does not

have the low set point.
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Figure 38 - Tank Gas Blanket Assembly

The set point of the 166-5 regulator is 10 ounces, or 17-inches H,O. A Fisher Type
912 regulator, set at 12 ounces, or 21-inches H,0, provides the pilot gas to operate the
166-5 regulator. A needle valve downstream of the Type 912 regulator is adjusted so .
its capacity is slightly less than that of the Y600 regulator. Therefore when the tank
pressure is below 1/2-inch H,0 and the Y600 regulator is open, the pressure sensed at
the 166-5 regulator is low and the regulator is wide open, sending blanket gas to the
tank. When the pressure in the tank increases to 1/2-inch H,O, the Y600 regulator
closes, the pressure in the sensing line to the 166-5‘rcgu1ator builds up to 12 ounces,
and the regulator closes. Thus the smaller regulator can control a large flow by acting

as a pilot for a larger regulator.

It should be noted that this system does not actually control the blanket gas pressure, it
only sets the minimum value. If the tank temperature is decreasing, or there is a net
flow of liquid out of the tank, the system will add blanket gas to maintain the 1/2-inch
H,0 minimum pressure. If the temperature begins to rise or the flow rates change to

give a net flow into the tank, the regulator assembly will shut off the flow of blanket .

gas, but the pressure will rise until it reaches the 3-inch H,O setting of the pressure-
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vacuum relief valve. At other times, the blanket pressure will float between these two

extremes.

It should also be noted that the Figure shows a separate connection on the tank for the
sensing line. If the sensing connection is on the gas supply line to the tank - as it is
when one blanket assembly is shared by multiple tanks - the sizing of the gas supply
line downstream of the regulator must be carefully considered. When the gas is
flowing, the pressure at the sensing point will be the tank pressure plus the line
pressure drop. If the line drop is greater than 1/2-inch H,0, the system will not control

properly. Instead, it will simply oscillate.

If the line is too small and the tank pressure falls below 1/2-inch H,O, when the system
operates and opens the regulators, the gas flow will cause the pressure at the sensing
point to increase above 1/2-inch H,O, and the regulators will close. With the gas flow
stopped, the pressure at the sensing point will fall below 1/2-inch H,O, the regulators
will open again, and another cycle will continue. With the low line pressure drop
requirement, it is necessary to mount the gas blanket assembly on top of the tank. If

the system is installed at grade, it will not function properly.

ntrol Valv har risti

The capacity of a control valve is measured by a valve coefficient called the C,. The
C, coefficient is used because valves of the same nominal size, of different designs or
from different manufacturers, can have different flow capacities. The C, coefficient
provides a common basis for comparison. The C, of a valve is determined by testing,
and is equal to the number of gallons of water that will flow through the valve when
the pressure differential across it is one psi. The characteristic of the valve is the

relationship between the stroke of the valve (or lift or rotation) and the valve C_.

The most common valve characteristics are linear and equal percentage, shown in

Figure 39. The linear characteristic is, as the name implies, linear: equal changes in
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100

I ETE P A WP
= By ey

% MAXIMUM LIFT

% MAXIMUM FLOW

Figure 39 - Control Valve Characteristics

lift yield equal changes in flow (at constan

characteristic, equal changes in lift yield ¢

t pressure drop). With the equal percentage

equal percentage changes in flow (again at

constant pressure drop). For instance, the Figure shows that a 10% change in lift from

10% to 20% of maximum lift changes the

flow from 3.7% to 5.3% of maximum flow.

Based on the initial value, this is a 43% change in flow. Likewise, a 10% change in

lift from 80% to 90% of maximum lift ch

anges the flow from 48% to 69% of maxi-

mum flow. Again, based on the initial value, this is a 44% change in flow, roughly the

same as for the 10% to 20% case. The linear characteristic plots as a straight line on

linear graph paper; the percentage charac

teristic plots as a straight line on semilog
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graph paper.

UOP uses linear trim for most applications, and percentage trim for applications re-
guiring wide rangeability in terms of C, requirement. Referring again to the percent-
age characteristic shown in the Figure, we can approximate the curve fairly well by
drawing two intersecting straight tangential lines from the corners at 0% and 100%. In
effect, the percentage trim valve can be considered equivalent to two linear valves of
different sizes. (If the range of C, requirements is about 10 to 1, it can probably be
handled with one percentage trim valve; if the range is greater, it will probably require
two separate, parallel valves. Split range positioners or transducers would be used if
the C, requirement changes frequently; if the operating case does change often, manual
shutoff valves in the air tubing should be sufficient.) Percentage trim is also used at
UOP for valves in temperature control loops; application of percentage rim to tem-
perature control can be traced back to some of the pioneering studies done on control

systems by Ziegler and Nichols in the 1940’s.

In actual practice, the characteristic generally is not critical. It might be necessary to
alter the controller tuning to obtain optimum control if the plant throughput is changed,
but in most cases even that is not likely to be necessary. For reduced trim sizes below
one inch, there is often no choice, anyway; in their standard globe designs, Fisher

offers only percentage trim, and Masoneilan offers only linear in those sizes.

One additional characteristic, quick opening, is used mainly on double diaphragm fuel
gas valves and atomizing steam valves. As the Figure indicates, this is essentially a
linear characteristic operating over the first 30% or so of lift. Is is used for the two
valves mentioned because the actuator’s diaphragm does not permit the length of

stroke normally used with a standard linear plug.

Hydraulics

When valve characteristic is mentioned, it is usually the inherent characteristic that is

implied. The inherent characteristic is the characteristic of the valve with a constant
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pressure drop, and under this condition is|identical to a plot of % Maximum C, versus

% Maximum Lift. In that respect, it is somewhat analogous to the “bench set” spring

range of an actuator. The installed characteristic of the valve takes into account the
effect of system hydraulics on the valve pressure drop, and can be very different from

the inherent characteristic.

As an example, assume a valve with a linear inherent characteristic is installed in a

system which has a very large friction drop compared with the pressure drop allowed

for the valve. Assume also that the valve is sized in accordance with the usual UOP

practice, which is to calculate the C, required at normal flow conditions, and then

double that Normal Flow C, to obtain the|Approximate Valve C,. At the normal flow

condition, then the valve lift should be about 50%.

The control valve can change the flow only by varying the area of the restriction

created by the plug and the seat, and thereby exchanging some of the resistance
(pressure drop) of the valve with resistance in the remainder of the system. If the

pressure drop allowed for the valve at normal conditions is small compared with the

friction drop of the system, even if the val
pressure drop available to add to the syste
mum flow cannot be much greater than the

means that the characteristic curve passes

well to the right of the linear characteristi

flow. In contrast, when the valve is just be

system pressure drop is also low, and alm

taken across the valve. Therefore the flow

if the valve pressure drop were held consta
the characteristic curve is shifted well to th

characteristic which approaches quick-oper

tic of the valve is linear.

ve goes wide open, there is little additional
m drop and increase the flow; so the maxi-
e normal flow. Referring to the Figure, this
through the point of 50% of maximum lift
¢ curve, and very near 100% of maximum
ginning to open and the flow rate is low, the
ost all the pressure drop available must be
through the valve is higher than it would be
int at the normal flow condition, and again,
e right. In effect, the valve has an installed

ning, even though the inherent characteris-
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Since the controller is only concerned with the response to a change in its output, it is
the installed characteristic that is important. In this example, the maximum flow is
very near the normal flow, and a large change in lift is required to obtain a gmall
percentage change in flow; at lower flow rates, a small change in ILift canses a large
percentage change in flow. In this situation, the control is not likely to be very good;

the optimum controller settings will change too much as the flow rate changes.

Looking at the Figure, we might consider; if the hydraulics of the system in this
example can take the linear inherent characteristic, shift it to the right, and distort it
into a quick-opening characteristic, what would happen if we started with a percentage
inherent characteristic instead of linear? Since it is always to the left of the linear
characteristic, shifting the percentage characteristic to the right should make it more
nearly linear. That is, in fact, what does happen, and this type of situation is where
percentage trim is likely to give better control. But in extreme cases, such as this

example, even percentage trim cannot compensate for the faulty hydraulics.

Fortunately, it is usually possible to design the hydraulics so this situation does not
occur. As mentioned earlier, the usual practice at UOP is to select a valve with a C,
which is approximately twice the calculated Normal Flow C. In conjunction with
properly planned hydraulics, this allows the system to pass about 10-15% more flow
with the valve wide open than at the design condition. This extra margin provides
room for variation from the design conditions, which are really only estimates, and al-
lows the controller operating the valve to operate on either side of the normal output,

during an upset, without running into the limits of its range.

To obtain this margin, the following guidelines are used to set the minimum design

pressure drop for the control valve:

1.) 50% of the system friction drop, exclusive of the control valve, at the normal

flow rate;
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2.} 10% of pump differential (Note: the pump differential here is the differential

obtained if the control valve drop

3.) 25 psi.

is set in accordance with 1.}, above); or

The first guideline, 50% of the system friction drop, derives from the square root

relationship between differential and flow.
drop, it has 1/3 of the total pressure drop.
pressure drop, the pressure drop of the §

drop, and the flow becomes larger by (3/2

If the valve has 50% of the system friction
If the valve goes wide open and takes zero
ystem becomes 3/2 of its normal pressure

)%°, or 1.22 times the normal flow. This is

more than the 10-15% margin mentioned above, but in actual practice, the valve

pressure drop can never be zero, so the true figure will be somewhat less.

The second guideline is primarily for high head pumps. Its purpose is to allow for

variations in head due to design inaccuracies, and for changes in specific gravity due

1o temperature Or composition.

The third guideline is somewhat arbitrar
process pumps, like control valves themse
match the specificatidn. Also, the 25 psi
comparison to the pressure variations that ¢

ensure that the valve will not have trouble

The basic control valve C, equation for liq

C, = Q (G/AP)*®
where

Q = Flow Rate, gpm

G =

y. It is chosen partly because low head
lves, come in sizes which may not exactly
pressure drop should be large enough, in
can be expected during normal operation, to

controlling,

uid service is:

Eq.(2)

at flowing temperature

Specific Gravity, at flowing temperature

AP = Differential Pressure, psi.

Figure 40 shows an example of a typical system which follows the first (friction drop)

guideline. For this system, the maximum flow, with the valve wide open, is 115.3% of
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LET Py = 150 PSI
Pp = 100 PSI
Q SYSTEM Pg= OPSI
- g = 100 GPM
Y E— = 08
P Py Py

(1) G = Q\/G/AP
(2) G = 100\?0.31(150-100) = 1286

2 X 12,6 = 25.2; USE 1-1/2" SINGLE, Cy = 25
G s PELA ProncionIE D DF BO B AITR_

THEN IF VALVE IS WIDE OPEN, U tco O EV

(3) 25 = qﬂax\fo.a./ (150 - 7,)
(4) Qrax = 2795 V150 )

FOR THE SYSTEM, USE SQUARE ROOT RELATIONSHIP:

(8) Q = KVAP
. (6) Q /G =ﬂ<\fﬁ‘2)/(5/ AP,)
) Q= Q \fm = 100'\[‘(P2- 0)/(100-0)
FROM WHICH: |
(8) P = (02!10)2
USING EQ. (8) INEQ. (4),
(9) Qnax = 27.95 \f150- (Qax /10 ¥
(10) 100 Qma’ = 781 (15000 - Qo )
SOLVING FORQ___ .
(11) Quax = \f1sooo (781/881) =1153 GPM

Figure 40 - Maximum Flow with 50% of Friction Drop for Valve

the normal flow. As noted earlier, this is less than 122% because the pressure drop of

the wide-open valve is not zero.

The second (pump differential) guideline is illustrated in the three figures that follow
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(Figures 41, 42, and 43). In all cases, the
be 0.80 at 100 °F, and 0.78 at 150 °F, ¢
Gravity. The system is a typical reactor fe

and discharge piping, along with the coml

tors, products condenser, and their associa

specific gravity of the liguid is assumed to
corresponding to a material with a 42 API
zed circuit, and consists of the pump suction
pined feed/effluent exchanger, heaters, reac-

ited piping. The system friction drop is the

pressure drop due to flow through this piping and equipment.

We should probably note that the line plot

actually an oversimplification. Recycle G

exchangers also contributes to the pressur

make the system drop a much more compl

it does serve to illustrate the point. We sh

the exchangers or reactors should be inclug

of run or the throughput will be reduced a

In the case of Figure 41, the process is assu
such as a Platforming Unit. In this case
conditions yields more than 10% addition:

near 10% additional even with the change

In the case of Figure 42, the pump differer
on the second guideline, but it has purpose
possible to reach 110% of the normal flow

0.78 specific gravity, it is not even possibl

The next figure, Figure 43, illustrates sever

problems encountered above do not occur

10% of pump differential pressure as minin

If the valve had twice the normal flow C.i

to 110% of normal flow at the 0.80 specifig

doing so even at the 0.78 specific gravity.

ted as System Friction Drop in the figures is
as flowing through the heaters, reactors, and
e drop, and temperature and phase changes
ex function than the line that is shown. But
{

buld also note that allowances for fouling of

led in the friction drop; otherwise the length

5 fouling occurs.

med to be a relatively low pressure process,
doubling the valve C, required at normal
al flow with the valve wide open, and very

in specific gravity.

ntial pressure actually should govern, based
ly been ignored. The result is that it is not
with the 0.80 specific gravity, and with the

e to reach 105% of normal flow.

al important points. First, it shows that the
when the second guideline, which required
num drop for the control valve, is followed.
t would have a C, of 17, it would control up
c gravity, and it would come fairly close to

But a valve with a C, of 17 is not available;
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. Figure 41 - Low Pressure Pump, Motor Drive
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Figure 42 - High Pressure Pump, Motor Drive, Only Friction Drop Considered
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Figure 43 - High Pressure Pump, Motor Drive, Pump Head and Friction Drop Considered
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we must use either a 1" valve with a C, of

valve with a C_ of 25, which is 2.9 times n

This illustrates the second important point
the ideal size for the application. When a
to analyze the situation closely. In the cas

handle 110% of normal flow, so the 1-1/2"

This leads us to the third point. As the flov
in the system friction drop, but in addition,
causes the valve differential pressure to chs
drop alone, and as the Figure indicates, at
only 28% of the normal C. For the 1-1/2
C,. For startup and occasional operation,
below about 10% of maximum capacity is
usually is accompanied by increased press
psi at normal flow) which leads to increase
noted in the discussion on characteristics, i
ity requirement such as this, consideration

provide a more linear installed characterist

There is another side to the question of
available with twice the Normal Flow C
larger valve as was done in the example al
friction drop is involved, and if the valve ¢
compared with the friction drop, the desire

with only 15-20% more additional C .

Figure 44 shows how the relationship bet
friction drop affects the relationship betwe

pressure upstream of the valve and dow

12, which is 1.4 times normal, or a 1-1/2"

ormal.

control valves are not always available in
problem of this type occurs, it is necessary
e above, the 1" valve would be too small 1o

valve would appear to be the better choice.

v rate decreases, not only is there a decrease
there is an increase in the pump head. This
inge much faster than it would from friction
50% of normal flow, the C requirement is
" valve, this is only 9.6% of the maximum
this is acceptable, but prolonged operation
s not recommended. The reduced capacity
ure drop (in this case, 350 psi, versus 110
d erosion and wire drawing of the trim. As
n an application with a wide-ranging capac-
should be given to using percentage trim, to

icC.

which valve to choose when no valve is

It is not always necessary to choose the
pove. If there is no pump, and only system
differential pressure at normal flow is large

1 10-15% additional flow may be obtainable

rween design valve differential and design
en flow and C,, in a system with constant

nstream from the system. Using 50% of
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Figure 44 - Control Valve Hydraulics

system friction drop for the valve, in accord‘;mce with the guideline, and doubling the
resulting normal C, yields the same 115% of design flow that was found earlier in
Figure40 (indicated by the arrows in Figure 44). As the ratio of design valve differen-
tial to design system drop increases, the ratio of maximum to design flow approaches

the ratio of maximum to design C,.

Many times we do have situations in which the design valve differential is large in
comparison to the system friction drop. For instance, consider a stabilizer column op-
erating at 250 psi, with the bottoms product going to storage at 40 psi at the battery
limits (Figure 45). Generally, a storage tank has about 20 psi of static head, so the re-
maining 20 psi of the battery limits pressure must be friction drop. Using 20 psi for
the exchangers and 5 psi for the piping inside the battery limits, the total friction drop

becomes 45 psi. The control valve therefore has an upstream pressure of 225 psi and a
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STABILIZER
COLUMN
Q;zso PSI
FEED-BOTTOMS BOTTOMS BOTTOMS
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Figure 45 - Hydraulics: Stabilizer Bottoms Example

downstream pressure of 40 psi, and a ratio| of valve differential to friction drop of 185

to 45, or 4.1 to 1. For this ratio, Figure 44 indicates that the additional 15% of flow

can be met by multiplying the normal C, by 1.25. If the normal C, is the same 8.5 that

was calculated in the high-head pump ex

be (8.5 #1.25) = 10.6. In this case, the 1"

in the pump example, is more than adequate.

Figure 44 also shows very well that trying

ple above, the maximum C, required would

valve with a C, of 12, which was too small

to compensate for bad hydraulics by over-

sizing the control valve simply does not work. If the design valve drop is only 20% of

the friction drop, even a valve C, that is 100 times the normal design C, will only yield

a flow that is 110% of design. There is simply no substitute for proper hydraulics.

The guidelines listed - 50% of friction drop

, 10% of pump differential, and 25 psi - are

used at UOP primarily because the best hydraulics we have for the system are still only

a guess. The plant is not yet built, the

piping is not laid out, the pumps are not
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purchased. For work in which you are doing your own detailed design, the hydraulics
should be more accurate; for revamp work, actual flow and pressure drop data should
be available. Analysis of the data and the intended range of operation will define the

valve sizing requirements better than the general guidelines.

Also, it should be remembered that the guidelines are based on obtaining an additional
10-15% more flow than design by doubling the design C,. If future operations or other
considerations will require flow rates higher than 10-15% over design, the guidelines -
and the system hydraulics - will have to be altered accordingly. The guidelines are just

that: guidelines. They are not laws which govern every situation.

Probably the guideline which is questioned most often is the third one, which requires
a 25 psi minimum pressure drop. Usually the question involves a fractionator which
has net gas from the receiver going to the fuel gas system. Unless other considerations
are involved, the design pressure of the fractionator is set by the pressure drop taken
across the net gas control valve, and there is an advantage in energy savings if the
pressure drop is minimized. In a case such as this, we may or may not need the entire
25 psi called for by the guideline; we will not be able to tell until we have analyzed the

situation.

The valve pressure drop is a function of the fractionator pressure, the fuel gas system
pressure, and the piping friction drop. If we are trying to minimize the fractionator
pressure, we will want to minimize the piping pressure drop, so let us assume it can be
neglected. The fractionator pressure itself is under our control - the valve we are
discussing will be controlling it. So we have a good idea of how much variation to
expect in this variable; it should not be much, perhaps 1 or 2 psi. Excursions above
the set point only increase the pressure drop across the valve, so we need not consider

them in analyzing the minimum drop. Excursions below the set point decrease the

pressure drop across the valve - but if the pressure is below the set point, the controller

needs to close the valve and reduce the flow anyway, so we can ignore these excur-

Page 67




UOPD ENGINEERING DESIGN SEMINAR INSTRUMENTATION

sions, also.

This leaves only the fuel gas system pressure to be considered. If the fuel gas system .
pressure 1s also controlled within 1 or 2 psi, we should only need 3 or 4 psi for the

normal pressure drop for the control valve. As we will see later, the C, requirement is

essentially a square root function of the differential pressure, therefore if the pressure

drop decreases from 3 psi to 1 psi, for the same flow the required C, increases by the
square root of 3, or 30%. If the valve initially is at 50% of maximum capacity, it can

easily handle the additional requirement.

Unfortunately, fuel gas system pressure is rarely controlled within 1 to 2 psi; indeed, if
the control were that good, we could simply let the fractionator float on the fuel gas
system, not take any valve pressure drop, and save the cost of the energy, the control
valve itself, and the rest of the loop as well. If we do not allow enough pressure drop
for the control valve, that is what will happen, anyway. If we allow 5 psi for the valve,
and the fuel gas pressure increases by 5 psi, there is no drop left for the valve. So the .
fractionator pressure will rise and the valve will go wide open, and the fractionator
pressure will follow the fuel gas pressure, until it once again decreases enough to let
the valve regain control. For the average fuel gas system, a 5 psi increase in pressure
is not infrequent. For variations of this magnitude, a minimum pressure drop of at

least 10, and preferably 15, psi should be psed - even more if the piping friction drop

cannot be neglected as was done in this case.

The best advice regarding hydraulics for control valves is to start with the guidelines,
and then analyze the situation to see if there is some special condition that requires
modification of the guidelines or prevents|their use. Just as there is no substitute for
proper hydraulics, there is no substitute for common sense in determining those hy-

draulics.

One special condition that the guidelines do not cover occurs with steam control valves .

for steam heaters and reboilers, such as the one shown in Figure 46. The procedure
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Figure 46 - Steam Reboiler Steam Control
and the derivation of the procedure for this case is covered in the memo titled Sizing
Steam Reboiler Control Valves, in the Appendix at the end of this section. In a steam
heated reboiler, the control valve varies the heat input by varying the pressure of the
steam in the reboiler. The pressure determines the condensing temperature of the
steam, and - if conditions on the process side remain constant - the steam temperature

determines the LMTD (Log Mean Temperature Difference). Since:

Q =UAAT Eq.(3)
where (in English Units)

Q = Heat Transfer Rate, BTU/hr

U = Heat Transfer Coefficient, BTU/hr ft 2 °F
A = Area, ft?
AT = Differential Temperature, °F

setting the steam pressure therefore sets the heat transfer rate. The steam pressure also

determines the latent heat of vaporization of the steam. If, as is generally the case,
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contributions from superheat and subcooling are small enough to be ignored, knowing

the heat transfer rate and the heat of vaporization allows the steam flow rate to be .
calculated. With the steam flow rate, the header pressure, and the reboiler pressure
known, the valve C_ can be calculated. To size the valve, then, all we need to do is to
find the LMTD that corresponds to the design heat transfer rate, calculate the reboiler
pressure and steam flow rate, and use that information to calculate the size of the

valve.

The problem at with this procedure is that at UOP, when the control valve is being
sized, the exchanger has not been built, or gven designed. UOP does not rate exchang-
ers; this is left to the supplier. The UOP heat exchanger specification is a performance
specification only; it tells the supplier what the exchanger must do, but does not tell
him in detail how he must build the exchanger to do it. No area is specified, nor is a
heat transfer coefficient - only a fouling factor - nor is any contingency. So although
Q is known, U and A are not; therefore the LMTD cannot be calculated, and the valve .

cannot be sized using the procedure above

Discussions with the heat exchanger group indicate that the actual exchanger will
probably be capable of 115 to 120% of design. The transfer coefficient, U, is essen-
tially constant, and when the exchanger is built, the area, A, is fixed, therefore only the
LMTD can be changed. So to make maximum use of the exchanger’s capability, the
maximum LMTD should be 115 to 120% of design, and conversely, the design LMTD
should be about 85% of the maximum. The maximum LMTD occurs when the ex-
changer steam pressure is equal to the steam header pressure, so the control valve
design should be based on the LMTD which is equal to 85% of the LMTD which
occurs when the reboiler steam pressure is equal to the steam header pressure. We
would like to be able to calculate the Normal Flow C, on this basis, size the control
valve in the normal fashion by doubling the C,, and still be able to obtain at least a 10 .

to 15% margin over design heat input.
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The objective of the memo, Sizing Steam Reboiler Control Valves, was to study this

problem. The memo considers four examples which have different steam conditions.

The values of U and A are not known, but are constant, so it is possible in each case to
calculate a value for C/UA, or C_ per “unit” of UA. The C/UA was calculated first
at the proposed design AT (85% of maximum AT), and then for other percentages of
maximum AT. Since U and A are constant, if the value of C /UA at these other
percentages is ratioed to the value of C /UA at design AT, the UA terms cancel out.
This leaves us with the ratio of the value of the C, at other percentages of maximum
AT, to the value of the C_ at design. Similarly, since Q = UAAT, and again U and A
are constant, the ratio of the value of AT at the other percentages to the value of AT at
design is the same as the ratio of the Q’s at the corresponding conditions. If we plot
the C, ratio versus the percent of maximum AT, the result, then is the same as a plot of

C, ratio versus maximum Q.

When the points calculated for the four examples are plotted, they all fall reasonably

close to the same curve. The curve shows that at the point where C/C, . = 2, the
percent of maximum AT = 96. This is 113% of the design value of 85% of maximum
AT, and is within the desired range of 110 to 115%. Therefore the valve sizing proce-

dure is acceptable.
NTROL VALVE SIZING FORMULA

At UOP, the sizing formulas used most often are those in the Masoneilan Handbook

for Control Valve Sizing. This is largely because we have generally found the Ma-

soneilan sizing formulas and information simpler and easier to use than those of other
manufacturers. As noted earlier in the discussion on hydraulics, detailed, accurate
information on system hydraulics is rarely available at UOP, and experience has shown

that simple equations are adequate for our purposes.

We have already encountered the basic equation for subcritical liquid flow:
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C, = Q(G/AP)? Eg. (2)
where
Q = Flow Rate, gpm at flowing temperature
G = Specific Gravity, at flowing temperature
AP = Differential Pressure, psi.

Subcritical liquid flow means that there is
Handbook modifies Equation (2) for cri

occur. Flow is considered critical if

P = C,2(APs)
where
APs = P, — [0.96 —
P, = Upstream Pressu
P = Vapor Pressure,
P = Critical Pressure
C_ = Critical Flow Fa

f

The Criticat Flow Factor, C. is a functios
gous factor, C_, accounts for the effects
outlet.) The Critical Flow Factor is used b
the flow through an orifice plate, accelerat
which, as we saw earlier, is the point of n
back to normal pipeline velocity, the vela
and some of the pressure drop is recovered
Flow, we learned that a venturi has a lowe
than an orifice plate. Likewise, a control

shows a higher percentage of pressure recg

in flow direction and thus more turbulence.

no cavitation or flashing. The Masoneilan

tical services where cavitation or flashing

Eq.(4)

0.28 (P/P)**1P, Eq.(5)
re, psia

psia

. psia

ctor

n of the geometry of the valve. (An analo-
of piping reducers at the valve inlet and
ecause the flow through a control valve, like
es past the seat and forms a vena contracta
ninimum pressure. As the fluid decelerates
city head is converted back to static head,

In the discussion on Measuring Means for
r permanent loss (better pressure recovery)
valve with a smooth, venturi shaped outlet

yvery than a valve which has more changes
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While pressure recovery in a flow measurement device is beneficial, pressure recovery
in a control valve is not. A high pressure recovery corresponds to a low value of C,
which increases the possibility that the AP term in Equation (4) will be greater than the
CHAP)) term, and that critical flow will occur. If the pressure everywhere in the valve
is above the liquid vapor pressure, the flow is subcritical, and Equation (2) applies. If
the pressure at the valve outlet is below the liquid vapor pressure, some of the liquid
vaporizes as it passes through the valve, and flashing occurs: the material downstream
from the valve is a mixture of liquid and vapor. If the pressure at the valve outlet is
above the liquid vapor pressure, but the pressure at the vena contracta is below the
vapor pressure, some of the liquid will vaporize as it passes through the valve, and as
the pressure is recovered, the vapor bubbles will collapse until only liquid remains.
The collapse of the vapor bubbles is very rapid; the imploding bubbles generate noise,
and also create shock waves that can damage the valve and its trim. In addition, the
vapor bubbles occupy more volume than the liquid they came from, and thus can limit

the flow that the valve can pass.

UOP does not often use Equation (4). Since C, is a function of valve geometry, and
since the valve actually purchased may come from a different line or manufacturer
than the one specified, the actual 'Cf (or equivalent coefficient - K_, F, or whatever)
may be quite different. Also, the globe valves usually specified by UOP have C,
factors of 0.85 to 0.95, near enough to 1.00 that whether the C, factor is considered or
ignored, the valve size specified will be the same. So UOP specifications state that
factors relating to the geometry of the valve and its installation are not included in
sizing the valve. But the vapor pressure and the critical pressure are listed in the

specification, and the valve supplier can use them if required.

The main object of the C, factor is to provide a method of predicting flashing and

cavitation in a control valve, and the effects thereof on the C, requirement. In process
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services at UOP, flashing in the valve is

tions. So the sizing method used is to calc

already calculated in the process specifica-

ulate a C, for the liquid phase, calculate a C,

for the vapor phase, and sum the two together. This method was in common use

before valve manufacturers began using C

. and related factors. Since it has proven to

be satisfactory in our experience, UQOP still uses it, even though the C, values calcu-

lated may not agree with those calculated

by the contractor.

An exception to the policy of ignoring the C, factor occurs with Masoneilan’s 71000

Series angle valve. As mentioned earlier, these valves are specified for slurry services,

and where coke particle buildup, etc., may be a problem. With the valve installed

flow-to-close, it is self cleaning; particles that would otherwise collect in the body of

an ordinary globe valve, as the flow changes direction, are flushed straight through and

out the bottom port. A full venturi liner in

body from erosion. Unfortunately, the vern

the throat and outlet area protects the valve

turi shape also enhances pressure recovery,

and the C, factor of the valve when used in this manner is a very low 0.48.

In this case, the factor is so significant
separate C_tables are published for the valy
and C, are 13.5 and 0.90, respectively, for

close. In essence, the C, factor is built intg

that, as Figure 31 (Page 45) shows, two
e. For the 1" valve, the values listed for C,
flow-to-open, and 25 and 0.48 for flow-to-

» the C, table. So to keep the Approximate

Valve C_ and the Normal Flow C, on the same basis, the C, factor must be used in the

C, calculation, and it should be noted in t

he specification that the C, values for that

item are based on a C, factor of 0.48. (The 71000 Series valve is no longer the

standard angle valve at Masoneilan, but it

is still available, and for the services indi-

cated, it is the angle valve that UOP recommends.)

The liquid service C, formulas shown above as Equations (2), (4), and (5), are given in

Page 3 of the Masoneilan Handbook; formulas for gas services are given on Page S.
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At UOP, the C, factor is ignored for gas services, also. Page 6 of the Handbook gives
equations for gas and vapor services which are intended to be more precise, but are
somewhat more complicated, and therefore better suited to calculation by a computer

or programmable calculator.

As noted earlier, the reason for ignoring the C, factor at UOP is that the factor for the
actual valve may be different. If the valve type and manufacturer are known in
advance, using the manufacturer’s equations, with the geometrically dependent factors
included, would be appropriate. This would most likely be the case if valves were
being purchased for a revamp, and spare parts inventories could be reduced by using

the same manufacturer as the original valves.
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Figure 2 - Feedback Control Loop

CONTROLLER

The Coniroller in Figure 2 receives the Process Variable signal from the transmitter, or
Measuring Means, and generates an Qutput signal which operates the Final Control
Element. In some cases, the means used for transmission of these signals can be

important.

Transmission Means and Besponse

It is not customary to show a block titled “Transmission Means” in the feedback loop
diagram, but the means used to transmit the Process Variable to the Controller, and the
Controller output to the Final Control Element actually is a part of the loop, and does

affect the control.

For many years, process control was almost entirely pneumatic, with a 3 to 15 psig
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signal corresponding to O to 100% of the §

was introduced. Several different signal 1

ignal range. About 1955, electronic control

anges were used, but currently the industry

standard is 4 to 20 mA DC. Electrical transmission and instrumentation is now used

more often than pneumatic because it is more compatible with the longer distances

associated with centralized control rooms
about 1975, the trend has been toward dig]

portions of the loop.

, and with data logging equipment. Since

tal transmission and data highways in some

The means of transmission would not matter if it did not affect the loop response. The

transmission of the 4 to 20 mA electrical signal is essentially instantaneous, and there-

fore it does not affect the overall response

matic and digital systems.
Pneumatic Transmission

In any compressible medium, the speed of
sound. The velocity of sound in air at atn

second; so if a pneumatic transmitter is lo

of the loop. The problems lie in the pneu-

a pressure change is limited to the speed of
nospheric conditions is about 1100 feet per

cated 1000 feet from the controller and the

output changes, it will take almost a full s

cond before the input to the controller can

even start to change. In addition, each unit length of air tubing has a capacitance

(volume), and resistance to flow. The transmitter must fill up each succeeding volume

by passing the air through all the preceding resistances. The net result is that once the

pressure at the controller input begins to change, it changes in an exponential manner.

Initially, 100% of the pressure change is

ailable to drive the air through the tubing,

and the pressure at the controller changes rapidly. As the pressure at the controller

changes, and approaches the pressure at t
move the air through the tubing, and the
decreases. If the pressure at the controller

in Figure 47.

e transmitter, there is less driving force to
rate of change of pressure at the controller

is plotted versus time, the result is as shown
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Figure 47 - Pneumatic Tubing Time Response
as First Order Lag + Dead Time
(1000 ft of 1/4-inch Tube)
The plot in the Figure illustrates the transient response of a single time constant
process {(also called a First Order Lag) plus a dead time. The single time constant

process can be recognized because the steepest slope occurs at the start of the curve.

. The dead time, T, is the time from the initial step change in transmitter output to the

Page 79




UOP ENGINEERING DESIGN SEMINAR INSTRUMENTATION

first change in input signal at the controller. The time constant, T,, is the time required
from the first change in controller input signal until it reaches 63.2% of the total
change. These two times are important in the determination of system response and

stability.

In electrical terms, the time constant, T, is equal to RC, resistance times capacitance.

For the pneumatic system, R and C are not so easy to define, but it does not matter,

because we do not need to measure them, We know that if the system is linear, the
time required to make 63.2% of any total change toward the steady state equilibrium
value will be one time constant. So we do|not have to determine the values of R and C
and multiply them together; all we need to do is look at the transient response curve.
In the Figure, the controller input changes from 0% to 63.2% of full scale in 7 seconds,

therefore the value of T, must be 7 seconds.

After the first time constant, the controller input signal is 36.8% of full scale away
from the final value. In the next time constant (next 7 seconds), the controller input
will change 63.2% of the remaining 38.6% of full scale, or 23.3% of full scale. This
puts the input at 86.5% of full scale, 13.5% of full scale away from the final value.

The sequence is shown in the table in the figure.

As the table shows, it takes four time constants to achieve 98% of the final value, and
five time constants to reach 99%. If one time constant is 7 seconds, this means that , if
the one second dead time is included, when the transmitter output changes it requires
36 seconds for the controller to almost eqnal the transmitter output. If this controller
operates a valve located near the transmitter, the controller output will have a similar

response.

Obviously, a loop with lags like this would be difficult to control. A limit of 300 to
400 feet for pneumatic transmission is more realistic. And even then, UOP's practice
is to install controllers for flow and pressure loops in the field, at the control valve, to

minimize the transmission lag and improve the response.
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Response can be measured directly in terms of time, as defined by the time constant, or
in terms of frequency. To determine frequency response for any component, a sinu-
soidal signal of varying frequency is applied to the input side of the component, and
the magnitude and phase shift of the output signal are measured. When the results are

plotted, a characteristic response curve results.

The component being tested may be a single element or a complex system. It may be
pneumatic or electrical or mechanical, or any of the categories mentioned earlier in
this discussion. High fidelity audio equipment is a good example. Manufacturers and
magazines publish plots showing frequency response from 20 to 20,000 Hz. The plot
that is usually shown is the Magnitude Ratio, or Gain, and a smooth, flat line is

representative of an output that faithfully reproduces the input.

Returning to the pneumatic tubing model, let us assume that the transmitter output
changes in a sinusoidal manner. If the frequency is very low, the one second dead
time becomes insignificant, and the pressure and flow changes are slow enough that
the tubing resistance is also insignificant. So at low frequencies, the output essentially
follows the input directly. As the frequency increases, the effect of the resistance
becomes more pronounced, and the controller input begins to lag behind the transmit-
ter output. Because the controller input lags the transmitter output, the transmitter
output has peaked and begun to decrease again before the controller input reaches its
peak. Therefore the controller input can never reach the same magnitude as the
transmitter output,. and the gain, or magnitude ratio, must decrease. As the frequency
increases, the lag increases toward 90°, and the magnitude ratio becomes smaller and

smatler. The resuit is the plot shown in Figure 48.

The Figure combines a plot of log gain versus log frequency with a secondary plot of
phase shift versus log frequency. It is generally called a Bode plot, after the man who
developed it. The gain plot is logarithmic because gains for components in a loop can

be multiplied quickly to find the total gain at each frequency by simply graphically
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Figure 48 - Pneumatic Tubing Frequency Response .
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adding the individual gains, for instance by using a pair of dividers, and thereby
develop a plot for the entire loop. If two straight lines are drawn asymptotic to the
gain curve, the intersection of the two segments occurs at the “break point™, or “corner
frequency”. The frequency at this point is related directly to the time constant. The
corner frequency in radians per unit time is equal to the reciprocal of the time constant.

Since there are 27 radians in 360°:

YT, =2=nf Eq. (6)

where

=]
]

Time Constant

-
!

corner frequency, Hz.

The gain at this frequency is (.707, and the phase shift is -45°. As the frequency
increases beyond the corner frequency, the gain decreases logarithmically, and the
phase shift approaches -90° asymptotically. It might seem at first that if the gain
continually decreases, the phase shift also should continually increase. Studying the

| Figure helps to show why this is not the case.

As mentioned earlier, at low frequencies, the sine wave at the transmitter output and
the sine wave at the controller input are virtually identical. As the frequency in-
creases, the sine wave at the controller input begins to lag behind, displaced by, let us
say, N degrees. Also as mentioned earlier, because the controller input lags the trans-
mitter output, the transmitter output has passed its peak and has already‘ begun to

decrease when the controller input reaches its peak.

The maximum value of a sine wave occurs 90° after the sine wave crosses zero.
Because the frequency of the controller input is the same as the transmitter output, the
maximum value of the controller input occurs when the transmitter output sine wave
reaches (90° + N) degrees, where N represents the lag. Because the transmitter output
has already passed 90° and is decreasing, the amplitude of the controller input peak

cannot be greater than the transmitter output at (90° + N) degrees. As the lag, N,
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increases toward 90°, the controller input p
transmitter output sine wave, and the peak

posssible to go beyond this point, so the p}

Dead time in the system causes a pure (no

frequency. If the dead time is one secon

eak occurs nearer and nearer to 180° on the

amplitude decreases toward zero. It is not

hase lag is limited to -90°.

change in gain) phase shift, proportional to

and the frequency is one hertz (360° per

second), the phase shift is -360°. If the frequency is two hertz (720° per second) the

phase shift is -720°, and so on.

Using Equation (6), the 7 second time constant of the 1000 feet of pneumatic tubing
we used as an example translates into a corner frequency of 0.023 Hz. This is much
too slow for good control. UQOP standards require a frequency response of at least one
Hz, more than 43 times faster. With the length of tubing shortened to 300 to 400 feet,
the dead time is about 1/3 second, and the time constant is about one second. The one
second time constant translates to a corner frequency of about (.16 Hz, which is sull

below the standard.

This is the reason that UOP standards require mounting pneumatic controllers for flow

and pressure control loops in the field, as near as possible to the transmitter and

control valve, so the tubing lengths in the| control portion of the loop are minimized.
To obtain the proper response from flow and pressure loops with the controller
mounted on the control board, the length of tubing would have to be limited to about
150 to 200 feet, which is obvicusly not practical. Contractors do not like to mount

pneumatic controllers in the field, because each field mounted controller requires a

“four-pipe” tubing system (Figure 49), ver

ure 50) for the board mounted controller.

In contrast, pneumatic controllers for mos

level control loops can be mounted on the
from a thermocouple, an electrical device,

tronic, so there is no transmission lag. T

sus a less expensive “two-pipe”’system (Fig-

it temperature control loops, and for many
e control board. The temperature signal is
and the signal to the control room is elec-

he process response is slow, so there is no
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great advantage to be gained by mounting the controller in the field. The response of a
level control loop is also relatively slow, and - as we will see later - in general the .
level is only loosely controlled, so the level controller also can be board mounted. (It
should be noted that the pneumatic level controllers that UOP does mount on the
control board are usually cascade master controllers whose output is the set point to
flow controllers; in these cases, the cascade switching must be located on the control

board anyway, so there is no advantage to locating the level controllers in the field.)

It is not exactly accurate to classify the pneumatic tubing example as a single time
constant, First Order plus Dead Time process. If we consider each unit length of
tubing, each has a certain capacitance and a certain resistance to flow, so each has its
own time constant. The tubing can be considered to be a long series of single time
constant processes, each with a much shorter time constant than seven seconds. To
measure and analyze a complex system with many time constants becomes very diffi-
cult, and in any case, generally one or two of the time constants dominate, so an ap-
proximation is made, and the system is assumed to be either First Order plus Dead .

Time, or Second Order plus Dead Time. To define a First Order System, we need only

determine the single time constant. To define a Second Order System, we need to
determine two time constants plus a damping factor. If the damping factor is less than

one, the process tends to oscillate.

Usually for the processes we are considering, oscillation will occur only if the loop is
closed.; the damping factor for the open loop is greater than one (the system is over-
damped) and the transient response is similar to that in Figure 47. The difference is
that with a Second Order System, the response curve is distorted into a loose S-shape;
the maximum rate of change does not occur at the beginning, as it does for the First
Order System. The frequency response of the Second Order System is simply that of

two First Order Systems added together.

We will not look at any of these systems in detail. We will take a qualitative look at .

how a system reacts when various control modes are used, and we will use the First
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and Second Order Lag plus Dead Time approximations to do so. But we will not look

for quantitative response and stability measurements,

Digital Transmission

Transmission methods for digital systems involve converting the analog input to a
binary electrical signal of logic 1's and 0’s, and sending it down a data highway to the
control room. Since there is only one operating highway, it must be shared among all
the inputs. The sharing is accomplished by scanning each input in turn and transmit-
ting its value to the control room. If the process variable is oscillating in a sine wave,
and the scanning rate is high compared with the frequency of oscillation, the resulting
digital numbers yield a fairly representative picture of the process variable, as shown
in Figure 51. As the oscillation frequency of the process variable increases and
approaches the scanning frequency, the digital numbers give an increasingly distorted
view of the process variable. At certain multiples of the scanning frequency, a phe-

nomenon known as aliasing occurs, in which the signal reconstructed from the digital

numbers appears to have a frequency quite different from the actual frequency.

Early digital distributed control systems used a scanning frequency of two hertz. Some
people still feel that a scanning frequency equal to twice the oscillation frequency is all
that is required; however, as the Figure illustrates, if the scanning frequency is exactly
twice the oscillation frequency, and if the scan occurs exactly as the variable crosses
the 0° and 180° points in the cycle, the numbers that are decoded will show no
oscillation at all, regardless of the actual amplitude of the variable. It would seem,
therefore, that to obtain the desired frequency response of one hertz with a digital
system, the scanning frequency must be greater than two hertz, not equal to it. Most of
the newer digital distributed control systems use scanning frequencies that can be run
at 5 or 10 hertz. If a digital system is proposed for a project, the vendor should be able
to demonstrate that the system meets or exceeds a one hertz frequency response re-

quirement.

The UOP standard of one hertz is based on experience. In general, the response of the

Page 87




INSTRUMENTATION

PR,
ERELETEE
P—

porasreas

’
.
¢
¢
’
-
.
.
o
"
’
¢
.
¢
¢
’
.
)
"
.
¢
.
]
.
.
.
sl
r
.
.
H
]
:
’
?
o
]
:
]
:
’
:
’
:
_
)
:
:
]
v
.
)
1
’
i
]
:
)
1
1
’
)
1
"
i
i
1
I}
i
)
i
]
2
.
1
.
.
‘
1
I
’,
s
.
r
I
.
i
]
’
B

’
:
.
]
H
.
)
]
>
’
.
.
’
’
‘
.
’
PP Y
¢
’
¢
’
.
:
’
:

PR

i

'

T
540

cieelerracrrerederrreras

P,

PP A T
3
.
.
B
.
.
.
:
.

pAAamssaasmaaanas

DEGREES

verserirr e edsdan
A P -
i
AP N
dvasasssadeaaasaias
1
B L TS T
|

Y
'
i
'
.
‘
'
v
i
i
'
:
]
]

Flgure 51 - Dightal Sampling

vl
!
'
'
'
'
y
'
V
T
)
)
'
V
'
)
j
.
A
'
)
,
)
!
.
y

P A A s d

........ Ceretredensiaaas S O

PER

8
SAMPLES _

12
5 SAMPLES
i PER
CYCLE
-1 i
1
D5 —
5
-1
1
&85 H-------

CYCLE
T
3
SAMPLES
PER
CYCLE
T

0 4--oooo-

0
05 .. SAMPLES

1

05 -4
0 -
1
1

05 oo
[ 3

&
-85.5

UOP ENGINIEERING DESIGN SEMINAR

Page 88




UOP ENGINEERING DESIGN SEMINAR INSTRUMENTATION

process and of the final control element will be slower than one hertz, so the transmis-

sion and control will not be the limiting factors in the loop. For flow loops, however,
the response is quite rapid, so the UOP requirement is basically set by flow services.
UOP does not recommend the practice of using different scanning frequencies for dif-
ferent services. If it becomes necessary to change the control scheme and reconfigure
the system, it is possible that the slot that was configured for a slow temperature serv-
ice might be needed for a fast flow loop, and with some systems, doing this may be

difficult or impossible.

One hertz is, of course, a conveniently round number. For practical purposes, it could
just as well be 0.7 or 1.3 hertz. We should note, however, that frequency response that
is faster than one hertz is not necessarily better, at least for general process control.
Systems with corner frequencies above about 10 hertz are in danger of interference .
from 50-60 Hz noise that can be picked up from AC power circuits. If the corner

frequency is one hertz, the gain at 50 hertz will be down to 0.02, not likely to cause a

problem.
Control Modes

The controller in the diagram in Figure 2 consists of a Comparator, which compares
the Process Variable with the Set Point and produces an Error Signal, and a Function
Generator which operates on the error to produce the Qutput Signal that manipulates
the Final Control Element. The function that is generated is determined by the control

mode.

There are three bésic control modes that are used at UOP. These modes are Propor-
tional, Integral, and Derivative, often referred to as “PID” control. Other modes are

available, especially with digital systems, but they arc used less frequently.

The simplest of these three modes is Proportional. For a Proportional Only controller,

the output is described by the equation:
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O =Ge + B Eq.(7)

<

| where .
|
|

O_ = Controller Outpu

\
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|

-

G = Gain
e = Error

B = Bias {or Manual Reset)

Also,
e = Error = (PV - §P) Eq.(8)
where
PV = Process Variable
SP = Set Point

The Qutput, Error, and Bias are measured |in terms of Percent of Full Scale. G is the

proportional constant, and in terms of Gain, it is dimensionless:

Gain = A Qutput/A Input Eq.(9) .
G may also be measured in terms of Proportional Band:
PB% = (A Input /A Output)100% Eq. (10)

The Proportional Band is the percentage of full scale that the input must change to
cause an output change of 100%. If the transmitter output changes by 50%, and the
controller output changes by a full 100%, the controller has a Proportional Band of
50%, or a Gain of 2. Controllers in the control room these days are more often
electronic analog or digital, and their Proportional mode adjustments are generally
calibrated in terms of Gain; local controllers in the field are more often pneumatic, and
their adjustments are generally calibrated in terms of Proportional Band. Obviously,
when tuning controliers, it is important to keep the distinction between Gain and
Proportional Band in mind, since they are reciprocal functions. A Proportional Band .

that is smaller (numerically) is actually a larger Gain, and making a move in the wrong
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direction could cause the loop to go unstable.

By combining Equations (9) and (10), we find:
G = 100 (1/PB) Eq. (11)

At UOP, the Proportional Only control mode is used for most level controls; Figure 52
illustrates its operation. Let us assume the valve in the Figure has a linear installed
characteristic and a Cv of 100. If the controller has a Proportional Band of 100%, with
the set point set at 50%, and the Bias adjusted to 50%, the controller will operate on
the solid line labeled “100% PB”. With these settings, when the level is at 0%, from

Equations (7), (8), and (11), we have

O, = 100 (1/PB)(PV - SP) + B Eq.(12)
=100 (1/100)(0 - 50) + 50 Eq.(13)
=(0-50) + 50 =0 Eq.(14)

Similarly, when the level is at 100%,

O, = 100 (1/PB)(PV - SP) + B Eq.(12)
= 100 (1/100)(100 - 50) + 50 Eq.(15)
= (100 - 50) + 50 =100 Eq.(16)

With these Proportional Band and Bias settings on the controller, and the Set Point at
50%, the output follows the level exactly. If we now start a flow of 30 gpm of water
into the tank, and allow the level to stabilize, the level will line out at 30%, with the

inlet flow at 30 gpm and the outlet flow at 30 gpm.

Once the system has stabilized, two types of changes can occur to upset the balance.
One type is under the control of the operator; this is a change in the controller Set
Point. The other type is not under the control of the operator; this is an external

disturbance, or Load change.

Anything that affects the inlet flow, and anything (other than the controller) that
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affects the outlet flow, can be considered a Load change. If something happens
upstream of the inlet valve, or downstream of the outlet valve, to change the valve
pressure drop and therefore the flow, a Load change has occurred. The tank in Figure
52 is open to the atmosphere, but if the pressure in the tank could change, it would
affect the pressure drop of both the inlet and the outlet valves; that, too, would be a
Load change, but of a different form. The response of the system to each type of Load
change - or to the Set Point change - might not be the same, but each Load change

does have an affect on the system.

Let us now assume that a Load change occurs which causes an instantaneous “step”
change in inlet flow, from the initial 30 gpm to a new value of 70 gpm. The level is at
30%, so the controller holds the valve lift at 30%, and holds the outlet flow at 30 gpm.
We now have 70 gpm flowing into the tank, and 30 gpm flowing out. The level must

begin to rise.

The level rises rapidly, at first, but as the level rises, the controller output increases
and the outlet valve opens, increasing the outlet flow. As the outlet flow increases, the
difference between the inlet and outlet flows decreases, and the level rises more
slowly. When the inlet and outlet flows are equal again, the level must stop rising. So
with the inlet flow at 70 gpm, and with the controller Proportional Band at 100%, the
Set Point at 50%, and the Bias at 50%, the level must rise to 70% to obtain 70 gpm at

the outlet.

The steady state Error, the deviation between the Set Point and the lined-out value of

the Process Variable is known as the “Offset”. In the example above, with a flow rate
of 70 gpm, the Offset is equal to 20%, the difference between 70% and 50%. If we
reduce the proportional band from 100% to 60%, (increase the Gain to 1.67), the
controller output changes from 0% to 100% for a level change from 20% to 80%.

Using these values in Equation (12),
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70 = 100 (1/60)(PV - 50) + 50 Eq.(17)
20 = 1.67PV-83.3 Eq. (18)
PV = 62 Eq. (19)

The Offset has been decreased from 20% t
20% (increasing the Gain to 5) and applyin
or an Offset of 4%

0 12%. Reducing the Proportional Band to

the same analysis results in a PV of 54%,

Theoretically, we could continue to reduce the Proportional Band until we reached 0%

(Gain

same as “On-Off” control.

<o) and thereby decrease the Offset to zero. A Proportional Band of 0% is the

Unfortunately, long before we get to 0% Proportional

Band, the system will start to oscillate and go unstable. (We will discuss the subject of

stability in more detail later.)

We can rewrite Equation (12} to solve for the Offset:

Offset = (PV - SP) = (PB/100) (O, - B)

Eq. (20)

For a given value of O_, the equation indicates that the Offset can be reduced in two

ways: one way is by decreasing the Prop
way is by changing the Bias. We can see
to zero, the Equation is satisfied if B is equ
outlet flow of of 70 gpm, it can be obta
Variable at 50% by adjusting the Bias to 7(

Figure indicates, is that even with the leve

For a level controller, offset is not always
have certain benefits. With the Proportion
Bias set at 50%, we saw that when the in
70%, the level itself had to change from 3
valve position and the outlet flow. The le

between the inlet and the outlet flow rates.

rtional Band, as we have seen; the second
from Equation (20) that if we set the Offset
al to O_. So even if the system requires an
ined with both the Set Point and Process
)%. The problem with this approach, as the

| at 0%, the valve will still be 20% open.

detrimental. In fact, within limits, it can
al Band set at 100% and the Set Point and
let flow to the tank changed from 30% to
0% to 70%, in order to change the control
vel changed by accumulating the difference

At t =0, when the inlet flow changes from
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Qi, to Qi,, the outlet flow, Q_, has not yet changed, so as indicated earlier, the level
increases rapidly. As the level increases, the outlet valve opens, the difference be-
tween the inlet and outlet flow rates decreases, and the rate of increase of the level
decreases. The shape of the curve of Q_ versus time (and likewise the shape of the
curve of level versus time) is similar to the curve of pressure versus time for the
pneumatic tubing example we saw earlier, except that the curve of Q, has no Dead
Time. Since the curves are similar, we can see that this system also is a First Order

Lag.

The integral of the difference between the inlet and outlet flow curves is equal to the
integral of the change in level in the tank. These two areas are indicated in the Figure.
The benefit gained from this integration is that the change in the outlet flow is much
smoother and more gradual than the change in the inlet flow, because part of the flow
change is absorbed in changing the level. If the outlet flow from the tank is the feed to
a fractionation column, it is easy to see that the upset to the column will be less if the
flow change is smoother. If the outlet flow from that column feeds a second column,
using Proportional Only control also for the‘ level controller on the first column will

reduce the upset to the second column even more.

As indicated ecarlier in the discussion on Equation (20), the Offset can be reduced by
using a narrower Proportional Band. However, if this is done, the change in level in
the tank becomes smaller, and less tank volume is available to absorb and smooth out
fluctvations in flow. The Figure shows that result. As the Proportional Band de-
creases, the shape of the outlet flow versus time comes closer and closer to the shape
of the inlet flow change. If the Proportional Band could be set to zero, the Offset

would be zero, and the outlet flow would follow the inlet flow exactly.

If our aim were to minimize the Offset and control the level at the Set Point, we could
almost always use the level transmitter with the minimum range; a 14" displacer would

be sufficient. If we use a 48" displacer, and set a narrow Proportional Band to
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minimize the Offset, we are wasting the money spent on the extra length for the
displacer and the vessel. If the Proportional Band is set so the control valve is just .
closed when the level is at 0% and is just open when the level is at 100%, the level is
not oﬁt of control, and the maximum smoothing of the outlet flow is obtained. To
allow for possible zero drift and changes in specific gravity, it is better to set the Pro-
portional Band somewhat narrower, at about 90%. The Set Point should be set at 50%,
and the Bias adjusted to give an Output|of 50% when the level is at 50%. If this
procedure is followed, it should not be mecessary to make any further adjustments
.during normal operation. Except for level instruments in cascade loops, and loops
where the level must be maintained at the set point, UOP prefers to mount the level
controlier locally, in the field, where it is jout of the view, and out of the reach, of the

control board operator,

It should be noted that with a Proportional Band of 100% on the level controller, a
percentage characteristic for the control valve would require a level of approximately .
85% to obtain thé normal 50% of maximum flow. Since UOP usually uses a setting of
80% for the high level alarm, the alarm would be on during normal operation. Also, at
levels of about 60% and higher, the flow changes would be greater for the same
change in level than for a valve with a linear characteristic. This would reduce the
ability of the level to absorb the changes and smooth out the flow. When possible, the

valve used for this type of service should have linear trim.

There are occasions when we do wish to control the level, not just limit it, and where
offset is not desirable. In a steam generator, for instance, a change in level changes the
head on the tubes, and therefore changes the pressure and temperature of the steam,
and the temperature of the process fluid. Low levels also could allow tubes to become

uncovered, while high levels could increase water carryover into the steam system. In .

this case, it is desirable to control the level at the set point, with minimum offset.
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With the Proportional Only level controller, we found earlier that we could eliminate
the Offset by adjusting the Bias. The Bias is also known as Manual Reset, because it
does manually what the Reset action of the Proportional plus Reset controller does
automatically. The Reset action moves the controller Output continuously in the
direction that minimizes the Offset. Reset action is often measured in “Repeats per
Minute”. A setting of one Repeat per Minute means that in each one-minute interval,
the Reset action will cause a change in Outpuf that is equal to the change in Qutput
that results from the Proportional action alone. The result is easiest to see if we look at
the open loop transient response. “Open Loop” means that the feedback loop is open,
generally between the Controller and the Final Control Element. Effectively, this is

what happens when a control valve sticks and refuses to move.

Figure 53 shows the relationship between Controlier Output and Time. The Figure
assumes that the Set Point, the Process Variable, and the Controller Output are all at
the baseline until Time t = 0. Att = 0, a Load change occurs and the Process Variable
increases by one unit. The Proportional action changes the output immediately, by a
number of units that depends on the Proportional Band setting. With no Reset action,
the Output would remain constant at this new value. With the Reset action, an addi-
tional linear change in Output occurs, beginning at t = 0, and continuing thereafter to
the physical limit of the Controller Output. Since the Proportional action has changed
the Qutput by one unit, if the Reset contribution changes the Output by one additional
unit in one minute, the Reset is one Repeat per minute—that is, after one minute, the
Reset action has repeated the Output change made by the Proportional action. If the
Reset changes the Output by two additional units in one minute, the Reset is two

Repeats per Minute, and so on.

The Reset contribution in this example is linear, increasing with time; it is therefore a
simple Integral of time. Actually, the Reset contribution is the time integral of the
Error function of the Controller, and because of this, Reset action is also known as the

Integral mode, the “I” in “PID”. Mathematically, the Output of the Proportional plus
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Integral (or Proportional plus Reset) controller can be expressed as

0, =Gle+(UT) [ edy Eq.(21)

‘ @
where
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G = Gain = (100/PB) Eq.(11)
¢ = Error = (PV - SP) Eq. (8)
T. = Integral Time, Minutes per Repeat

1

Just as Gain is the reciprocal counterpart of Proportional Band, Integral Time in Min-
utes per Repeat is the reciprocal counterpart of Reset in Repeats per Minute. And, ike
the Proportional Mode, the same caution to use care when making adjustments applies.
Electronic controllers in the control room are almost always calibrated in terms of Inte-
gral Time, Minutes per Repeat; pneumatic field mounted controllers may be calibrated

either in terms or Minutes per Repeat or Repeats per minute.

If we close the loop on the controller used in the example above, at t = 0 the Process
Variable will start to change as it did in the example, but as the Offset (error) is
maintained, the integral term in Equation (21) will continue to change the Output. As
the Output changes, the Process Variable will move back toward the Set Point. When
it reaches the Set Point, the Error becomes zero, and the integration stops. The system
is now in balance again, with a new value for the Integral term in Equation (21}, corre-
sponding to a new value for the Bias, B, in Equation (7). The speed with which the
Process Variable returns to the Set Point depends on the Integral Time setting. Direc-
tionally, decreasing the Integral Time decreases the time required for the Process
Variable to return to the Set Point. However, there are limits set by the stability of the

system; these limits will be discussed later.

As we noted in the level controller discussion, the shapes of the curves of level versus
time and controller output versus time are similar to the shape of the pressure versus
time curve for the pneumatic tubing. Therefore the frequency response plot will also
be similar. The values for Gain and Time Constant may be different, but the overall
shape will be the same. Ideally, the frequency response plot of a Proportional Only
controller is a straight line at constant gain, with no phase shift. Practically speaking,
a real controller will have a loss in gain at the higher frequencies because of physical

limitations - in fact, as mentioned, this loss has some benefit in that it reduces interfer-
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Figure 54 - Proportional + Integral Control

ence from AC electrical power frequencies. Also, because of physical limitations,
there will be some phase lag; but this should occur above one hertz, and should not

affect normal operation.

The frequency response plot for a Proportional plus Integral controller is shown in
Figure 54. The comner frequency corresponds to the Integral Time set on the control-
ler. The second plot repeats the plot of the controller, and also shows the frequency .

response plot of a First Order, single time constant process similar to the level control
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system discussed earlier, but with a Dead Time component similar to that of the
pneumatic tubing discussion. As indicated earlier, the combined open loop response
of the process and the controller can be found by graphically adding the two individual
plots together, because addition on the log scale is equivalent to multiplication on a
linear scale. When the combined open loop response is plotted, the stability of the
loop can be checked. If the g.ain is greater than one when the phase shift is -180°, the

system will be unstable.

In order to function at all, a feedback control loop must have negative feedback, a 180°
phase shift somewhere in the loop. If a conventional flow control loop has a control
valve that closes on air failure, the controller must be reverse-acting. If something
happens that causes the flow to increase, the flow transmitter output to the controller
also increases. Increasing the controller output would cause the valve to open and the
flow to increase even more Therefore the controller itself must provide a 180° phase
shift in the loop; when the input is increasing, the output is decreasing, and vice versa.
This phase shift takes place in the comparator section of the controller. Conversely, if
the flow loop has a control valve that opm‘ls on air failure, the controller must be
direct-acting. An increase in flow must cause an increase in output from the control-
ler. In this case, the 180° phase shift is in the control valve, rather than in the
Controller. Nevertheless, in either case, there is a 180° phase shift somewhere in the

loop.

This phase shift is present at all frequencies, even the very low. If, as the frequency
increases, an additional lag that reaches 180° is introduced, the total phase shift be-
comes 360°. The 360° phase shift means that each cycle is exactly in phase with the
cycle that precedes it. If the gain of the loop is greater than one when this happens,
each oscillation will be larger than the preceding one, and the system will be out of

control.

One way to stabilize the system is to reduce the gain. The system will still be

Page 101




WO ENGINEERING DESIGN SEMINAR

INSTRUMENTATION

ascillatory, but if the gain is less than one,
Farger. Sometimes, depending on the syst
the Integral time, Ti, (decrease the Repe
aorner frequency of the Integral mode con|

lave, in effect, a Proportional Only contro

Bt is easy to see from this analysis how ¢

the oscillations will grow smaller instead of
em, it might also be beneficial to increase
ats per Minute), and thereby decrease the
tribution. If the Integral time is infinite, we

ller.

xtremely detrimental Dead Time can be to

system performance. As we noted earlier, a Dead Time of one second, by itself,

«auses a phase shift of -360° at a frequenc

&f the process has a very short time const

y of one hertz, and -180° at 0.5 hertz. Even

ant, some phase shift will be present at 0.5

Iwertz, and a gain greater than one at 0.5 hertz will make the system unstable.

Ef we say that a process has a “fast response”, we really mean that it has little lag, that

&t has a short Time Constant. The amount

ability to store energy. In the pneumatig

of lag in a process can be associated with its

tubing example, longer lengths of tubing

added more capacity for storing energy in the form of compressed air, and increased

tthe lag. Liquid flow is a fast process; the liquid is not compressible, so except for a

wery small amount in the spring diaphragm control valve actuator, there is little energy

gitorage in the system. A change in valve
as a change in process variable. In additio

&5 noise on the chart record. What is n

position is reflected almost instantaneously
n, small disturbances in the system show up

eeded for this is a control mode that will

muinimize the gain in the high frequency noise region, and maximize the gain at the

Bower frequencies to reduce the offset.

The Proportional plus Integral controller

does just that. Setting a low gain, wide

Proportional Band on the controller minimizes amplification of the noise frequencies

€it actually reduces their amplitude, since

the gain is less than one), and setting the

worner frequency of the Integral mode below the noise region provides maximum gain

at the lower frequencies. Typical controller settings for a liquid flow loop might be a

&ain of 0.5 to 0.7 and an Integral Time of (.05 Minutes per Repeat (Proportional Band
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of 150 to 200% and Reset of 20 Repeats per Minute).

In the case of gas flow loops, the fluid is compressible; but the length of piping
between the valve and flowmeter is usually short, and the storage capacity is still fairly
low, so similar controller settings would apply. With liquid pressure loops, the noise
is not prominent, but, as with the liguid flow loop, the storage capacity is small and

therefore the controller settings would be similar to those for liquid flow.

In the case of gas pressure loops, the compressibility becomes significant. The system
now includes vessels as well as piping, and the capacity for energy storage is therefore
greater. As with liquid pressure loops, the noise is not noticeable; therefore a higher
gain can be used than is used on flow loops. However, because the energy storage is
greater, more Integral Time is required. Typical scﬁings would be a Gain of 1.5 to 2
and Integral Time of 0.2 to 1.0 minutes (Proportional Band of 50 to 75% and Reset of

1 to 5 Repeats per Minute).

The systems with the greatest amount of energy storage, and therefore the most lag,
are temperature loops. Flows and pressures are essentially single time constant, First
Order Lags. Temperature loops generally have at least two time constants between the
manipulated variable and the process variable. To increase the heat input to a process
heater or heat exchanger, the heat must first pass through a film with a transfer coeffi-
cient (resistance) on one side of the tube, then through the tube wall (capacitance),
through another film (resistance), and into the process fluid (capacitance). There are
also a transport lag (dead time) before the process fluid can reach the temperature
measuring point and the change in temperature can be detected, and resistances and ca-

pacitances in the thermowell and thermocouple.

Actually, the films have capacitance as well as resistance, and the tube wall has
resistance as well as capacitance, but overall, the resistances and capacitances gener-

ally combine to produce two time constants that dominate all others, and a Second
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Order Lag plus Dead Time approximation

The lags connected with temperature loops

can be used to evaluate the system.

make control more difficult. Since it takes

longer for a change in control valve position to have an effect on the temperature, and

for that effect to cause a change in the inpu

t signal, a way must be found to offset these

delays; if the temperature begins to change, the controller must respond immediately.

If the controller can be set with high enough gain, the output can change faster than the

input indication, and, in effect, catch up to

the projected actual input. Part of this high

gain is derived from the use of a measurement range with a suppressed zero, and a

span (normally, unless there are other considerations) of about 200 °F. For instance, if

the operating temperature is 700 °F, the

range of 600 to 800 °F, rather than O to 10

But gain alone is not the entire answer; wi
cross -180° at some frequency, and the gail
effective and “catch up” with the process
the higher frequencies, where the changes
gain at a phase lag of -180°. To obtain this

the “D” in “PID”.

temperature transmitter is specified with a

00, as would be used for a pressure loop.

th dead time present, the phase lag still will
n must be less than one at that point. To be
change, the controller needs a high gain at
occur the fastest, but must have minimum

s, Dertvative, or Rate action is used. This is

The Derivative contribution is proportional to the rate of change of the error signal:

0, = Gle+ (I/T)[! edt+ T, (de/dn) Eq.(22)
where

G = Gain = (100/PB) Eq.(11)

¢ = Error = (PV - §P) Eq.( 8)

T, = Integral Time , Minutes per Repeat

T, = Derivative Time, Minutes

If the error changes slowly, there is little contribution from the derivative action; but if

the change is slow, the effect of the process lag is comparatively unimportant, and less
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Figure 55 - Proportional + Integral + Derivative Control

contribution from the derivative action is necessary. If the error changes rapidly, the
derivative contribution is large, as it should be, but in the closed loop it decreases as

the corrective action takes effect and slows down the change in error signal.

The frequency response plot for the PID controller, with the same First Order Lag plus
Dead Time system as shown in Figure 54, is shown in Figure 55. The Integral action
. increases the gain at low frequehcies, and the Derivative action increases the gain at

high frequencies. In addition the phase lead that results from the Derivative action
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helps to counteract the system lag,

The graphical summation of the two frequency response plots is also shown. In effect,

the Derivative action cancels out the effect of the shorter time constant and converts

the Second Order system into a First Orde
controller might be a Gain of 5 10 10, Int
and Derivative Time of 3 Minutes (Proport

to 0.1 Repeats per Minute, and Rate Time

r system. Typical settings for a temperature
egral Time of 10 to 20 Minutes per Repeat,
rional Band of 10 to 12%, Reset Rate of 0.05
of 3 Minutes).

Temperature loops make up the majority of applications for PID controllers, but there

are a few others. If the bottoms material from a column has a fairly wide boiling

range, with sufficient slope, as shown in F

igure 56, there is a well-defined relationship

between temperature and percent vaporized. In this case, controlling a constant tem-

perature will maintain a constant percent vaporization. If the bottoms flow to the re-

boiler heater is controlled at a constant ra

ling the firing of the heater, controls the

e by an FRC, a TRC on the outlet, control-
percent vaporization, and thereby the heat

input to the column.

However, if the bot-

toms material is es-
sentially a pure com-
ponent, the differ-

ence in tempcerature

TEMPERATURE

between 0% vapori-

zation and 100% va-

only a few degrees,

too narrow a range

l
|
| porization may be
|
I
i

% VAPORIZED

for reliable control of

vaporization by

Figure 56 - Bolling Curve

means of tempera-

ture.
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When the temperature rise across the heater is less than 10 to 20 °F, a PDRCAL
controller (Figure 57) is used instead, to measure the differential pressure developed
across an eccentric orifice plate. For a given mass flow rate through an orifice, the
velocity is higher and the differential pressure is greater for a vapor than it is for a
liquid. So for the same flow rate to the heater, a higher percentage of vaporization will

result in a higher differential pressure at the PDRCAL.

Thus the PDRCAL controls the heater firing, much like the TRC; it must contend with
many of the same lags in the system that the TRC must contend with, and therefore it
also benefits from the use of Derivative action. The Derivative mode in this applica-
tion does have one disadvantage, in that the PDRCAL measurement is, in effect, a
flow measurement, and it exhibits the same high frequency noise. The transmitter
used for this service must be specified with internally adjustable damping, which will
filter out this flow noise. Otherwise, the Derivative mode will not be able to use its

corrective action on the process lag without also amplifying the noise.

In a somewhat similar application, a flow controller on the overhead vapor line from a

e PDRCAL

Nl AT
1A DDO

FRC ' ‘

FUEL

-

Figure 57 - Fired Reboller PDRCAL Control
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Figure 58 - Gas Concentration Unit Stripper

stripping column (Figure 58) is used to control the stripping rate by adjusting the flow
of heating medium to the reboiler. Again, the thermal lags involved in getting the heat
into the reboiler, and the transport iag in| getting the material up the column, make
Derivative action useful. Also, again, the flow transmitter must be well damped to

eliminate the high frequency noise.

Still another application for PID control is a Regenerator pressure control loop on
some Fluid Catalytic Cracking units which have power recovery turbines on the flue
gas. On new plants, when a power recovery turbine is used, it is used in conjunction
with a motor/generator in the drive train of the main air blower. The inertia of the .

drive train allows several seconds for clospre of the flue gas valve to the expander in
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case of a shutdown. On existing units, the plant layout generally does not permit
coupling the expander to the drive train; instead, it is coupled only to a generator. Im
this case, if the electrical load is lost, the flue gas valve must close quickly (1/2
second) to prevent overspeeding the expander. The Regenerator pressure normally is
controlled by bypassing the flue gas around the expander. If the system shuts dow,
the bypass valve must react quickly to minimize any upset in the Regenerator pressure
which could cause a reversal. To give the pressure controller the needed extra re-

sponse, Derivative action is used.
Controller Tuning

Frequency response plots are useful for control system studies. Given plots for each
component of the loop, we can graphically add the responses together and study the

effects of changes in controller settings. The obvious problem with this approach lies

in getting the data. Aside from the

length of time required to obtain 1t
no one wants his process unit con-
tinuously upset while the data gather-
ing operation is taking place. Fortu-
nately, there are other ways to obtain

information useful for controller tun-

OUTPUT

ing.

Probably the simplest method is one

based on the Ziegler-Nichols method.

This method is an on-line, or closed-

loop, method. It is based on finding

TIME

the frequency of oscillation of the —The “ultimate method” determines the settings which
wiil give contipuous cycling without being unstable.

loop by turning off, or setting to

minimum, both the Integral and De- Figure 59 - Controller Tuning
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rivative modes, so the controller is effectively a Proportional Only controller. The )

process is lined out on_manual cmgl;jm initial setting is made to the gain, the .
controller is placed in automatic, and a small (2 or 3%) step change is made in the set

point. The chart record is examined after a time, and if there is no oscillation, or if the

oscillation decreases and dies out, the gain is increased slightly, and the procedure is
repeated. If the oscillation increases in amplitude, the gain is too high. The goal is to
find a gain setting which will just maintain an oscillation with a constant amplitude
(Figure 59). The gain and the period of the oscillation are used to calculate the tuning

settings for the controller:

1)  Set the Gain at 1/2 the Gain which maintains the constant ampli-
tude oscillation.

2) Set the Integral Time at about 2 times the period of the oscillation.
3)  Set the Derivative Time at about 1/2 the period of the oscillation.

For instance, if the constant amplitude oscillation is obtained with a Gain of 10, and .

has a period of 5 minutes, the settings would be as follows:

1) Gain = 05*10 = 5.0 (Proportional Band of 20%)

20*5

2) Integral 10.0 (0.1 Repeats per Minute)

3) Derivative 0.5*%5 = 2.5 Minutes.

There are other methods which work off-line, that is, with an open loop. These
methods are based on obtaining the data from a step change in controller (manual)
output. The record which results is analyzed to determine time constants and dead

times.

None of these methods claims to be absolutely accurate; all of them can be expected to

require some additional fine tuning to obtain the best control. One reason for this is

that there are different definitions of “best?. Some methods aim for a “quarter decay
ratio” (Figure 60), in which the amplitude jof each oscillation is 1/4 of the amplitude .

of the previous oscillation. Qthers aim for 5% overshoot; still others for minimum
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area under the error curve. What is

“bhest” for one application may not be
PP y

20

best for another, so it is up to the user

to decide when the tuning is satisfac-

tory. _

o :

S
Most flow and pressure loops respond -
fast enough to allow them to be tuned
fairly well by trial and error in a short u:b=1:4
time. The tuning methods above are o TIME

~~There can be many coatroller settings which will yield

most likely to be useful for tempera- 3 decay ratio of 14,

ture loops, and others with long time
Figure 60 - Quarter-Decay Ratio

constants and complicated responses.
SYSTEM REQUIREMENTS

UOP specifications for control systems list several basic requirements that the systems
must meet. These requirements apply to analog pneumatic, analog electronic, or

digital distributed control systems. They are:
1) System frequency response shall be at least one cycle per second.

2) Loop integrity shall be such that a single failure will not cause the loss of

more than one control loop.
3) Records shall be provided for process variables as specified.

4) Outputs shall be capable of operation 25% above and below the standard

signal range.

The requirement for one cycle per second frequency response has been discussed. It is
applied equally to all control loops so the loops can be interchanged easily if a new
configuration is required. In digital systems this means that the same scanning fre-

quency is used for all loops.
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The loop integrity requirement assumes that the operator can control at least one loop
on manual without much loss of product quality or risk of damage to equipment or
catalyst. If the other controllers are keeping the rest of the process steady, the one
manual loop should also remain fairly steady. If a number of loops are lost at once,
they will be very difficult to control, especially if they interact strongly with each

other,

Loop integrity requires continuous AC power for electronic and digital control sys-
tems; the capacity of the UPS (Uninterruptible Power Supply) must be sufficient to
handle the startup of the largest load in the system while the rest of the system is in
operation. If a common DC power supply|is used for multiple loops, a backup supply
with automatic cut-in is required. All components of a loop should be powered from
the same source; if power to a temperature transmitter is lost while power to the
controller is maintained, the controller will interpret the loss of input signal as a low

temperature, and will call for maximum heat input, with possibly disastrous results.

In a digital system, loop integrity requires backup for the microprocessor. Honeywell,
for instance, in their TDC systems, uses |one basic microproccssof for eight loops;
there is an installed backup microprocessor for every eight basic microprocessors. If a
fault develops in the basic controller, the backup controller automatically takes over

without loss of control.

Manual operation, as used in this context, means manual operation by the control

board operator, from the front of the conts
manual control operates through the output
ler fails, the manual operation also fails. In
is often used to substitute for the controlle
operable from the front of the control ba

monitored.

ol board. In many electronic systems, the
section of the controller, and if the control-
this case a separate standby manual station
1. This standby manual station should be

yard, so the process variables still can be

Records are useful for normal operation because the operator can see changes and
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trends more clearly than he can if he only looks at deviations, or columns of numbers.
Records are especially useful for upsets, because they help to determine what went
wrong and what should be done to avoid similar problems. Smoothed, averaged data,
logged every hour, may be of interest to management, but it will not tell the operator
everything he needs to know about the plant. UOP will accept hard-wired, analog
recorders, or - for digital systems - a plot once each shift (or on demand by the
operator) of digital data sampled every 10 seconds and stored. Sampling a loop every
10 seconds amounts to 2880 samples in an eight hour shift Obviously, for a plant with
several hundred loops, this requires considerable memory capacity, and is likely to be

practical only in conjunction with a computer.

When a computer is used with a digital distributed system, UOP recommends that the
computer be used to generate process graphics with a real time data on one video
display, and associated 20 to 30 minute trend records on the adjacent video display.
This can be done for subsystems of the plant (a heater, a fractionator, a reactor section)
and will give the operator a better idea of what is happening in the unit than the cus-
tomary overview display. At least three operating stations should be furnished in the
console so at least two operators can work at the console in case of an upset. The third

station should be equipped with a high speed alarm printer.

The requirement that the output must be capable of operation 25% above and below
the standard range relates to the control valve actuator “bench set” range discussed
earlier. If a control valve fails closed and has a “bench set” range of 3 to 15 psi, the
actual starting point of the stroke will be somewhat less if the valve is installed flow-
to-open. In addition, at the starting point of the stroke, the valve is just coming off the
seat, and the seating force is zero. If the valve is to shut tightly and not leak, some
seating force is required to slightly deform the seat so that all surfaces mate properly.
If the valve fails open instead of closed, the diaphragm pressure required to close the

valve will be greater than 15 psi, for the same reason.

This has not been a problem for pneumatic systems. Pneumatic controllers and manual
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stations generally can operate from 0 psi to

very near the 20 psi supply pressure. Also,

there is generally some latitude in analog ¢lectronic controller outputs. The problems

usually arise in digital systems. With m

t digital systems now available, only 7 to

10% above and below the normal range can be obtained.

The over range available is related to the number of digital steps used for the conver-
sion from a digital number to a an analog signal. UOP specifications require 1000 step
resolution in the 0 to 100% signal (4 to 20 mA DC ) range, and by extension, 1500
steps overall for -25 to 125%. Since the digital to analog conversion is done in a
binary fashion, the D/A converter must have more than 10 digital bits to obtain the

required minimum of 1500 steps (2!° = 1024; 21 = 2048).

CASCADE SYSTEMS

The valve positioner was introduced earlier, in the discussion on control valves. Al-

though it was introduced simply as a control valve accessory, the positioner is itself an .

elementary controller. It has a set point, measurement feedback, and other components
of a feedback control loop. The process that this loop is controlling (the control valve)
is the final control element of another control loop (flow, pressure, etc.). The load
variables associated with this loop are packing box friction, and plug unbalance forces
due to pressure drop across the valve. In @ temperature control loop with a positioner

on the control valve, the temperature controller output is the set point to the positioner.

If the temperature controller output change
the designated position (within the limits
packing friction or other outside influenc
output might change, but the valve positi
would not discover that the valve position

the quality of the control would suffer.

s, the positioner moves the control valve to
of the air supply pressure) regardless of
es. Without the positioner, the controller
on might not. The temperature controller

was not correct until some time later, and

This is actually a classical cascade loop. The output of one controller (the primary, or
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master controller) is the set point of the other controller (the secondary, or slave). The
main advantage of the cascade system is that the effects of load variables in the

secondary loop are neutralized before they can affect the primary loop.

The double diaphragm fuel gas valve was also mentioned in the control valve discus-
sion. This valve, which controls a fuel gas burner pressure of 6 to 30 psi for a corre-
sponding 3 to 15 psi air signal to the upper diaphragm, also, is a self-contained
feedback control loop, with the air signal as the set point. Increasing the air signal to
the upper diaphragm the control valve increases the burner pressure, which is piped
back under the lower diaphragm, and tends to close the valve. When the upward force
of the gas pressure incresess enough to balance the downward force of the air pressure,
the valve stops opening and stabilizes at a new position, with the gas pressure at twice

the air signal pressure.

If the air signal is held constant, increasing the fﬁel gas supply pressure, upstream of
the valve, will cause more gas to flow to the burner. This will tend to increase the
burner pressure, but the increase in burner pressure will, as above, increase the upward
force and close the valve. Once again, the valve will find a new position, with the gas
pressure at twice the air signal pressure. (The valve functions as a Proportional Only
controller, and does have some offset, so the ratio of fuel gas pressure to air signal is
not always exactly 2:1, but the effective Proportional Band is narrow, and the regula-

tion is quite good.)

If a standard spring diaphragm globe valve were used instead of the double diaphragm
valve, the increased fuel gas pressure would cause the burner pressure to increase, but
there would be no corrective action until the increase in heat affected the process tem-
perature, and the temperature controller reduced the signal to the control valve. By
using the temperature controller output as the set point to the burner gas pressure
controller (the double diaphragm valve), we have again formed a cascade control

system. And once again, the secondary controller counteracts load changes before
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they can affect the process variable of the|primary controller

Generally, this feature is most useful on systems where there is considerable lag in the

primary control loop. If there are no load

changes, or if the response of the primary

loop is as rapid as that of the secondary, there is little or no advantage in cascading the

controllers. Most often, the primary loop i

s a temperature loop. Fuel oil and fuel gas

- firing controls are often cascaded from TRC’s because of the lag in the temperature

loop and the frequent load changes in the fuel systems. An overhead product FRC is

often cascaded from a fractionating column tray TRC for similar reasons.

Cascading a temperature controller to a flow controller is done to minimize upsets to

the temperature; cascading a level controller to a flow controller sometimes is done to

minimize upsets in the flow. In this case, the actual level is not tightly controlled. As

noted earlier, we do not object to changes in level caused by changes in inlet flow; in

fact, we generally welcome the level ch
smooth out the flow. This is especially

elements in the process, for example in fe

ge because it helps to absorb upsets and
desirable if the flow is coupled to other

ing a fractionator, or exchanging heat with

another process stream. Load changes that result in a change in the pressure drop of

the control valve, and which would chang

neutralized immediately by the flow contr

Tuning a cascade loop is not much differen

secondary control loop should be tuned no

the flow in a simple level control loop, are

ller in a level-flow cascade system.

from tuning an ordinary control loop. The

ally, as if it were isolated and alone; then

the loops should be put on cascade, and the primary controller should be tuned as if it

were isolated and alone. The control setti

ngs may not be the same as if the primary

controller operated the control valve directly, but there is no reason to change the

procedure simply because it is a cascade system.

MULTIPLIERS AND SUMMERS

Multipliers and summers are used for ma

thematical manipulation of either input or

output signals. Sometimes the names of these components are used interchangeably -
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a “summing amplifier” may be used for multiplication - but the multiplier’s output is

usually of the form:

O, =K X)(Y)+B Eq.(23)
O =[K X)+K,(Y)]+B Eq.(24)
where

0, = Multiplier Output
O, = Summer Qutput

K, K, = Scaling Factors

X, Y = Input Signals

B = Bias (or Manual Reset)

In some cases there may be a third variable, Z, or even more variables.

One application for a summing amplifier is in boiler feedwater service. We mentioned
earlier that for a steam generator, the level should be controlled at the set point and not
allowed to vary. This is not always easy. The steam in the steam drum is in equilib-
rium with the feedwater. The balance between the vapor phase and the liquid phase in
the system is set by the temperature and the pressure of the system, and if the load on
the steam header increases, and causes a decreases in presshre in the steam drum, more
of the liquid in the steam generator will turn to vapor. The expanding vapor will
displace some of the liquid, and the liquid in the steam drum will show an increase in
level. This is a phenomenon usually referred to as “swelling” of the level in the drum.
As a result of this swelling, a level controller cascaded directly to the boiler feedwater
FRC would be decreasing the feedwater flow just at the time it should be increasing
the flow to keep up with the added demand. The solution to this problem is shown in

Figure 61.

The solution is what is generally termed a “three-element” boiler feedwater control
system. This system takes the flow measurement signal from the steam make, and

uses essentially that signal, properly scaled, as the set point signal to the boiler feed-
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Figure 61 - Three Element Boiler Feedwater Control

water flow controller. For every pound
pound or kilogram of feedwater is addeq

fluctuate temporarily, on a long term basis

In actual fact, the leve! will not remain con
the system, there is blowdown, which is ng

the meter factors of the steam and feedwate

and calibration errors. Over a long periof

or kilogram of steam generated, an equal
] to the system. So while the level may

, it should remain constant.

stant. In addition to the steam make leaving
t measured. Also, there are inequalities in
er flowmeters, due to installation tolerances

d-of time, unless something was done, the
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.. TEMPERATURE AND PRESSURE COMPENSATION
GAS FLOW COMPUTING, TYPICAL EXAMPLE

ORIFICE DESIGN DATA
Myt 0-100" H20

Piv &40 PSIA

Tye 540 R (BOF)

? FLOW menemiip 6

Q=C'\[ by Py

2 Tf
(&

OIVIDER B=A/t{Z+SC)
g Pf
e T¢

. MULTIPLIER A=B[f(Z+5C)]
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Figure 62 - Gas Fiow Pressure/Temperature Compensation

level would probably drift downward. To offset that tendency, the output signal from
. the level controller is summed with the steam measurement signal to form the feedwa-

ter set point. The level controller is specified with a wide Proportional Band and slow
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Figure 63 - Liquid Flow Temperature Compensation
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Reset, so it makes its correction on the long term error, rather than on the immediate
fluctuations. To allow the level controller to operate in both directions, a bias is also
added into the system, and adjusted so the level controller output will be about mid-
range when the system is balanced. To maintain the 1:1 ratio between change in steam
flow and change in water flow throughout the range of flow rates, the square root must

be extracted from the flow signals before the summation is accomplished.

Multiplying amplifiers can be used to obtain a gas flow signal that is automatically
compensated for changes in pressure and temperature (Figure 62). By proper scaling,
the pressure and temperature signals can be modified to corrected signals that repre-
), and (T /T

sent the quantities (P, /P ). When the differential pressure

design actual’ ~ design

signal is multiplied by these corrected signals, the result is a flow signal that has been
corrected for variations from the design conditions. Since all three variables - differ-
ential pressure, pressure, and temperature - are square root functions in the orifice
equation, the square root can be extracted by use of a square root chart, just as for an
ordinary flow measurement. By relating the flowing specific gravity to the tempera-
ture, a similar approach can be used to correct liquid flows for variations in tempera-

ture (Figure 63).

Summing amplifiers can also be used instead of valve positioners to obtain split ranges.
A 0 to 50% input signal can be used with a summing amplifier to yield a 0 to 100% (or
100 to 0%) signal out. This is useful when split ranging flow controllers, since
positioners are not recommended for those services. It is also sometimes necessary to
use a summing amplifier to modify the output signal of a controller when signal

selectors are used.
SIGNAL SELECTORS

Signal selectors as used at UOP are either high or low signal selectors. These devices
are used primarily as underride or override controls. Low signal selectors are used

most often. The low signal selector takes two signals as inputs, compares them with
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each other, and passes the lower signal through as its output. Generally, one of the
input signals will be at its maximum value during normal operation. This allows the
full range of other input signal to pass hrough the selector to the output and be used as
the controlling signal. If an abnormal situation occurs, the first signal will decrease
from its maximum value, and thus limit the output. Figure 64 shows how this limiting

action can be used.

The Figure illustrates one possible configuration for a makeup gas compressor control

system. Extraneous details, such as coolers, which do not affect the control system
have been omitted. In normal operation, Controller C operates Valve C, Controller B
operates Valve B, and Controller A operates Valve A. The other inputs to the low
signal selectors are higher, so the controller output signals pass through directly to the
control valves. If the pressure in the Process decreases, Controller C closes Valve C to
decrease the Second Stage spillback and force more gas forward to the Process. This
causes the pressure in the Interstage Drum to decrease, and Controller B closes Valve
B 10 decrease the First Stage spillback and force more gas forward to the Second
Stage. This causes the pressure in the SLE:tion Drum to decrease, and Controller A

closes Valve A.

Without the low signal selectors, if the source of makeup gas failed or was shut off, as

the pressure in the Suction Drum decreased, Controller A would close Valve A. With
no makeup gas coming in, the pressure in the Suction Drum would continue to de-

crease, and the pressure in the Interstage Drum would follow. So Controller B on the

Interstage Drum would close spillback Val

the spillback valve closed and no makeuj

compression ratio of the compressor woul

result. With the low signal selector, whe

Suction Drum continues to fall, the output

of Controller B, and takes over the operati
spills back gas to the suction of the compre

operation of Controller B with Valve C is g

ve B to try to increase the pressure. With
p gas coming in, ve;'y soon the allowable
d quickly be exceeded and damage would
n Valve A closes and the pressure in the
of Controller A decreases below the output
on of spillback Valve B. The valve opens,
ssor, and the compressor is protected. The

imilar,
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Figure 64 - Makeup Comptressor Pressure Control System

Determining the split ranges and controller operation for this type of system can be

confusing. It is best to consider one controller at a time. We have established that
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each controller operates its own valve duri

g normal operation, and that if makeup gas

is lost, Controller A operates Valve B via the low signal selector. This means that in

normal operation, Controller A should be i
50 and 100%. Valve A closes on air failure

ing Suction Drum pressure will open Valv

the upper half of its output range, between
, so if Controller A is direct acting, increas-

e A, as shown in Sketch (a) in the Figure.

Since Valve A is closed at 50% conwoller output, we would use a valve positioner

with 0 to 100% output for a 50 to 100% input.

This leaves the lower half of the Controller

B opens on air failure; it should be closed (

A output range to operate Valve B. Valve

100% air signal to the diaphragm) when the

Controller A output is just at 50% (and the process pressure is relatively high), and

fully open (0% air signal to the diaphragm)
the process pressure is low). Therefore the

100% output for a 0 to 50% input.

when the Controller A output is at 0% (and

positioner of Valve B must be set with 0 to

Having established the input and output signals of the Valve B positioner, we have

also established, by default, the action of
input signal to its positioner is low, and ¢
Valve B should be open when the Intersta
pressure decreases, Controller B must be re

Figure.

If Valve B is fully closed and the Interst
Valve C must begin to open and spill back
sor. This means that the output of Con

increasing signal would function satisfactt

Controller B. Valve B is open when the
loses as the input signal increases. Since
ge Drum pressure is high, and close as the

verse acting, as shown in Sketch (b) of the

age Drum pressure continues to decrease,
gas to protect the Second Stage Compres-
troller B must increase above 50%. An

prily to override the normal signal to the

control valve if a high signal selector was used; but since Valve C opens on air failure,

only a low signal selector can be used for this purpose. Therefore an amplifier must be

added to the control system to convert the 50 to 100% portion of the Controller B out-

_ put range to a corresponding 100 to 0% input to the low signal selector. (Since we
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must provide an amplifier to invert the signal anyway, we may as well use it also to
multiply the signal from 50% of the range to a full 100% so we can use a standard
positioner on Valve C, rather than a split range positioner.) If no special positioner is
used, Valve C will be open at minimum output from Controller C, and closed at
maximum output, so Controller C must be reverse acting, as shown in Sketch (c) of the

Figure.

There are other ways to arrange the controls for this system. If more amplifiers are
used, all splits can be accomplished on the control board, and the split range position-
ers can be eliminated. With sufficient multiplication and inversion, it is also possible
to arrange the system so all three controllers operate with the same action, if that is

considered less confusing for the operator and therefore more desirable.

Another system that uses a combination of multipliers and selectors is the heater firing
control system shown in Figure 65. Heaters with natural draft usually operate with
fairly large quantities of excess air, and the heater fuel flow can be increased by 10%
or so over the normal flow rate without exceeding the stoichiometric requirement.
Since energy is required to heat the cxcesslair, the efficiency of the heater can be
increased if the amount of excess air can be decreased. The problem is that this must
be done while insuring that an increase in fuel cannot exceed the stoichiometric amount
required for the air that is available; the excess fuel would form a combustible mixture
in the flue gas ductwork, and could flash or explode when it subsequently encountered

enough oxygen and a source of ignition.

With forced or forced/induced draft systems, the air to the heater is controlled by an
FRCAL. If the heater design calls for at least 10% excess air and fuel gas firing only —
or 20% excess air and fuel oil firing only, or 15% excess air and combination burners —
operator adjustment of the FRCAL set point is considered sufficient. When the heater
design calls for less excess air that the percentages above, both the fuel and the air are

controlled automatically, as shown in the Figure. The fuel gas density is measured, be-
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Heater Outiet
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Figure 65 - Fired Heater Fuel-Air Cross-Limiting Control System

cause the composition of the refinery fuel gas is usually subject to considerable vari-
ation, and the differential pressure across the orifice is converted into a mass flow rate
(a selector switch allows operation with the raw, uncompensated flow signal if the
analyzer is out of service). The flow rates of the fuel gas and fuel oil are scaled so

both are on a common basis with respect|to air requirement, and then are combined .

into a Total Fuel measurement signal. In normal operation, one fuel is base loaded,
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i.e., set at a steady flow rate: the cascade link from the Total Fuel Controller is opened
and the controller set point is adjusted by the control board operator. The other fuel is

adjusted by the Total Fuel Controller as required by the process.

Scaler K3 is a board mounted ratio controller with adjustable bias. The ratio adjust-
ment multiplies the input signal by the constant number set on the ratio dial. It
provides a trim adjustment for changes in fuel heating value; the bias adjustment sets

the excess air,

The set point of the Total Fuel Controller comes from the low signal selector, and is
the lower of either the air flow measurement signal or the TRC output.  The set point
of the Air Flow Controller comes from the high signal selector, and is the higher of
either the total fuel measurement signal or the TRC output. When the system is in

balance, and the Measurement signals are equal to the Set Points, we have:

M, = SP, = Lower of M, or O, ' Eq.(25)
M, = SP, = Higher of M, or Opc Eq.(26)

where
M = Measurement Signal
SP = Set Point Signal
O = Output Signal

and subscripts

A = Air
TF = Total Fuel
TRC = Temperature Recorder Controller

We can show that also when the system is in balance, the Air and Total Fuel signals
are also equal to each other. If we assume first that O, is higher than M, then from

Eq. (26},

M, =8P, =0 Eq.(27)

A A TRC

Butif M, = O neither is lower than the other, and from Eq.(25),

TRC?
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SP_ =

TF

O

MTF TRC
So all four terms - the two measurement
equal to each other. We can also assume

than MT,. In that case, from Eq. (25),

So if O, is lower than M_, and Eq. (29)

Eq.(28)

signals and the two set point signals - are

the alternative condition, that Opge 18 lower

Eq.(29)

tells us that M, = M, then O, must also

be lower than M,. But then Eq. (25) becomes

Eq.(30)

and again all four terms are equal. The results are the same if we start the analysis

with the O, and M , terms, instead of O

If the system is balanced and all terms are

the increase will pass through the high sig

cand M.
equal, and the TRC output then increases,

al selector and increase the set point of the -

Air Flow Controller. The set point of the Total Fuel Controller will remain at the
initial value, because it is limited via the low signal selector by the air flow measure-
ment, which has not yet changed. As the air flow increases, the air measurement
signal will increase and the Total Fuel Controller set point will increase with it.

Conversely, if the system is balanced and all terms are equal, and the TRC output then

decreases, the decrease will pass through
point of the Total Fuel Controller. The
remain at the initial value, because it is lim
fuel measurement, which has not yet chan

measurement signal will decrease, and the

¢ low signal selector and decrease the set
set point of the Air Flow Controller will
ited via the high signal selector by the total
ged. As the fuel decreases, the total fuel

Air Flow Controller set point will decrease

with it. In either case, the system works t0 insure that the excess air always exceeds

the minimum value set by the controls.

When the TRC output increases, the co

ustion air change leads the fuel change;

r:lb
when the TRC output decreases, the combustion air change lags the fuel change.
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extreme, if the process temperature is too low, it is possible - especially when feed
rates are reduced and the heat load is decreased - that the steam pressure required to
transfer the heat in the exchanger will not be high enough to push the condensate out
of the exchanger, through the steam trap, and into the condensate return header. For
instance if the process temperature is only 180 °F, the steam temperature required to
obtain the necessary heat transfer rate may be only 200 °F, and the steam pressure only
11.5 psia. This is less than atmospheric. Even if the exchanger used a simple pipe
open to the amosphere instead of a steam trap, the condensate would not have enough

pressure to drain out onto the ground.

If flow control of the inlet steam cannot be used, flow control of the outlet condensate
may still be possible (Figure 67). This system controls the amount of steam condensed
by flooding the tubes in the exchanger and thus varying the area available for heat
transfer and condensation. If the system is balanced and the condensate flow rate is
decreased, the condensate level in the exchanger rises and covers more tubes. For the

same LMTD, reducing the area reduces the heat transfer, which reduces the rate of

|
c [ | :

<P
LP®

| T
{

> $ -4l STEAM
{

FRC
1
MIN.
. i i g CONDENSATE
MIN
y
LOCATE ORIFICE FLANGES AND CONTROL VALVE GRADE

ASSEMBLY IN HORIZONTAL RUN AT REBOILER

Figure 67 - Steam Reboiler Condensate Control
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condensation. When the rate of condensa

drawal, the level stops rising and the syste

The response to an increase in condensate

difference. The condensate withdrawal flg

densation rate does not.
rate, and the lags associated with that hea
condensate flow rate is increased too rap
and the exchanger will drain completely.
valve must try to control a mixed phase fl
The two conditions are so different that a ¢
system becomes uncontrollable. To settle
on manual and allow the condensate level
back to automatic control. The same thing

the inlet steam and the control valve is on

can let the exchanger run dry and cause si

The condensate leaving the exchanger is,

flash point. Since the condensate orifice h

as it passes through the vena contracta. T

below the exchanger outlet, far enough so

the pressure drop from the exchanger to

contracta is greater than the vapor pressure.

The rate of cond

tion is equal to the rate of condensate with-

m is again in balance.

flow rate is similar, but with one significant
yw rate responds rapidly, but the actual con-
lensation 1§ determined by the heat transfer
t transfer limit its ability to respond. If the
dly, the condensation rate cannot keep up,
When this happens, the orifice and control
ow of steam vapor and slugs of condensate.
constant flow cannot be maintained, and the
it down, it is necessary to put the controller
to restabilize in the exchanger before going
g can happen if the flow measurement is on
the outlet condensate; the lag in the system

milar problems.

under the worst conditions, saturated, at its
as a pressure drop, the condensate can flash
y avoid this, the orifice meter run is located
the static head of the liquid is greater than

the orifice, and the pressure at the vena

The differential pressure range used for this application is usually 0 to 50 inches of

H,0. If the specific gravity of the conde
head must be provided. To account for f1
pressure between the flange taps and the ©

density, this dimension is rounded up to 6(

Piping and Instrument Diagram to insure

meter run is located a minimum distance fi

nsate is 0.90, at least 55.5 inches of static
riction drop in the piping, the difference in
vena contracta, and for possible changes in
) inches. The dimension is indicated on the
that it will not be missed. The condensate

rom grade. A differential range of 0 to 100

Page 132




UOP ENGINEERING DESIGN SEMINAR INSTRUMENTATION

Because of this, the system is often referred to as a “lead-lag” firing control. But as
we will see, it is not a true lead-lag system, and it is more correct to refer to it as a

“cross limiting” firing control system.
FEED FORWARD/LEAD-LAG SYST

The emphasis so far has been - and will continue to be - on feedback control systems.
In some cases, however, a feed forward/lead-lag system can be useful. Perhaps the

most frequent of such applications is a system which measures the feed rate to a

INPUT
11—
AMPLITUDE
0
0 TIME
QUTPUT
2
GAIN =2
1 — NO LEAD
AMPLITUDE NO LAG
0
0 TIME
” \-
GAIN =2
1 — LEAD
AMPLITUDE NO LAG
0 >
o TIME
2 —
GAIN=2
1 — LAG
AMPLITUDE NO LEAD
0 -
0 TIME

Figure 66 - Lead-Lag Control Systems

Page 129




UOP ENGINEERING DESIGN SEMINAR INSTRUMENTATION

fractionator and adjusts the heat input to| the reboiler accordingly. This is the feed

forward portion of the system.

The problem with feed forward by itself is|that the initial response may not be satisfac-
tory. If the column is operating at a low feed rate and a step increase in the feed rate
occurs, the feed forward system will increase the heat input. But because of the lag
involved in getting the heat into the reboiler and up the column, some of the lighter
component in the feed could drop down the column and out the bottom before the full

effect of the heat increase is felt.

If a lead-lag network is added to the system, it can be adjusted to provide an initial
increase in heat input above that of the feed forward system alone (somewhat similar
to the derivative mode in a feedback controller), which will then decay exponentially
back to the feed-forward only value. For other applications the lead-lag network can
be adjusted to make only a portion of the full change initially, and then make an
exponential approach to the final value. These adjustments allow the controls to come

nearer to matching the dynamics of the process. Figure 66 illustrates these actions.

The feed forward system mentioned above can be used with a steam heated reboiler if
the control of the heat input is by steam| flow to the reboiler. If the control is by

condensate flow from the reboiler, the lead-lag system should be used with caution.

When steam is used as a heating medium, the heat is usually controlled by throttling
the steam to vary the pressure in the exchanger, as indicated earlier in the control valve
discussion, and as shown in Figure 46 (Page 69). A steam trap is used to drain the
liquid condensate and insure that it does not build up in the exchanger. There are two

extremes which can cause problems with the operation of this system.

If the process temperature is too high for the steam pressure that is available (tempera-
ture approach less than about 30 °F , or LMTD less than about 20 °F), there will not be

enough pressure drop available for the control valve to control properly. At the other
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inches of H,O could be used, but this would require more static head, which in turn
would require a higher elevation for the exchanger; if the exchanger is a fractionator

reboiler, a higher elevation would then be required for the entire column, as well.

This system is sometimes used for other condensing vapors, as well as steam. For
light hydrocarbons, the specific gravity will be lower than water, and a correspond-
ingly greater static head will be required. In a revamp, if the condensate load is
increased to meet new conditions, it probably will not be possible to increase the meter
maximum simply by recalibrating the transmitter to a higher differential range, as may
be done for other services. In both of these cases it will be necessary to carefully

check the available static head to insure that no flashing will occur at the orifice.

ERACTI R CONTR

Fractionator controls are subject to three constraints: heat balance, material balance,
and the Gibbs Phase Rule. For a simple binary system, with the feed conditions
constant, the heat input to the reboiler usually is maintained constant and the reflux
flow is varied to control the overhead product composition. Alternatively, the reflux
rate could be kept constant and the heat input could be varied to control the bottoms
composition. But this method involves more lags connected v&ith the heat transfer

equipment, and control is therefore more difficult.

Heat Input Control

The methods used most often for controlling the heat input to a fractionator reboiler
have already been discussed in connection with other subjects: fired heaters with TRC
or PDRCAL controls, and steam reboilers with flow controls on the steam or the
condensate. The other common means of heat input control is by flow control of a hot
oil stream to the reboiler. If the control of the hot oil temperature is good, controlling
the flow rate provides a reasonably constant heat input. The orifice for the flow
measurement is located in the hot oil line to the exchanger. The temperature at this

point should be constant, so the specific gravity of the oil should also be constant, and
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thus also the flow should be constant. T

¢ control valve is located in the hot o0il line

from the exchanger; this allows the valve to operate at a lower temperature, and it also

helps to insure that the exchanger will

configuration. Since the oil is not compre

main full of oil, regardless of the piping

ssible and there is no phase change, there is

no lag associated with this arrangement, and therefore no control problem.

Gibbs Phase Rule

The principle of the Gibbs Phase Rule provides the basis for most fractionating column

composition control systems. The Rule can be written as follows:

F C-P+2

where

F = Numberz of De
pendent Variable

O
1

Number of Com

Number of Equi

Eq. (31)

grees of Freedom (e. g., Number of Inde-
°s)

ponents

librium Phases

For a binary system, the trays of the fractionator have two components and two phases.

Applying the Phase Rule to this system, w

freedom;

The independent variables in this system

composition. Fixing the pressure in the

e find that there can be only two degrees of

Eq. (32)

are: (1) pressure, (2) temperature, and (3)

column would leave only one degree of

freedom; if the temperature is also fixed, there will be no degrees of freedom left, so

fixing the temperature also fixes the composition. For multicomponent systems, the

relationship is not precise, as it is for binary systems, but it is still usable as a qualita-

tive indicator.

Pr r ntrol

At UOP, the method used to control the pressure of a column depends on the cooling

medium used on the overhead condenser,

on the overhead composition, and on the
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magnitude of the overhead pressure itself.

1 nsati low

When there is no net gas and the column pressure is low, the receiver usually is
allowed to float on the flare header, since the flare is the lowest safe destination
pressure. Upsets which affect the flare pressure will also affect the column, and a

contingency in the reboiler heat

TO FLARE source should be provided for

this possibility. A gas purge,
controlled by a restriction ori-

‘@L FO _PURGE
GAS fice, is provided to sweep the

I“ | line from the receiver to the

flare header, usually at about 0.5

to 1.0 ft/sec, to keep contami-

TO FLARE .
HEADER nants in the flare header from
I backflowing into the receiver.
= FLPLG’TéE If a water cooled condenser is
"l used in this service, it should be
T ~— I—D' elevated above the receiver, and

free draining to it. The non-con-
Figure 68 - Fractionator Pressure Control,

' Total Condensation, < 5 psi densible purge gas must be able

to get back to the condenser, or the condenser will tend to flood and operate in a

manner similar to a steam reboiler on condensate flow control. The column pressure

then will not change until the flooded area changes, and pressure control will be slug-

gish and poor.

| Condensation 25 psig (Fi

At pressures in this range, a *“push-pull” blanket gas system is used. This is a split

range system which opens a valve to bring in blanket gas when the receiver pressure
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} falls, and opens another valve to vent gas |to the flare if the pressure rises. The same

considerations as in the case above apply to the condenser in this case, also. .

Total Condensation, More than 25 psiq (Fiaur

This system is somewhat different with a|water condenser than it is with an air con-
denser. With the water condenser, the operation is based on the flooded condition
described above. The condenser is located below the receiver, with the outlet piping
entering the receiver at the bottom so it i§ sealed in the liquid. The pressure is con-
trolled by a hot vapor bypass control valve, which bypasses hot vapors around the con-

denser. The differential pressure across the across the control valve is equal to the

liquid head from the receiver to

TO FLARE
HEADER
the exchanger outlet plus the
PRC pressure drop. Opening the hot
| 4 -
i vapor bypass valve increases the
I = ey

pressure in the receiver, which
BLANKET .
GAS causes the level in the condenser

|” to rise, flood more tubes, and de-

T~ L—F' crease the rate of condensation,
TO FLARE ~ thereby increasing the pressure in
HEADER

the column. The hot vapor by-
pass valve is sized for about 5%

of the overhead vapor rate, as a

maximum, and the valve is speci-
ANKET
GAS fied with percentage trim. The

5% figure is sufficient to cover

the heat loss of the receiver and

most column upsets.

' The hot vapor performs the func-
Figure 69 - Fractionator Pressure Control, porp .
Total Condensation, 5 t025psl  jon of the non-condensible gas
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in the previous systems, but since it actually is condensible, certain precautions must
be taken. As long as the surface of the liquid remains smooth and unruffled, a thin
layer of hot liquid remains at the liquid-vapor interface, isolating the hot vapor from
the colder liquid below. If something happens that disturbs the surface, the colder lig-
uid will contact the hot vapor and the vapor will condense, causing a sudden decrease
in the receiver pressure and upsetting the column. If the bypass line is too long and is
not protected, when a rainstorm occurs, some of the hot vapors could condense, fall
into the receiver, and disturb the surface, causing such an upset. The hot vapor bypass
line should be short, free draining in both directions from the hot vapor bypass valve,

and insulated from the valve to the receiver. Also, a line (not shown) must be pro-

vided to allow venting
non—condensibles from the top of
the condenser to the receiver,

PRC
from which they can be vented to ' e |
1

the flare. i

A different arrangement is used

with an air condenser. It gener- 68_‘ I
s W

ally is not practical to locate the

air condenser below the receiver,

and in addition the exchanger Q

geometry must be broad and flat ‘_e_IPRC 'i

. ..—'——-.—-
to allow air to pass freely over |
the tubes with minimum pressure
| ]
drop. A small change in level in SYPHON
BREAKER “[ l
the condenser would cause a
large change in flooded area, and —— l_>

precise control would be diffi-

cult. Instead, a butterfly valve is
Figure 70 - Fractionator Pressure Control,
used upstream of the condenser Total Condensation, More Than 25 psi
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to throttle the vapors and control the column pressure directly. To keep the receiver
pressure from changing teo much and causing problems for the reflux pump as condi- .
tions change in the condenser, a PDIC control loop measures the differential pressure
between the column and the receiver, and|adjusts a hot vapor bypass valve to hold it
constant. The consideratkons for the hot vapor bypass in this case are much the same
as with the water condenser, except that the line from the condenser to the receiver
should not be sealed in the hiquid. It should be free draining, and an equalizing or
siphon-breaker line shoakd be provided to allow hot vapor from the receiver to get
back to the condenser owmiet and prevent formation of a liquid leg with a significant
static head. Since the liquid will be entering the receiver from the top, the receiver
should have a baffle to isclate the inlet area and prevent the turbulent liquid from
disturbing the surface in the rest of the receiver. Pressure drops used for the valves are

generally about 15 psi for the butterfly valve and 10 psi for the hot vapor bypass valve.

Occasionally, systems with air condensers |and water trim condensers are used. These
can be difficult to operate, especially if \the water condenser is located below the .

receiver. The trim condenser should be sized with at least 30% of the total duty, to

insure that there will always be two phases present at the outlet of the air condenser. If

only the liquid phase is psesent, the static head from the air condenser to the receiver

under some condi-

tions could be great

enough to make the o | _————n
pressure drop of PRC

STEAM

LC SUMMER

- 1%9FRC
g || | - BFW

the hot vapor by-

pass valve go nega-

tive. It is much

better to locate the — l

trim condenser a

minimum distance .
Figure 71 - Fractionator Pressure Control,

above the receiver Total Condensation, Steam Generation
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and use the same arrangement as was described above for the air condenser alone.

| ndensation m nerati Figqure 7

If the overhead material has a high boiling point, it may be possible to generate steam
with the condensing vapors. In this case, the column pressure controller would be
cascaded to the pressure controller of the steam generator. Increasing the pressure in
the steam generator would increase the témpcrature in the steam generator, decrease
the heat transfer rate and therefore the condensation, and increase the pressure in the

column.

Partial Condensati i 72

For partial condensation systems that produce net gas sireams, the pressure can be con-

trolled by throttling a control valve in the net gas stream. Pressure drop considerations

for the control valve
OFFGAS were covered earlier
‘ in the control valve

._eﬂig___q_x discussion. If the

column is being

_:1_1 used only for strip-
I

[ ping, and tray tem-

| peratures are not
A
controlled, the pres-

sure control may be
Figure 72 - Fractionator Pressure Control,
Partial Condensation on the receiver,

rather than on the overhead line. Water condensers may be located either below or
above the receiver in this case.

ition Control
Although analyzers are used occasionally for composition control of fractionators,

such analyzers are expensive, and most often the Gibbs Phase Rule is applied and a
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temperature controller is used instead. When the product of interest is the fractionator

overhead material, a temperature control

used. For simple end point control with

in the upper part of the column is usually

multicomponent systems, the TRC thermo-

couple is usually located in the overhead line at the column. For a split between com-

ponents in a multicomponent system, or a |

of the trays is used.

The usual problem in this situation is to ¢
general, using the tray that is half way bety
tory. Alternatively, tray to tray calculatia

ation of product quality with tray tempe

oose spec on a binary system, a TRC on one

decide on which tray to use for control. In
veen the feed and the reflux will be satisfac-
ns can be run on a computer, and the vari-

rature can be calculated. If this done for

several values of different process variables, such as feed rate or feed composition, the

tray which shows the least variation in product quality at a constant temperature can be

determined. (This is not necessarily the

variation with product quality, as Figure 7

If there is still uncertainty as to the validity

tray which shows the greatest temperature

3 indicates.)

of the result, additional thermowells can be

installed above and below the tray selected, for alternate use if required.

A benzene column is an example of a column with a tight spec on an essentially binary
separation. The column operates at atmospheric pressure, floating on the flare. Most
of the upsets caused by pressure fluctuations in the flare header are eliminated by

providing a header dedicated to the fractionators and running directly to the flare

knockout drum, but some pressure variat

n is still possible. In addition, even at a

constant tray temperature, changes in barometric pressure alone are enough to cause

unacceptable variations in the quality of some high purity products

To compensate for these pressure variati

can be used. The refererice point is near t
component. The change in temperature due
will be canceled out by a similar change

product composition will be minimized.

s, a differential temperature measurement
he top of the column, in the relatively pure
2 to variation in pressure at the control point

at the reference point, and the change in
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Figure 73 - Fractionator Control Tray Selectlon

Since the temperature on the control tray is a function of composition and pressure,
increasing the reflux to the column changes the composition and decreases the tray
temperature; but it also increases the tray loading and the pressure drop, which in-
creases the tray temperature (Figure 74). At low tray loadings, the composition change

governs; at high tray loadings, the tray pressure drop governs. The tray temperature is
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the sum of the two effects, so as the reflux increases, the temperature first decreases,

then passes through a minimum, then in¢reases. If the control point is set too low,

below the minimum, the reflux will increase, trying to bring the temperature down to

the set point, but it will not succeed, and the column will be out of control. This is less

likely to be a problem if there are enough trays between the control tray and the
reference tray to make the AT contribution from composition relatively large compared

to the contribution from the pressure drop

Another method used occasionally at UOP to accomplish a similar function is to
actually measure the pressure on the tray| with an absolute pressure transmitter. The
pressure measurement and the temperature measurement are then scaled and used in a
simple summing network to generate what is, in effect, a composition signal, which is
then used by the PCTRC (Pressure-compensated TRC) controller. At normal operating
conditions, the PcTRC measurement and set point are at mid-scale. If the temperature
increases due to a change in composition, the PcTRC measurement signal increases; if
the temperature increases due 1o a change in pressure, the increase in temperature
signal is counteracted by the increase in the pressure signal, and the measurement sig-

nal to the PcTRC does not change.

If this system is used, care should be taken to avoid settings on the equipment that
could lead to overcompensation by the pressure signal. If the signal overcompensates,
an increase in pressure will result in a net decrease in the signal to the PcTRC,

indicating that the material on the tray has become lighter. If the PcTRC is in the

lower part of the column and adjusts the heat to the reboiler, the decrease in input

signal would call for an increase in heat, which would increase the traffic in the
column and the pressure on the control tray, and could lead to instability. Figure 75

shows a typical PcTRC system.

Most of the systems mentioned above are used primarily for control of overhead
products. A TRC on the bottom of a fractionator can be used to control initial boiling
point, much the same as a TRC on the overhead can control the end point. Likewise a

TRC in a tray between the feed and the bottom can be used to control the split between
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- TO FLARE
. | — - HEADER
[ )
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—

52 —2( I

| FRC A
TDRC -
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18 FRC
ESigr o
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DIFF . TEMP ——

REFLUX ————»

Figure 74 - Differentlal Temperature Control
components in a multicomponent system Sidecut streams from crude columns, or
others with multiple cuts from a single fractionator, sometimes can be controlled auto-
matically; most often they are adjusted manually, based on lab reports, to control the
end point of the sidecut stream. On a benzene column when there may be water or
light material in the feed, or where purge gas in the receiver might cause contamina-
. tion, the net product is taken from a sidecut, a few trays below the top, to insure that it

is pure and dry.
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RTD = RESISTANCE TEMPERATURE R = RATIO STATION

DETECTOR C = COMPOSITION SIGNAL
RR = REFERENCE RESISTANCE
NOTE: ¥y , By = AUTO- MANUAL STATION WITH BIAS

Figure 75 - Pressure Cd

Material Balance Control

The traditional control configuration for th

sition) control adjusting the reflux and tk

ympensated TRC

e top of a column has temperature (compo-

ne receiver level control adjusting the net .

product. This method is still used if the receiver must function as surge capacity for
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another part of the process, but since about 1975, the preferred configuration at UOP
has composition controlling the net product, and the receiver level controlling the

reflux,

This configuration (Figure 76), often referred to as the “flywheel” control system at
UOP, is preferred because it is more direct and provides better response to changes in
heat balance and feed composition. The amount of overhead product that can be
withdrawn is determined by the feed composition. If the feed contains 10 moles of
light component A and 90 moles of heavy component B, the maximum amount of
overhead product that can be withdrawn without affecting the purity is 10 moles. If
the feed composition changes to 10.1 moles of A and 89.9 moles of B, the additional
light component will travel up the column to the control tray, and the composition
controller will increase the net overhead product rate to maintain the composition on
the tray. Since the overhead product rate is usually fairly small in comparison to the
reflux rate, the resulting change in reflux will be more in proportion to the change in
overhead composition th.an if the reflux were controlled directly. (Actually, “direct”
control of the reflux is somewhat difficult, because it is the internal reflux that deter-
mines the operation of the column, and the internal reflux is dependent on heat losses

and subcooling of the external reflux, as we shall see shortly.)

- TO FLARE
HEADER
“ [ i s
é ?
Lc .
TRC L
s TS - I

|
¥
A
5

o

e a}Fﬁc ‘
EETE AR G2 NN 2a Lo cotilinbheade) O ¢

PO 0UGTD D RRoZiJER
Figure 76 - Flywheel Control
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If the column is in balance, and an upsel
increases the heat input, the vapor rate up

increase in the level in the receiver, If

in the reboiler heating medium occurs and
the column will increase and will cause an

the column was recovering the maximum

amount of overhead product before the upset, the additional material in the receiver

must include more of the heavier component which is being taken overhead as an

impurity. The traditional control system

storage until the composition controller ¢

will send the contaminated product out to

an react and increase the reflux. With the

flywheel control system, the increased receiver level will immediately increase the

reflux; when the composition controlier d

tects heavier material on the control tray, it

will decrease the flow of net product, which will increase the level in the receiver even

more, and cause another increase in reflux.

on total reflux until the composition gr

product purity is back to normal.

The proportional band should be used on

If the upset is severe, the column may go

ient on the trays is reestablished and the

the receiver level control to minimize the

offset and insures that changes in the net product are passed through to the reflux with

a minimum amount of delay. Ideally, se

tting the proportional band to zero percent

would completely eliminate the offset; but this would cause problems with stability.

Reset action lags the proportional action,

but would not greatly help the response to

and eventually would eliminate the offset,

an upset.

A more recent modification to this system (Figure 77)moves the takeoff for the over-

head product to a point between an FRC orifice that measures the total overhead from

the receiver and the reflux control valve. Using this location for the product takeoff, a

change in net overhead rate by the compo

sition controller is instantly detected by the

reflux controller and reflected as a change in reflux rate, without having to affect the

level in the receiver. This change improves the response of the control system, and

also allows the use of a wider proportional

band on the level controller, which, in turn,

allows better utilization of the surge capacity of the receiver. The disadvantages of

this system are that the net overhead rate

must be subtracted from the total overhead
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Figure 77 - Modified Flywheel Control

rate to obtain the reflux flow (the reflux itself is not measured directly), and also that it
is somewhat more difficult to operate with the controllers on manual control. How-
ever, the improvement in control response should make the small inconvenience worth-

while,

Changes in the thermal quality of the reflux itself require additional equipment with
the traditional system, but the flywheel system compensates automatically. If the col-
umn has an air condenser, and a sudden rainstorm occurs to increase the subcooling of
the reflux, although the external reflux may be controlled at a constant value, more
vapors will be condensed on the first tray, and the internal reflux will increase. The
external reflux will remain at its constant until the control tray thermocouple detects a

change in composition, but by this time the column is already upset.

To avoid this upset with the traditional system, equipment must be added to measure
not only the external reflux flow, but also the external reflux and overhead vapor
temperatures; the internal reflux is then calculated from a heat and material balance
around the top tray. (If the column has a sidecut stream, that flow is also used in the
calculation, as shown in Figure 78). The calculated internal reflux is then used as the

measured variable, and the external reflux flow is adjusted to maintain the internal
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Two| Vo —_— Vo = OVERHEAD VAPOR a
- Vi = INTERNAL VAPOR
—- Re = EXTERNAL REFLUX
— Re D R = INTERNAL REFLUX
I S = SIDECUT
D =DISTILLATE
s
Ri vi
MATERIAL BALANCE:

(1) Vi+ Re =Vo+Ri+5

ENERGY BALANCE:
@) ViHy+ ReHy, = Vo H, + (Ri+S) Hy

FROM (1):
(3) Vi=Vo+Ri+5-Re

SUBSTITUTING FROM (3) FOR Vi IN (2)
{4) (Vo+Ri+S- Re) HV| + Re HRB =Vo }"qo-i- (RI + S) HRi

SINCE BOTH VAPORS ARE SATURATED, WITH ESSENTIALLY SAME PRESSURE
TEMPERATURE, AND COMPOSITION:
(6} Hy = Hy

SUBSTITUTING FROM (5) FOR Hy; IN (4),
{6) (Vo+Ri+S5-Re)Ho+ ReH, = Vo Hy+|(Ri+ 8) Hy, .‘

VoHi CANCELS; COMBINING TERMS:
(7) (Ri+S) (Hvo- Hr ) = Re {Ho- Hg,)

SINCE Ri IS SATURATED LIQUID,
{B) HVi = H%i + AH vap

SUBSTITUTING FROM (5) FOR Hyi IN (8), AND REARRANGING,
(®) (Hy - Hri )= AHvap

IF Re IS SUBCOOLED,
(10) Hy = Hg, + Cp (TRe - Ty} + AH vap

FROM WHICH,
(1) (Ho- Hi) = Cp (Tre- Typ) + AH vap

SUBSTITUTING FROM (9) FOR (H,,- Hai }. AND FROM (11) FOR (Hvo - Hgo) IN (7),
(12) (Ri+ S} {AH vap) = Re[ Cp(Tre - Tva) + AH vap]

FROM WHICH
(13} Ri = Re[(Cp/aH vap)(Tre - Tyo} + 1]- S

OR, IN GENERAL TERMS
{(14) Ri = Re (1+KAT)-S NOTE: K HAS UNITSOF T 1.
(BTU/LB °F)/ (BTU/LB) = 1/°F

WHERE

K = (Cp / AH vap)

AT =(Tpa - Tyo) .

Figure 78 - Internal R efiux Control
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reflux at the set point. With the internal reflux held constant, the control tray tempera-

ture does not change, and the upset does not occur.

When the colder external reflux condenses more vapors and increases the intemnal
reflux, the vapor rate to the overhead receiver decreases and the receiver level goes
down. If the receiver level controls the external reflux, as in the flywheel contrel
system, the external reflux also will decrease, so the internal reflux will remain more
constant. The reaction is the same as for the traditional system with the internal reflux
controller, but no extra equipment is required, and there are no calculations to be
made, and therefore nothing to introduce errors into the loop. The system is self-

correcting.

As mentioned earlier, a narrow proportional band has been used on the receiver level
controller when it has been used to control the reflux; this means that the offset is
minimized so the changes that affect the receiver level are immediately reflected as a
change in the reflux. This also means that if the receiver has a water boot, draining the
boot too rapidly can affect the receiver level, and therefore the reflux. If possible, the
interface level should be controlled automati‘cally so the draining is smooth and con-
tinuous. If it is done manually, extra care may be required to avoid upsetting the

column.

If a column has a very high reflux ratio in terms of reflux to distillate, changes in
product rate have a relatively small effect on the mass of material in the column, and it
takes considerable time for that effect to appear. In this case, automatic composition
control of the overhead product rate becomes difficult, and manual adjustment by the

operator is generally preferable.

If the overhead of the column is controlled on composition, the bottom of the column
is controlled on inventory (level) to close the material balance, and vice versa. For
each control configuration discussed for the overhead, there is usually a similar con-

figuration for the bottom. The main difference is that the reflux is varied in the
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overhead control arrangements, but the h
when the main controls are at the bottom
automatically to control one of the proces
less stable than if the heat input is kept con

mended, especially for close fractionation.

cat input generally remains constant, even
1 of the column. Adjusting the heat input
s variables makes column operation much

1stant, and is therefore generally not recom-

If the heat input is kept constant the varjables remaining are the net overhead, the

reflux, and the net bottoms; and the controls remaining are the composition, the re-

ceiver level, and the bottoms level. For th

to have the reflux controlled by the recei

reasons mentioned earlier, it is preferable

level. That leaves net overhead and net

bottoms as variables, and composition and bottoms level as controls. Composition

control will probably work best on the smialler flow rate, so if the bottoms stream is
larger, using composition to control the net overhead and bottoms level to control the
net bottoms will probably be satisfactory. Conversely, if the bottoms stream is smaller,

composition control of the net bottoms, and bottoms level control of the net overhead,

will probably be suitable. If the net bottoms rate is very small, as in some rerun

columns, the conditions are similar to

manual adjustment of the bottoms product

The control configurations discussed abov
case they are intended as basic guidelines
controls for simple fractionators, and as a

systems.

e overhead system with a high R/D, and

rate by the operator is probably best.

e do not cover all possibilities, and in any
only. But they should be satisfactory as

starting point for control of more complex
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Technical Information
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1-la
September 1970

PERFORMANCE AND MEASUREMENT TERMINOLOGY

There has long been 2 need for cammon definitions
and terms related to performance and measurements in
the field of process instrumentation. The following in-
formation is based on Foxboro Engineering Standards
and SAMA documents, as well &5 documents available
from ASA, ASME, IEEE, BSI, and IEC. It is hoped that
in time all manufacturers, vendors, and users will adopt
common terminology; however, in the meantime, this
71 presents the definitions as accepred by The Foxboro
Company unless otherwise noted.

The following list of terms has been purposely lim-
ired to include those which are frequently used. Some
terms which have been areas of confusion and misinter-
pretation in the past have been elaborated on.

Accuracy - A number or quaptity which defines the
limit of error under reference conditions unless other-
wise specified, See Figure 1.

Accuracy includes the combined conformity, hysmer-
esis, and repeatability errors. The units being used are
1o be stated explicitly, Fot example, expressed in out-
put unimn, a typical expression might be £1 F; expressed
in percent of output span, the expression could be 20. 5
percent of output span; expressed in percent of the upper-
range value, it might read 20. 5 percent of upper-range
value. For indicators, it might read 0. 5 percent of
scale length; of in some cases it is expressed as a percent
of actual output reading, such as £1. 0 percent of acwal
ourput reading.

Antenuatiop - A decrease in signal magnitude be-
tween two points, of between two frequencies, It is the
reciprocal of gain, when the gain is less than one. It
may be expressed as a dimensionless ratio ot in decibels
as 20 times the log of that ratio.

Deadband - The range through which an input can
be varied without initiating respouse of pointet of pen
or change in output, NOTE: Seasitivity, Resolution
Sensitivity, and Ultimate Sensitivity have been used in
the past to denote this or closely related quantities,
However, these termns have become ambiguous, and in
some cases theit specific definitions represent conditions
difficult to attain or recognize, Thus none of these
terms are now used for any purpose by The Foxboro
Comparny ,

Qgﬂrgi - The interval of time between initiation
of an input change or stimulus and the start of the result-
ing response. See Figure 6.

Drift - An undesired change in output over 4 period
of time, which change is unrelated to input, operating
conditions, or load. It is usually expressed as the change
in output over a specified time with fixed input and op-
erating conditions,

A B
/ /

/ T

/ T e eamon
& LOW OR MINUS

/ LMY OF ERROR

l————-—— ToTaL sAM ————-l-{oo

INPUT, %

FIGURE 1 ACCURACY

~ The difference between the indication and
the true value of the measured signal A positive emror
denotes that the indicated value of the instrument is
greater than the tue value. That is, emor equals indi-
cation minus the true value.

ﬁtﬁgn mg§ is the difference between the actual span
and specified span and is usually expressed as the
percent of specified span.

Zero Frrot is the error of a device operating under
the specified conditions of use when the input is at the
lower-range value. See also Zero Shift,

in - There are two types of gain, dynamic and
static, amic Gain is the magnitude ratio of the
steady-state amplitude of the output signal from an

element or system to the amplitude of the igput signal
te that element o system, for a sinusoidal input signal
It may be expressed as a ratio, or in decibels a3 20
times the log of the ratio for a specified frequency.
Static Gain is the ratio of ap output change to an input
c%nge after steady state has been reached, Also re-
ferred to as Zeto Frequency Gain which is the same as
the dynamic gain as te signal trequency approaches
zero, Either may be expressed ag a ratio or in decibels.

FOXBORO
IE—

The Foxboro Company Foxbaro, Massachusaetts, U.S.A, 02035

Printed in U.S5.A.
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FIGURE Z M YSTERESIS

Hysteresis - The maxanmun difference between the
u;:m:aie and 5owrscale indScazions of the measured sig-
nal during a full range awessse for the same input, See
Figure 2. Note: The avemge difference has, in some
cases, been used rather than. ithe maximum difference.
This practice is misleadipg amd the values meaningless,

Impedance - Four types. @il impedance find common
usage. .gource Impedance isaha presented to the input
of the device by SOurce, | t Impedance is the
impedance presented by a deswiice to the source, Oyp
put impedance is the impedmnce presented by a device

ACTUAL FUNCTIONAL

CHARACTERIITIC (AVERASE
BETWEEN UPSCALE AND
DCWNSCALE  READINGS )

FIGURE 3 LINEARITY

he load, Load Impedance it that presented to the
ut of a device by tﬁE loaq,

terference - Interference is any spurious voltage

ent arising from external sources and appearing

circuits of a device, Two of the more common

of interference are Common Mode and Normal

. &nmﬁﬁg is & form of interference which

s between measuring circuit terminals and ground.

mon Mode is sometimes referred to as Longitudinal
Normal Mode interference is 2 form which ap-

between measuring circuit terminals. Nommal

is alsn referred to as Differential Mode and

verse Mode,

TMOLE ¢
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Linearity - The closeness to which 2 curve approx-
imates & saaight line, See Figure 3. It it useally ex-
pressed as a nonlineariry, that is, a maximum deviation
between an average curve and a straight line. The
value of nonlinearity is referred to the output unless
otherwise stated. .

Pen Travel - The length of the path deacribed by
the pen in moving from one end of the chart scale to
the other. The path may be an arc or a straight line,

Range - The region between the limits within which
a quantity is measured, received, or trapsmitted, ex-
pressed by stating the lower- and upper-range values.
Unless otherwise modified, the input range is implied,

A range is said to have an Elevated Zero when the
zero value of the measured variable, measured signal,
etc, , is greater than the lower-range value,

A range is said to have a Supﬁrg_g.g Zero when the
zero value of the measured variable is less than the
lower-range value. Zero does not appear on the scale.

Note: Usage of the terms Elevation and Suppression by
The Foxboro Company appean inconsistent with the
newly adopted terminclogy. However, upon careful
examination it is obvious this i3 not at all true. The
SAMA definirion speaks of *Elevated Zero Range® and
*Suppressed Zero Range" while Foxboto terms are cor=
rectly stated as "Elevated Span” and "Suppressed Span. "

Thus, the Foxboro term has reference to the cali-
brated span of the instrument, i.e. “The insument
has an elevated span” while the SAMA term would state
wche tange has a suppressed zero, * Both statements
correctly define an instrument with a calibration of per-
haps 75-100 psi for a 10 to 50 ma output,

TI 37-83b.)

FREQUENCY - CYCLES / SECOND
TYPICAL BOOE DIAGRAM

FIGURE 5 TYPICAL BODE DIAGRAM

To avoid confusion, considerable care should be
exercised when discussing these nonzero based calibra-
tions, Cbviously the usage of the term “Elevation or
Suppression” is no lenger descriptive enough in itself
to amply describe the calibration

Table 1 is a convenient reference for the use of
range and span terminology.

gs%tafb_‘m - The closeness of agreement among
a number o] consecutive measurerments of the output fdr
the ame value of the measured signal under the same
operating conditions, approaching from the same direcr
tion for full range traverses, See Figure 4. It is usua
expressed a8 a maximum nontepeatabiliry in percent
span. It does not include hysteresis. |

not be incinded, Reproducibility includes bysteresis, |
drift, and repeatabiliry. i

&mmg « Dynamic Response is the general behav
of the output of & device as a function of the input,
with tespect to time, There are several dynamic res-
ponse characteristics that fall into the general categol
of dynamic tesponse, the two most common being Fre
quency Response and Step Response.

\
i
‘
i
|
i
i
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FIGURE 6 TYPICAL TIME RESPONSE CF A SYSTEM TO
A STEP INCREASE OF INPUT

Bﬁmwb%hnutainic is the frequency-
dependent relation, in both amplitude and phase be-
tween steady-state sinusoidal inputs and the resulring
fundamental sinusoidal outpus.

Frequency Response is usually plotied on a Bode Di-
agram (See Figure 5), where the upper curve is a plot
of magnitude ratio vs frequency, and the bottamn curve
is phase vs frequency. To establizh a magnitude ratio
curve an input value is selected (for example, 50 per-
cent of full span) and this value is varied sinpsoidally
(say 45 percent). The input and output is recorded at
various frequencies, Magnitude ratios are calcnlated
by dividing the output amplitude by the input amplitude
and plouing against the corresponding test frequencies.

When a Bode Diagram is pot provided, the Frequency
Response of a device may be specified as flat to the fre-
quency at which the magaitude ratio has dropped to
0.707, (Example: Flatto 5 Ht.) Another way 1o spe-
cify Frequency Response is to convert the magunitude
ratio to decibel units (dB),

decibels = 20 log mpi 3 gfmpu:"

and state the frequency at which the ploteed curve is
down 3 dB, (For the same example as above: Down 3
dB at 5 Ht.)

The Frequency Response of a nonlinear grin device
such as a square-roor converter varies with the ampli-
tude. Here the response is wsually given for a single
specified amplitude of input or output signal only.

Step Resporse Time i the time required for an out-
put of an ingrument to change from an initial value to
8 large specified percentage of 2 steady state either be-
fixe o in the absence of overshoot, as a result of & step
change to the input. The time i3 wsually stated for 90,
95, or 99 percent change. See Figure 6.

Some copfusion exists due to the commonly thought
of 63 percent time constant. The 63 percent value has
a special mathemarical significance for first order ele-
ments o systems. Most proces control insttuments do
not exhibit firm oeder characteristics and other figures
are mare canmonly used.

Whereas & single value of sep-response time is
often given (impiying, for example, 2 90 percent
change in output in the absence of overshoot for an 80
percent input step change) such limited information may
not be jufficiently definitive. The full response curve
as shown in Figure 6 furnishes complete response infor-
mation and as such is the most desirable. However, two

time values such ag the time for a 50 percent
change and the time for 2 90 percent change will give
a sufficient approximaton of the shape of the response
curve for most purposes.

Senpitivity - Obsolete term. See Deadband and
Gain,

m%jg - Ratio of signal amplitude 1o
noise amplinu sinusoidal signals amplitude may
be peak or rms.  For nonsinuoidal signals, peak values
should be used. :

.S,m - The z2lgebraic difference between the upper-
and Jower-range values.

Examples: Range Span
0 tol50 F 160 F
=20 to+200 F 220 F
20 to 150 F 130 F

Jir;?; CQ%F - For a first order element or system,
e time requ or the output to complete 63,2 per-
cent of the total rise or decay; as a resule of a step
change of the input. {See Response, )

gg‘ SQ;% = Any parallel shift of the input-output
curve, An effect which is equal at all peinu in the
range.
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ORIFICE BETA RATIO LIMITS

This memo was written originally for Instrument Department personnel.
In writing specifications for orifice meters, the conditions specified
should be such that the orifice beta (d/D) ratic will not exceed 0.700.
If the beta ratio is too large, some adjustment must be made in the
specification, usually to specify a larger pipe size for the meter rum,
or perhaps to use a larger maximum differential pressure.

The memo presents a quick method of determining whether or not the beta
ratio for the conditions in the specification will exceed the 0.700
limit. The section titled DISCUSSION AND DERIVATION lists the basic
orifice equations for liquid, gas, and steam flow, and indicates how
they might be manipulated to correct for conditions cther than design.

Unless indicated otherwise, symbols used in the memo are based on those
in Principles and Practice of Flowmeter Engineering, by L. K. Spink:

D = pipe diameter, inches
Fa = area correction factor = ratio of area of primary device
at flowing temperature to that at 68°F (function of temperature
and primary device material)
. Fe =  Reynolds Number correction factor (function of pipe Reynelds
Number, beta ratic, pipe diameter, and orifice tap location)
Fm = manometer correction factor = correction for density of fluid on

mercury (applies only to manometer type measurements; Fm = 1.00
if differential pressure transmitter is used.)

Fp = correction for compressibility of a liquid (function of reduced
temperature and reduced pressure; usually neglegible.)

G = gas specific gravity = mol. wt. of gas/mol. wt. of air

Gf = liquid specific gravity at flowing temperature

GL = liquid specific gravity at base temperature (60°F)

hm = maximum differential pressure, inches of H20 (usually 100 inches
of Hp0; may also be 50 or 200 inches; other values are used, but
rarely)

hw = actual differential pressure, inches of Hz0

)4 = SN, = constant (not used in Spink}

Kt = temporary combined constant {(not used in Spink)

N = units constant for liquid flow (194.3 for Q im BPD. 5.667 for Q
in gpm, etc.)
pPb = pressure at base conditioms, psia (usually 14.696 psia)
Pf = flowing pressure, psia
Psat = steam saturation pressure, psia (not used in Spink)
Q = volume flow rate, wolume units at base conditions.
5 = orifice coefficient (function of beta ratio and orifice tap location)
Th = temperature at base conditions, °*R (usually 520°R}
T¢ = temperature at flowing conditions, °R
Wh = weight flow rate, lb/hr.
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ORIFICE BETA RATIQO LIMITS {Cont'd)

¥ = gas expansion factor (function

beta ratio; heat capacity ratis

orifice tap location. For flas

Y1 = 1 - (0.41 - 0.35 p‘

subscript "one" indicates upst:

Zp = gas compressibility at base cot

2¢ = gas compressibility at flowing

B = beta ratio = d/D = orifice dian

b = specific weight at base conditf

Yt = specific weight at flowing cond
p = viscosity, cp

NOTE: Symbols with "prime", such as '

of the symbols above.

of differential pressure;

0, k, where k = Cp/Cy, and
nge taps,

*) hw/27.7 pgy k

eam tap condition)

aditions (usually = 1.00)

conditions

neter /pipe inside diameter
lons, 1b/ft3
iitions, 1b/ft3

h'p", are metric unit equivalents
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UopP

interoffice correspondence

date.

April 7, 1981

Instrument Department .o Des Plaines/London/Field

10,

D. G. Plackmann uniy Process Division - Des Plaines

trom

ORIFICE BETA RATIO LIMITS

A quick but accurate method has been developed for checking orifice
beta ratios when writing Differential Instrument (604} specifications.
In place of the Foxbore Flow Rule, the method uses the table attached,
and - 4if necessary - a simple calculation done on a calculator.

The table attached lists limiting values of flow rate for various pipe
diameters. The limiting values correspond to values of the meter
maximum for orifices with flange taps at beta ratios of 0.700. These
values serve as standards against which the meter maximum in the
Differential Instrument specification can be measured.

The limiting values are based on assumed conditions; Gf = GL =G = 1.00,
T = 560°R = 100°F, pf = psat = 100 psia = 85 psig, and hp = 100"
H;0, in English units, and on their approximate equivalents in metric units.
If the conditions in the specification are the same as those assumed for
calculation of the limiting values, and if the meter maximum in the
specification 1s less than the limiting value listed for the specified

line size, then the beta ratic must be less than 0.700. No further
consideration is necessary. If the conditions are not identical, the
tabulated value can be adjusted by multiplying by a correction facter.

The factor is calculated from the appropriate terms of the Formulas,

(A) thru (F), given below the table, and the corrected value is then

used for the comparisom.

For example, if s liquid flow orifice is specified, with G¢ = 0.65,
GL = 0.85, a 1-1/2" meter run, the standard 100" Hp0 diffarential,
and a meter maximum of 1200 BPD, the correction factor, from Formula (4),
is
Jee/6L = J0.65/0.85 = 0,9485

and the corrected limiting value is

1525 BPD (tabulated) x 0.9485 = 1446 BPD

Continued ../..
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To: Instrument Department
From: D. G. Plackmann

Subject: Orifice Beta Ratio Limits
Date: April 7, 1981

Page: Two

Since the specified meter maximum is les

value, the beta ratio is less than 0.700.

vere specified with a differential range
correction would be

(Jog/6L) (Ihy/100) = {
and 1525 BPD x 0.6707 = 1022

In this case, the specified meter maximu
limiting value; therefore the beta ratig
either the line size or the differential

If a gas flow orifice 1s specified, with
Pf = 18Cpsig, a 1-1/2" meter rum, the g
paximum of 500,000 SCFD, we know immedia
that the beta ratioc is less than 0.700.
is less than the limiring value of 615,0
and the correction factor, from Formula
Since pf is greater than 100 psia, Tf 1s
than 1.00, the value of the correction £
this can only increase the limiting valu
the specified meter maximum.

If saturated steam is specified, with pg
meter run, and a meter maximum of 1000 L
calculate the correction factor, To minp
factor resulting from changes in the exp
rate and meter differential change, hp 1
exceed pf in psia. For this example, th
The correction then becomes
0.487
(psat/100) 4 ho/1

= 0.8108 x 0.7071 =

and 1338 LB/HR (tabulated) X

g than the corrected limiting
If the same conditions
of 0-50" H20, however, the

f0.65/0.85) ( {50/100) = 0.6707
BPD

w {s greater than the corrected
is greater than 0.700, and
range must be increased.

T = 100°F, & = 0.35,

tandard 100" H20, and a weter

tely without any calculatiom

The specified meter maximum
00 SCFD listed in the table

(c), 1s J(pg/100) (560/T¢) (1/G).

equal to 560°R, and G is less
actor must be greater tham 1.00; .
e, which already is larger than

« pgar * 50 psig, & 1-1/2"
B/HR, Formula (E)} 41is used to
imize variations in the meter
ansion factor, Y, as the flow
n inches of water should not
erefore hy should be 50" H20.

0.487

(00 = (65/100) J507100

0.5733,
0.5733 = 767 LB/HR

Continued ../..
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. To: Instrument Department
_ From: D. G. Plackmann"
Subject: Orifice Beta Ratio Limits
Date: April 7, 1981
Page: Three

Since the specified meter maximum is larger than the corrected
limiting value, and since the differential range cannot be increased,
a larger line size is required. :

In addition, factors are given wﬁich can be used with the tabulated
values to find minfmum limiting values for orifice plates, and
paximum and minimum limiting values for venturis.

Details and derivation of the limiting values and the correction
factors are given in the discussion following the table, all
equations are based @ Spink, Principles and Practice of Flowmeter
Engineering, 9th Edition:

1) Eq. {1} for liquids is from Spink, p. 216, (Eq. 22)

2} Eq. (10) for steam £s from p. 332, (Eq. 45)

3) Eq. (7) for gases is derived from (Eq. 45), with (Eq. 47),
as follows:

If selected variables in (Eq. 45) are lumped together in a temporary
constant, the equation can be rewritten:

C W owoxr [ T @
Converting from weight units te veolume units,
= W/ = 359 Ky (JTe/my) o (b)
Substituting for Y from (Eg. 471,

Q = 359 Ky Jmepg/10.73 Tezg [y

(c)
wwpb/10.73 Tplh
Converting molecular weight to specific gravity,
€ = mw/megg, = mw/28.9644 (d)

Continued ../..

m Ine.
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Page: Four

If Eqs.{c) and (d) are combined, and base conditions of 60°F and
1 atm. {519.67°R and 14.696 psia) are assumed,with Zp= 1,00, the

result is,

Qn = 359 Ky J28.9644 G

p£/10.73 TeZf Jhy

(e}

28.9644 G x 14.696/10,

Q, = 7727 By [pe/T¢GZq

with the variables it represents, and letting hy = hy,

Qq = 7727 SD2F FF.Y Jpg/TeG2g Jhg

Replacing KT

Which forms the basis for Eq. (7) in the

If there are any questions, comments, Or
know.,

‘J"‘,inc

73 x 519.67 x 1,0

I, (£)

(g)
discussion.

corrections, please let me

Continued ../..
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To: Instrument Department
From: D. G. Plackmann
Subject: Orifice Betaz Ratio Limits
Date: April 7, 1981
Page: Five
LIMITING VALUES FCR ORIFICE PLATES
FLANGE TAPS, BETA = 0.700
Liquid Gas - Steam
D nom| D, in. Q max Qsmax Q max Q max ¥ max Wmax | D nom
BPD M /ur | MMscrp | WM®/ER.| LB/HR | EKG/HR
&) (B) (C) )] (E) (F)
R &77.7 4.454 273,300 302.1 594.8 267.6
1-1/2 1.500 1525 10.02 0.6150| 679.8 1338 602.2 | 1-1/2
2 1.93¢9 2548 16.75 1.028 1136 2236 1006 2
3 3.068 6379 41.92 2.573 2844 5599 2519 3
4 4,026 10,985 72.19 4,430 4897 9641 4338 [
6 6.065 24,930 163.8 10.05 11,110 | 21,880 9845 5
8 7.981 43,170 283.7 17.41 | 19,240 | 37,8%0 | 17,050 8
10 10.020 68,040 447.2 27.44 | 30,330} 59,720 | 26,870 | 10
12 12.000 97,590 641.4 39,36 | 43,510 | 86,650 | 38,540 12
14 13.250 119,000 782.0 47.99 53,040 | 104,400 46,990 14
16 15.250 | 157,600 1036 63.57 70,260 | 138,300 | 62,240 | 16
18 17.250 201,700 1325 81.34 89,900 | 177,000 79,640 i8
20 19,250 251,100 1650 101.3 112,000 | 220,400 99,180 20
24 23.250 366,300 2408 147.8 163,300 | 321,500 {144,700 24
(&) = B2 ( Jog/er) fhg/100 (8) = R02 ( JGg/61) Vh'n/2500
(c) = ®D2 f(ps/100) (560/T¢) (1/6) Jhy/100 @ = 2/ /7y (311/T'6) (1/6) Jh'n/2500
(E) = BD? (pgar/100)0-487 Jhy/100 (F) = RD? (pgas/100)0-487 Jur /2500
Pg1Psar ™ Psia, Tg = °R, hy = "H0 p'f = kg/em2, psac ™ psia, T'f= °k, hlg= mmE20

Q min = Q max/58.23

Q max = Q max x 1.9
VENTURI

Q min = Q max/3.932
VENTURI

UOoP

(Poge/100 24875 Ju 432/v, £23/1b
11 For (p'f, Bar A/7), (h'n, kPa/25), use

(8), {f) x 1.010, (D) x 1.020

Continued ../..
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DISCUSSION AND

DERIVATION

When a Differential Instrument specific
necessary to check the orifice bera rat
within the limits of 0,10 and 0.70 requ
6-18-0, Traditionally, this check has b
Foxboro Flow Rule amwd working back from
the beta ratio.

ation is written, it is

fo to insure that it falls
ired by UOP Specification
een performed by using the
the meter maximum to find

To determine the bewa mtic with the Flow Rule requires a certain

amount of manipularfen and effort which
be used better elsewhere - the value of
the information we wequired; at this po

, while not excessive, might
the beta ratioc is not really
Int, our omnly concern is that

the beta zatio falls within the specified limits.

It is virtually impossible to judge the

value of the beta ratio simply

by looking at the data in the specification,hence, if the traditional

approach is taken, the Flow Rule offers

cthe simplest solution. There

is, however, another approach which allows the evaluation to be made

directly from the data, or from a quick

This method compares the meter maximum in the specification with the
meter maximm which would result from the limiting beta ratio.

The method works best for liquid flows,

Differential Instrument specifications for most process units.
flows are slightly smore complicated, but

flows,if the steam i3z saturated, can be
less accuracy than fior liquids or gases

calculation based on the data.

which comprise the majority of
Gas
still not difficult. Steam
evaluated ~ but with slightly
when a2 correction is required.

If the steam i1s superheated, the density is not a simple function of

pressure or temperature; in this case, ¢

r for saturated steam if a

more accurate limit is required, it is necessary to use the steam
tables to obtain tiw specific volume and calculate a correction.

Liquid Flow
The orifice equatiew for liquids is

Qa = SND2FgFmFcFp (fGE/GL) Vhm

For Q in BPD, N = I%4.3,
and that hg= 100" B2B, we have

194.3 sp2 JI00

Qm
BPD

tl‘:‘,!nc

If we assume ¢

(1)
hat Fg= Fg= Fe= Fp- Gf= GL= 1.00,

(2)

Continued ../..
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Page: Seven

For flange taps at a beta ratio of 0.700, § = 0.3488. The equation
for the maximum limiting value, therefore, is

Quax = 677.7 D2 (3)
BPD

The assumption that i» Fgp= Fe= Fp™ 1.00 is a standard assumption,
made also when the Flow Rule is used for the check. The assumption
that Gf= Gr= 1.00 is made for convenience: the specified values for
specific gravities generally fall in the range of 0.7 to 1.0, s0 the
1.0 assumption is not too far off; and assuming 1.00 for both base
and flowing gravities makes it easler to apply a correction when one
is necessary.

For liquids with gravities other than 1.00, the correction factor is
derived from Eq. (1). Given two sets of conditions, we can write

Quy = S2N2DZaFgyFypFeoFpy (chz/clz) Jog,

(&)
. Q = SlNlDlealleFchpl (.(cfl/GLl) Jh,,,l

For any given installatiom, 5, N, and D are fixed and constant. Since
we assume that Fg= Fp= Fc= Fp= 1.00, we are left with

Cmy = (fegz/6L)  Jhag
Qm; = ({Gf1/6L1) Jhml

(5)

When this equation is used to correct the tabulated values of Q max,
we have Gf1= GL1= 1.00, and hgi= 100. Therefore in terms of tabulated
and specified values,

Q max * Q max (fGs /6L ) Jm /100 (6}

corT. tab spec  spec apec

Continued ../..
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I1f necessary, then, the tabulated value
accurately with a few entries and opera
main advantage of the method, however, i
1s necessary. Typical values for the «
specified at 100 “H30, are:

can be corrected quickly and

tions on the calculater. The

s that in any cases mo calculation
orrection factor, with bm

Liquid GL Tf, 9F ef | (/Ge/6Ly /1007100
C3 0.51 100 0.48 1.36
Cg 0.71 100 0.69 1,17
Cs 0.71 350 0.55 1.04
Platformer Charge 0.78 250 0.64 1.03
Parex Charge 0.86 350 0.72 0.99
Fuel 011 0.97 350 0.86 0.96
Steam Condensate 1.00 450 0.83 0.91
Sulfolane 1.27 350 1.12 0.83

The table indicaces that for lighter lig
and lower temperatures, the correction
cases, if the specified meter maximum i
there is no need to calculate a correct
and higher temperatures, no correction
value is less than about 80X of the tab
likely to occur on heavy oil units and

Gas Flow

For gases, the orifice equation is

Qu = 26x7727 SO FafgFcY Jpf

SCFD

In this case, we assume that Fa= Fg= F¢
= 85 psig, that Tg= 560°R = 100°F, and

ratio of 0.700 and S = 0.3488, as for 1
Qmax = 273,300 D2
SCFD

As Eq. (1) was used via Eq. (4) to deve
Eq. (7) can be used © develop the follo

uids (e.g., naphtha and lighter)

is greater than 1.00. TFor these

s less than the tabulated value,

ion. Even for heavier liquids

is required as long as the specified
ulated value; these cases are more
mtilities, and are thus in the winority.

7T¢6Z¢ Jhg (7

=Y =G = Zfg =« 100, that pg= 100 psia
that hg = 100 "H20, Then for a beta
dquids

8

lop Eq. (6) for liquid flow,

Quax ™ Omax ¥ (Pgpec/100) (56
SCFD  tab

where pf is in psia, and Tf is i

VOP i«

wing:
0/Tsgpes) /6 by q. /200
(9)

n °R.

Continued ../..
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Page: Nine

The values assumed for the variables - pressure, temperature, and
specific gravity - once again were chosen for convenierce and reasonable
approximation of the counditions expected in the specifications. Instead
of the two somewhat related variables found in the liquid flow equation,
in this case there are three independent variables, with a much wider
range of varlation. This decreases the chance that the values assumed
will match those in the specification, and makes it more difficult to
determine when a correction is necessary. Typical values of the
correction, for bm = 100" H20, are given for various services in the
following table:

Gas Pf, Psig T¢,°F G &.6p/7c J100/100
Fuel Gas 50 100 0.77 0.92
Platformer Separator Gas 100 100 0.39 1.72
Platformer Recycle Gas 175 175 .39 2.07
Isomar Recycle Gas 215 155 0.30 2.64
Depropanizer Net Gas 300 100 1.07 1.72
Naphtha Hydro. Recycle Gas 525 175 0.13 6.05
HDC Unibon Recycle Gas 1073 175 0.16 7.75
Higher pressures and lower specific gravities increase the correction
. factor. Conditions for Unibon and Hydrotreater services differ so much

from those assumed for calculation of the limiting values that it 1s

likely that a correction will be required in most such cases. If
calculation of the correction becomes a problem,one or more high pressure
cases could be added to the table of limiting values to allow a more direct
comparison.

Stean Flow
The orifice equation for steam is

Wo = 359 SD2FaFwFcY J ¥f J ho
LB/HR 10

Assuming again that Fg= Fg= Fe= Y = 1.00, that h = 100" B0, and that
beta = 0.700 and § = 0,.3488, we have

vmax = 1252 D2 J¥¢f

LB/HR (11)

Continued ../..
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To: Instrument Department

From: D. G. Plackmann

Subject: Orifice Beta Ratio Limits
=3 April 7, 1981

Page:> Ten

Values of Yf may be obtained from its re
takless. For saturated steam at 100 psia
in £3/1b is 4,432. From this we have
this *value in Eq. (11},

Wpax = 594.8 D2
LB/HR

Fox mteam flow, as for gas flow, presaur
on thwe value of Y, and it would be usef
couldi ‘be used to calculate a correctioemn.
there is no simple relationship of Y ve
avaiXable in published literature. The
a walme for Yf which i{s reasonable accur
steax at 20 psia. At 600 psia, however,

equation is not satisfactory under all ¢

Fortwnately, a plotd Yf versus pressure
shows a relationship which is approximat
0.23 st 100 psia, and 0.44 ar 200 psia).
cam ke used to calculate a correction fo

ciprocal, Vg, in the steam
1, _the gpecific volume, Vg,

.f'rf = {0,4750, and, using

12)

e has a significant effect

ul to have an equation which
Unlike gas flows, however,

rsus pressure and temperature

Ideal Gas Law, PV = nRT, yields

ate (within 2%) for saturated
the accuracy falls to 22X,

The amccuracy does improve with increasing superheat, but the simple

onditions.

{only) for saturated steam
ely linear (0.12 at 50 psia,
From this, an equation

r Eq. (12):

e AT

spec tab (pg = 10

Where pgar 1s in psia. The correction &
rasge correction included, becomes

Woax = 594.8 DZ (psat
LB/HR

20 € pgar < 1000 psia:

0 " (pgar/100} 0.487 (13)

quation, with a differential

spec

Eq. §13), and therefore also Eq. (14), is sccurate within +1%, -3 for

0.487
paac » psia | Vg, £23/1b | YE/Y100 | (ps/100) | % Erro:

20 20.089 0.4697 0.4567 -2.B5

50 8.515 0.7215 0.7135 -1,12

100 4.432 1.0000 1,0000 0.00

| 300 1.5433 1.6947 1.7075 0.75
| 500 0.9278 2.1856 2.1898 0.19
I 700 0.6554 2.6005 2.5797 -0,81
i 1000 0.4456 3.1538 3.0690 -2.76

Contipued ../..




UOP ENGINEERING DESIGN SEMINAR INSTRUMENTATION

. To: Instrument Department

From: D. G. Plackmann

Subject: Orifice Beta Ratic Limits
Date: April 7, 1981

Page: Eleven

If greater accuracy 5 required, or if the steam is superheated,
the correction can be calculated directly from the value of Vg
given in the steam tables for the specified pressure and temperature:

Vmax = 594.8 D2 J4.432/vg Iy /100 15
LB/HR spec spec

Minimum Flow

Because tight line sizes, with maximum allowable friction drop,
generally provide the best overall economy, the minimum limiting flow,
corresponding to & beta ratio of 0.100, is not generally encountered.
On those occasions when a minimum limiting value is required, it cam
be calculated from the tabulated maximwum value. For a beta ratio of
0.100 and flange taps, S = 0.00599, and

Qpin = Qmax (50.100/50.700) = Qmax (0.00599/0.3488)
BETA BETA (16)

. Qgin = Ugax /58-23 an

It should be noted that conditions which give a correction greater than
1.00 will make the tabulated maximum values conservative, but will have
the opposite effect on the micimum values.

Venturi Maters

Maximum and minimum limiting values for venturi meters also can be
calculated from the tabulated values by a procedure similar to the
above. For venturis, the beta ratio limits are 0.750 and 0.300;
the corresponding values of S5 are 0.6667 and 0.088538:

Qpax = Qmax X 0.6667/0.3488 = Quax x L9l
VENTURI ORIFICE ORIFICE (18

Qnin = Omax x 0.08858/0.3488 = Quax  /3.938 19
VENTURI ORIFICE ORIFICE
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IHETAUMEBENTATION

Process Division» UOP Inc.  PRIPILE BETA RATIO LT $
20 UOP Plaza — Algonquin & M1. Prospect Roads » Des Plaines, 11hing)s 006+ U5 A - 604 —
SAMPLE LALLULATIONS

ENG INESRING DESIEH SENMINAR PROJECT SPECIFICATION ‘

NUMBER REVISION

_ SHEET OF
DIFFERENTIAL INSTRUMENTS BY APP'D
DATE
ITEM NUMBER ) E 2
QUANTITY ) \
S Fae Fes
ERESH FEED NET &S
- SERVICE
Tvee | alNas bicorre | A |0-2500mmb,d| A | 0-1500mmHa® ]
TRANSMITTER TYPE or G

“: IND.[LARGE case [rec.| | | T ] l !

SC | INDICATOR — 6" DIAL

TYPE ~ PNEUMATIC
PROPORTIONAL, RESET

1NST. WITH
MTNG, YORE
T

COMNT.
FEAT,

ACTION
Reverse | Diract

7 QUTRUT INDICATOR TYPE
010 SQUARE ROOT

AIR FILTER REGULATOR

ACCES-
SORIES

f
: NAMEPLATE METER
L | UOPDWG.§129 | FACTOR I
PE - GRIFICE P
- :'&'! ;:'resmgn.'--'acoa/sl'lns.rsss L3 MONE -
|_J X2 HOLOING RING
‘Q I MATERIAL —
F N
$1Z8 ANGT CLASS, FACING 6" 300RF V5 Ra, || 6* 60O RF VIS Re,
D —z8r
SRRyt - 66 miun 36,500 NMYHR
GAS {SCFD)
STEAM [LBAMHRE  MAN MUM \GO M¥ur 50,000 NMYV/HR
FLOW TEMPERATURE, °F [T 16,0,
$P. GRAVITY, 60°F O, 768 (o)
= $P. GRAVITY, FLOW TEMP, 0.8 —_
FLOW PRESSURE, PSIG 15,5 ¢alom? 55.5 walem ™
- GRIFICE P
8¢ 6111 DETAIL AA AA
I e lle-3 a-15-3
REMARKS
ot
TYPE X = FURNISH
A=DIAPHRAGM TYPE G = ELECTRONIC INSTALLATION
1 B =BELLOWS TYPE IWITH DAMPENER)} H=PNEUMATIC STRAIGHT RUN-
C = DIAPHRAGM TYPE (WITH DAMPENER) UOP DWG. 6112

SUPPLIER (OR EQUAL)

Tha. .ate are confidential and the property of UOP Process Division and shu. not be disciosed to others or reproduced in any manner or used

for any purpose whalsoever except by written permimion or as provided in a signed agreement with UOF Process Division relating to such data.
i
OPERATING CONDITIONS

—| pRAwINGS REFERRED { 8104 [e1re | lene | Jerz [ 6126
TO IN THIS x |s-111- le11s 116 }}g 6138
' SPECIFICATION x[6112- lei- | Jsi0 | [& e1ac
 tpe.2 ' E [~{ ALL ITEMS SHALL COMPLY WITH THE REQUIREMENTS, TERMS AND CONDITIONS OF UOP SPECIFICATIONS 611. 818
ie 2 [3rRosEcT sPECIFICATION 800, GENERAL NOTES, APPLIES TO THIS SPECIFICATION
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AMPLE CALCULATION

LIQUID FLOW

Basis: Example Specification 604, Item 1, Fresh Feed.
ifications
When writing specifications for Differential Instruments, we should verify that for the

conditions specified, the orifice Beta Ratio will not be greater than 0.700 or less than 0.100.

From Spink (also shown as Equation (1), Page 6, ORIFICE BETA RATIO LIMITS memo):

Q=SND’FF ,F F, (/G ,/6,)v/hs Eq. (A)

We can see from Equation (A) that Qincreasesas S increases. S isafunction of the Beta Ratio
(B), and it can be shown that S increases as B increases. Therefore if we can determine the
value of Q  corresponding to B = 0.700, and if the value of Qspec (the specified Meter
Maximum) ts less than that value, then the value of B for the specified conditions must also

be less than 0.700, i.e..:
If QSPP_c < Qup00 » then Bspec < 0.700.

The Table, LIMITING VALUES FOR ORIFICE PLATES, on Page 5 of the memo ORIEICE
BETA RATIQ LIMITS provides an easy way to determine the value Q,_ ..., which can then
be compared with Qspu. The table is based on the pipe LD.’s listed, and on 8 = 0.700; F, =
F =F = Fp= 1.00; G, =G, = 1.00; and (for metric units) h', =2500 mm H,O. For the 6" line
size specified, Column (B) lists the limiting value of Q__ as 163.8 m’/hr. From this, the

equivalent limiting value for the conditions specified can be found.

From Equation (A), (also shown as Equation (4), Page 7, QRIFICE BETA RATIO LIMITS

memo):

2

Q,=5,N,D, FaQFm2F02Fp2(‘\/GfZ/GIZ)\/th! Eq. (B)
2

Q =5,N,D, Fa1Fm1Fc1Fp1(\/ Gﬂ/Gu)\/ L
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§Note: the metric versions of Equations (A)
shown, except that symbols Q', N',D',and h',
wounterparts. The only real difference is in

required to accomodate changes in the syste

¥n Equation (B), let Conditions 1 represent th

and (B) are identical to the English equations
are used to distinguish them from their English
the values of N and N', which are adjusted as

m of measurements .)

e conditions used in cajculating the value in the

table, and let Conditions 2 represent the conditions in the specification. Since B =0.700 in

®oth cases, S, =S,. Since Q is measured in m*/hr in both cases, N, =N',. Since the line size

is the same, D', = D', The values of F,F_, F|, and Fp are generally not far from the value of

1 .00 that was assumed for them for Condition 1, and they can be ignored. Finally, in both

cases, b’ , =h' | = 2500 mm H,O. If all known values are inserted and equal terms are

gancelled, Equation (B) becomes

G /G

Q B=0.700 ( . )
=0.700(spec) fspec’ ~ Ispec
= = /G /G Eg. (C)
Ql3=0.'!00 (table) - ( ~ 100/, 00) fspec’ ™ lspec

and

Qg 700specy = Q=070 (bley  ~f © fispec

/G /G Ispec Eq. (D)

E-or the conditions in the example specification,

— — — 3
Qp- 0 700(speqy = 163-8 % V0.681/0.768 = 163.8 x 1075=176 m*/hr  Eq. (E)

Since the Meter Maximum specified for the Fresh Feed is 100 m®/hr, which is less than 176

en*/hr, 8 for the conditions specified must be|

Below the table on Page 5 of the memo is th

anin = Qmax /58'23

Q_, is the value of Q corresponding to 8 =0.1

wn’/hr, is greater than 3 m3hr, 8 for the con

less than 0.700.

e equation:

Eq.(F)

00. Since 176/58.23 = 3 m’/hr, and since 100

ditions specified must be greater than 0.100.

"Wherefore the Meter Maximum specified is dcceptable.
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156 Liquid Flow Measurement
. Explanation of noninterpolating tables. The noninterpolat-
ing tables are designed to permit reading a factor to the accuracy
justificd by the data without interpolation. The operating data
in the columns at the left are the dividing peints at which the
value of the derived factor on the hall space above is just as close
as that on the half space below. The derived factor is read from
the right-hand column and is always within 0.00U5 of the correct
value, Tables 7, B, and 9 arc of this type.
TABLE 7
Fo VALUES, CORRECTION FOR THERMAL EXPANSIOM OF PRIMARY DEVICE*
Temperature at Orifice, °F,
) ‘ ' ' ' Type 310| Corr.
TABLE 12 {eont) Moncl or Fuctlor,
5 VALUES FOR FLANGE, VENA CONTRACTA, RADIUS, OR CORNER TAPS typr 324 o
0§ D /b s a4 § D 72
S5 e T s 19 IS -”'?
. G0, L0009 4
S16 L1680 - 553 19061 . 590 2277 ~325 995
L L = 591 286 oo | eami|o—226 | e
S8 a6 | 555 1977 VR s9n 298 =g =18z
. LO0U8 6069 B
&19 1701 - 556 .1985 ‘ms 593 2304 =108 —Bo | o
. .0 L0010 - -
s azog | ss7 1993 WS se4 2314 ™ 3 i: 299
L0007 0e .
saame 0| s 200 | s 2ms opo® :1;2 +";m 1000
522 4723 559 2010 | 96 a2 1.001
. 008 0008 0008 +16R | +158B "
523 1731 5602018 597 L2341 213 | HOO2
0007 s 0609 230 1003
524 L1738 .56t 2026 Sug 2350 290 206 | &
0007 U8 L0010 n 1.004
. 825 L1745 s 562 2034 . 599 2360 348 3 | o
00 L . 1.00
526 1733 o007 503 2043 008 600 2369 pone 405 367 1,006
527 760 ses 200 | o1 o238 % aor| e | o
00N (KK19 B[ .
528 .1768 565 2060 o0z 2388 S161 463 | 0w
007 . S8 0U09 571 512 .
5219 1975 Se6 ey | 603 2397 1.009
0007 X . 3 ’
s am UL s 0% o4 2a0r P 2;‘; ig‘: 1010
U JAXH9 0010 i
5311790 568 .2085 605 2417 ' Lot
0007 LXHIB ] 733 655
532 1797 569 2093 606 2426 Let2
000K DR .60 785 703
533 L1805 5702101 607 2436 g3s| 750 | 1OP3
0008 L0 LT 1.014
534 1413 571 2T 608 2445 706 |-V
L0007 00w 0010 886 1.015
535 L1R20 s 572 2119 oo 609 2485 935 ga0 |
Rl . L0009
536 s | s 5 610 246
. 0009 .
537 L1836 - 574 2136 x B11 2474 x:"
- L0008 A
538 1843 ot 575 2144 oous 612 2484
. NiUH
539 1851 - 876 L2133 . 613 2404 oo
540 L1858 'Um 577 2162 00 614 .2504 z:;:
. 008 .
541 1866 a8 578 2170 615 2513 .
542 R S .579 2179 000 616 2523 7
0008 0009 L0010
543 L1882 socs 580 2188 617 2533 o1
. 0009 0010
544 B0 008 581 2197 o0t 618 2543 zo 0
. o 001
545 L1898 0007 582 2208 . 619 2553 wota
R BLvE .
546 1905 583 2214 620 2563
0003 L0009 0010
547 1913 584 2223 621 2573
.Ho08 0009 LO01d
548 1921 585 2232 622 2583
.0008 0009 L o
549 1929 586 2241 £23 2593
.0008 0009 0010
550 1937 587 .2250 624 2603
.DUGB S L0011
, 551 1945 588 2259 625 L2014
L0008 LOGoe 010
552 1953 589 2268 626 2624
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If we had the same conditions specified, but v
of B would be greater than 0.700, because 2(
higher Meter Maximum, we could increase th

we would have, instead of Equation (D):

QB =0.700(spec)

vith a Meter Maximum of 200 m*hr, the value
)0 is greater than 176. To compensate for the

e differential range to 0 - 5000 mm H,O. Then

Qg-0.700¢able) [

from which:

QB=0.700(spec) = 163'8[

Since 200 < 249, Bspec < 0.700. However, a ¢
maximum for most standard differential instn

to expand the line size to 8. The Table in the

G f5pecC 15pec) I A J Eq. (G)
(+/1001.00) A +/2500
(+/0.681 0.768) \/WJ_ ;
(/1.00/100) A~/2500 ) 29m/mr Eq. (H)

differential range of 5000 mm H,O is near the
uments. A better choice, if possible, would be

memo lists the limiting value for an 8" line as

283.7 m*hr. Using this in place of the 6" line’s 163.8 m*/hr in Equation (E), we find that

Q = 305 m¥hr. Again, since 20(

B=0.700(spec)

rifice Bor Iculations

To calculate the orifice bore, the contractor @

or an equivalent equation, to calculate a valu
that value, determine a value for 3. For the m
D' in mm, and h',

=116 °C (241 °F), F, = 1.003. Therefore:

. 100

in mm HZO, the value of N

) <305, 8_, < 0.700.

¢ the orifice plate supplier uses Equation (A),
e for S, or an equivalent coefficient, and from
ctric version of Equation (A), with Q' in m¥hr,

' is 0.0003959. From Table 7 of Spink, for T

=0.1974 Eq. (D)

0.0003959 (154. 1)2(1. 003)(1.0)(1.0)

From Table 12 of Spink, for this value of §,

(154.1)(0.5546) = 85.46 mm.

Corrections for Actual Conditions

Before an orifice plate is installed, it should |

insure that the orifice actually inagreement wi

(+/0.681/0.768) /2500

B =10.5546. Since B=4d/D, d = D){B) =

be checked carefully and its bore measured to

th the specification. If a mistake has been made
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in the fabrication of the plate, and the orifice bore is not as calculated, the plate still may be
useable. If the actual, measured betaratiois known, Equation (A) can be used to find the flow

rate directly from the operating conditions.

For any flowmeter which uses a O to 10 chart,

Q _ ChartReading Eq. ()
Qmax 10

For a given orifice, S, N, and D are constants. Because there is no mercury in a differential

pressure transmitter, and therefore no correction for liquid on mercury is required, F_ =1.00.
In general, F can be taken as 1.00, and if the temperature does not change much, F, is constant
(Table 7 of Spink shows no change in the value of F, for 304/316 §S between 38 and 101°F).
Therefore in Equation (B), if we let Condition 1 represent the Design Condition as given in
the specification, and Condition 2 represent the actual Operating Conditions, cancel out the

terms that are equal, and combine the result with Equation (J), we have:

~/ hw _ Q ChartReading Eq. (K)
-\/h m Qmax 10
Combining Equation (K) with Equation (A), and collecting constant terms,
Q= KFC( /GflGl) (ChartRe ading) Eq.(L)
where

K = SND’F ,F  F (/I /10)

The value of § is determined from the measured value of beta, using Table 12 in Spink, or
its equivalent. The value of N is determined by the units of measurement used for Q, D, and
h. F_is afunction of Reynolds Number, and is therefore itself a function of Q. F_ may or may
not be sufficiently constant to be included in the constant K. We will examine F_ (and F ) more

closely below.

Assume that the measured dimensions of the orifice agree with those calculated from the

specification, but the actual operating conditions are:
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T, = 95°C Chart Reading = 6.2 Chart Units
P, = 17 kg/fem® gauge Viscosity = 0.25¢p
G, = 0702 Critical Temp., T, = 570°K
G = 0775 Critical Press, P, = 32.7 kg/cm? abs

The indicated flow rate (Chart Reading timesMeter Factor) is based on the design conditions
(the conditions in the specification). To correct this to an actual rate, based on actual
conditions, we again use Equation (B), but this time, let Condition 1 represent the Design
(Indicated) Condition, and let Condition 2 represent the Actual Condition. Since it is the
indicated flow rate that we are correcting, the Chart Reading (b', ) is the same for Condition
2 asitis for Condition 1. Again, similar to the derivation of Equation (C), above, S5,=5,N|

=N'), and D', =D',. And we also have F_ = F_ = 1.00. The indicated flow rate is
Q, ;= (ChartReading) ( MeterFactor) = ( Chart Reading) ( Meter Maximum/10)
Eq. (M)

Combining Equation (M) with Equation (B}, and cancelling out §, N', D3, and F_, we have:

Qcorr Qeorr _ (FadeFPZ)('V Gf2/G12)

Qg ~ (Chart Reading) (Meter Maximum /10) (FalleFchpl) (\/Gﬂ /G”)

Eg. (N)

From which:

( Chart Reading) ( Meter Maximum) (F 22 Fcszz) ( /G, /G 32)

(10)(F, F ,F ) (‘/GHIG”) Eq. (0)

Qcorr=

Equation (O) is the fundamental equation for correction of the indicated flow of an orifice
plate in liquid service to account for actual gperating conditions. It is often written in the

form:

Qeorr = K(ChartReading) (/G ., /G ,) _ Eg. (P)
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where F_, F_, and sz are assumed essentially constant, and

( Meter Maximum) ( F 32F cszz)

K=
(10)(Fach1Fpl) (\/G 7170 11)

In Item 1, the Meter Maximum is 100 m3/hr. Using this value in Equation (O), and inserting

Eq. (Q)

for Condition 1 the design values used in the bore calculation, we have:

(ChartReading)(100)(F , F ,F 7 (/G /G, ,) Eq. R)

Qeor = (10)(1.003)(100)(+/0.681 /0.768)
From which:
Quore = (9-279) (Chart Reading) (F . F ,F }(,/C,/5},) Eq. ()

From the actual operating conditions given above, G, = 0.702, and G, = 0.775. For
evaluation of plantoperations, these values would probably come from laboratory data. From
Table 7 of Spink, for T, = 95 °C (203 °F), F , = 1.002. This leaves only F, and Fp to be

determined.

For metric units, the Pipe Reynolds Number, R, is

_ 3537(W' kghr) 353.7(Q , m3/hr at base temp) (1000)(G ) Eq. (T)

R - 1 - r
D~ (D', mm)(K, cp) (D', mm)(Y, cp)
1Ry
0002  OOMB  .000IE  DOOM 000z OO ODO0B 00006 ,O00CH 00002 o
105 e L i o e
\2\\ 3 \ \\s\ 18’ \I\O \u \io \30
1.0 [~ \\1 . \ \
1.03 ~ 7 h OB A
\\‘\\\ N \ \‘
102 \:\\\\\ \)\\ix\\\ ?\
DN \
lP N )
RN
d/D255 o ,&\ \\‘
=3 \
1.00 —
99
-85 35 & 65 58 0 12 14 16 20 25 30 40%0 100 @
X 1000 +REYNDLDS NUMBER Rp
Fig. B-2288 Reynolds Number Corrections for Concentric Orifices (Aange
taps}
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Concenlric Orifices, Flange Taps i
irRp .
Keleld] 00909 .OO?OB 00007 00006 Q0005 00004 .00?03 00002 00001 Q
o N N
-~ < | \ 1Y
1.04 | 3% = ~c [, N \ \\ LY
\x \"-..‘ P~ - N \ \ N\ N
1oske” "~ - ™~ NN N A
—— e T B AN ERANANA NN ‘*\
102 o bl < SN \
@ L DINR S AR ANNY
TS SORR N
d/0:6 e AR \ A
1.00 ] ANAY
: X
- N N——
.99 S0~
9 |
10 12 L -] 1:] 20 25 ko) a0 50 E0 BQ(I 2 5o
X I000 = REYNOLDS NUMBER, Rp X loo.ooo)
Fig. B-2289 Reynolds Number Corrections for Conceniric Orifices (flange
taps)

For this example, assume for the moment that the Design Condition Meter Factor is correct,

so the 6.2 Chart Units = 62 m*hr. Then:

_ 353.7(62)(1000)(0.779)

_ Eq.
D= (154.1)(0.25) = 441,000 a-©

For D =6",and R )= 441,000, from Spink, Figs. B-2288 and 2289, interpolating between the
two figures for B = 0.5546, we find F_, = 0.990. This leaves only F,

For the operating conditions shown, P = (17 + 1.033)/32.7,and T, = (95 + 273)/ 570 = 0.65.
From Spink, Fig. B-2477, sz = 1.00.

Inserting the values found for F , F, and Fp in Equation (S}, we find:

Qgorr = (9.279)(Chart Reading) (1 002)(0.990) (1.0) (+/0.702/0.775)  Eq. (W)

Qcorr = (9.95D(Chart Reading) Eq. (X)

Liguid Compressibility Factor, F

In general, as in the example above, FP = 1.00. Fig. B-2477 of Spink shows that Fp is largest .

when T, = 1.00; that is, when the operating temperature is equal to the critical temperature,
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CORRECTION FOR COMPRESSIBILITY OF PETROLEUM OILS -Fp
4
=
[ 4
=
‘L’.
"
1.3 y
A
b
4
v i 1 =
] Fi b, '.‘9
rtll
§ L2 — = I -
35, e i
2 7 > [t
L™
2 — = ==
=3 =
- +99 L=
H T »” TR
: A
! r, -
[N} rr1 T -
[¥] e
FT 14 = n %t "'l"‘l
=
Z e = ] Sl
PFrild [ L] 1 1[*:“‘"
bt 1 Ty #.80
0 g I
[B) b = A+
KD
} £l
.95 0 28 X 40 30
Pr
Fig. B-2477 Compressibility of Petroleum Liquids *
* Derived from “High Temperature Expansion of Petroleum Fractions” by K. M.
Watson, E. F, Nelson, and George B. Murphy, Universal Oil Products Co. ((M and
Gus Jouwrnal, November 12, 1936.) .

and the liquid phase and vapor phase are essentially the same. When T, is less than 0.70, the

Fp correction is very close to 1.00.

We are most concermned about the FP correction when measuring charge and product streams.
In these cases the temperature is generally about 40 °C, or 313 °K. If T_is greater than 447°K
when T =313 °K, then T, will be less than 0.70, and F_ will be essentially 1.00. For pentane,
T_ =469 °K. Since T_ generally increases with increasing molecular weight, it is likely that

Fp can be ignored for hydrocarbon streams that are C; and heavier.

For hydrocarbon streams that are C, and lighter, the opposite is true, especially at higher
temperatures. If propane, with T, =370 °K and P_= 43.4 kg/cm®abs, is flowing at 95 °C and
55 kg/cm?g, we would have T = (95 +273)/370=0.995, and P, = (55 +1.033)/43.4 = 1.29.
From Fig. B-2477 of Spink, the value of F for these conditions would be 1.06.
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A correction factor of 1.06, or 6%, must be considered significant. A correction of 0.6% may,
or may not, be significant. The excerpt from Spink on the following page discusses when .
small corrections are justified. (Note: the “nonviscous flows” mentioned are measurements

in which F, is ignored.)
Revynolds Number Correction, F

If operating conditions are stable, it may be acceptable to determine the individual correction
factors and combine them into one constant. The correction factor that is most likely to be
variable is F . Because of the square root relationship between differential pressure and flow,
the rangeability of a flow measurement is abput 3 to 1 at best, and certainly not more than 5
to 1 (10 Chart Units down to 2 Chart Units). Fig. B-2288 in Spink indicates that for an
equivalent 3 to 1 change in R, F_.changes more when the pipe sizeis larger. For the 2" line,
changing R from 10,000 to 30,000 changes F_ from 1.023 to 1.004. For the 30" line,
changing R} from 30,000 to 90,000 changes F_ from 1.047 to 1.007.

If the change in F_is relatively large over the|3 to 1 range, it cannot be included in the meter .
constant. However, if the viscosity and specific gravity are constant, then R is a linear
i function of Q. Fig. B2288 of Spink shows F_as a linear function of 1/R, Se it should be
possible to develop a fairly simple relationship for F_in terms of Chart Reading, which can
then be incorporated into the correction for Q. We can write:
F = (K,/Chart Reading) + K, Eq. (Y)
where K1 and K2 are constants. For this example, from Fig. B-2288, we would have the

following:
1§)] At 6.2 Chart Units, R, = 441,000 and F_.=0.990.

2)  At1.0Chart Units, R, = 71,000 and F .= 0.998.

Using these values in Equation (8), we have

0.990= (K /6.2) +K, Eq. ) ¢
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Viscosity Corrections and Dala for Precise Meosurement 201

. SMALL CORRECTIONS FOR VISCOSITY

When they are warranted, {For cxceptions, see p. 139.) On
process balances, acceptance tests, angd other exacting work, il
specific gravily, temperature, ad viseosity are stable and measur-
able, spot corrections (however small) should be made.

Precautions necessary to altain laboratory precision. Unless
precautions not ordinarily followed in plant measurement are
applicd, however, this refinement may prove 10 be a waste of
time. Al of the requirements for correct installation should be
lollowed rigidly. The density of the flowing liquid at the flowing
iemperature should be determined with accuracy.  The value
of v Gy taken from the usual curves may casily be in error by two
or three per cent because of varying expansion characteristics,
Unless un avcurate measurement of density at the Howing condi-
1ians s available, one of the methods deseribed on pages 262-278
should be used for obtaining the vajue of v/Gy . 1f temperatures
are above the curves in Figure B-2248, page 141, the magnitude
of the compressibility correction {4, shoukd be investigated.

The recorder, indicator, or other instrument should be insialled
near the elevation of 1he orifice and the lead lines should be insu-
lated together. I the primary and secondary devices are nol at the
same elevation, small diflerences in the temperatare of the tiquid
in the lead lines may completely smother the /4, correction.

For instance, suppose a meter is operating at 15 inches differ-
ential and is located 10 feet below the orifice.  Assumec that the
lead lines arc filled with 60% A.P.1. gasoline and the temperature
of one lead line is 60° . and the other is 65° 1. This diflerence in
temperature would cause an unbalanced head ol over 1.3 inch

with a corresponding error of more than 19,.  1f the downstream
. lead were at the lower temperawre the meter woukl be low, and

vice versa.  This error docs not show up when lollowing the
customary method of zeroing the meter,

I the specific gravity of the Howing liquid changes, the meter
lead lines should Le thoroughly Rushed of all the old liquid.
Otherwise mixing will occur mure rapidly in one lead line than in
the other and an crror similar o that described in e foregoing
paragraph will result.

Unless the Aow readings are in the middle or upper part ol the
chart or unless the meter s mounted in a temperature- and
humidity-conwralicd cabinet, the errors duc 10 hunidity expansion
of the chart and the temperature cxpansion of the mercury may
oulweizh the gain in accuracy attained by applying the ¥, [actor
on nanviscaus * flows.

To sum up the precautions necessary for laboratory precision;

. The /D ratio should be Jow.

. The pipe should be commercially smooth but not polished.

. The meter lead lines should be short and insulated togeiher,

. The specific gravity at fowing temperature should be deter-
minecl preciscly.

. The operating differential should be well out on the scale.

. The entire installation should be located in @ place of uniform
ambient temperature, away from sources ol radiant heat and
protected from direet sunlight.

7. The meter chart should be kept at a reasonably uniform refative

humidity or cheeked against o metal scale.

8. All details af i instatlation should be made in the strictest

accordance with (he manufacturer’s instructions.

A i) -

=

Under the above conditiuns, application ol the F, factor on
nonviscous {lows is justificd.
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0.998= (KI/lO) + K2

Solving Equations (Z) and (A A) simultaneou
= (0.988, so Equation (Y) becomes:
F .= (0.010/Chart Re ading) + 0.98

Over the 3 to 1 range from 10 Chart Units to

only changes from 0.989 10 0.991. For all pra

Eq. (AA)

sly forK, and K, we find that K, = 0.0 and K,

[+7]

Eq. (AB)

3 Chart Units in this example, the value of F_

ictical purposes, we may as well assume that F,

isconstantat0.990, as was done in Equation (X). This approach is mostuseful if composition

and temperature are controlled, so viscosity

GAS FLOW

and specific gravity are constant.

Basis: Example Specification 604, Item 2, Net Gas.

ecifications

Similar to Equation (7), Page 8, ORIFICE BETA RATIQ LIMITS memo (Note: the equation

in Spink is not in this form):

f P
2 f
Q=SN/[ F,FmFCY[ :'I:"Z}-\/hw

Eq. (AC)

where, for flange taps, with P, measured upstream of the orifice,

h
4 w
Y=1-(041+0.358 )(WJ

Eg. (AD)

and where N, is the appropriate constant for the flow equation, N, is the appropriate constant

for the Y equation, and k = Cp /C,, the ratio of heat capacities at constant pressure and constant

volume. For metric units (Q' in NM?hr, P inkg/cm?abs, T’ in °K, and h'_in mm H,0), Ny

=0.1789 and N, = 10,000

As was the case with the liquid flow example above, when writing specifications we should

verify that for the conditions specified, the orifice Beta Ratio will not be greater than 0.700

or less than 0.100. Again, we can use the

Table, LIMITING VALUES FOR ORIFICE

PLATES, on Page 5 of the memo ORIFICE BETA RATIQ LIMITS . Fora 6" line, the Table
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lists Q_ as 11,110 NM?*hr. This is based on P, =7 kg/em?abs, T', =311 °K, Z = 1.00, and

G = 1.00. The conditions in the specification are P', = 55.5 kg/cm? gauge, T', = 38 °C, and
G = 1.00.

Also, as was the case with Equation (B) for liquid flow, we can develop an equation for gas

flow:

Q—SNDZFFY[ e h
27727272 a2 o2 2 ST G Z, w2 Eq. (AE)

Q—SNDZFFYLJ ’a Jh
1 17171 al" ¢l 1 TﬂGleﬂ wl

If we let Conditions 1 represent the conditions used in calculating the value in the table, and

let Conditions 2 represent the conditions in the specification, we have, since S, = S.,and N',

=N
' ' 56.53 Iy rre
Q B=0.700(spec) Q max spec FEZF 02Y2(\/;311)(0- 1313(1.00) J 2500
Q 14,110 T 7
B=0.700(tabl
€) (1 00)(1.00)(1.00)(1.00)[‘/ BT 00) (L00) )\/ 2500
Eq. (AF)
From which, if F , F , and Y are 1.00, Q'mmpu = 87,000 NM?%hr. Since the specified Meter

Maximum, 50,000 NM?%hr, is less than Q'mmpec, the value of Bis less than 0.700. Also, since

the specified Meter Maximum is greater than Q' spm/ 58.23, B is greater than 0.100.

The contractor or orifice plate supplier would use Equation (AC), or its equivalent, to
determine the orifice bore. For T',= 38 °C,and a Monel orifice plate, Spink, Table 7, indicates
that F = 1.000. ForF, =Y =27, = 1.00, solving for S, Equation (AC) becomes:

. 50,000 _ 0.1998
0.1789 2 26.53 V2500 N
1789(154.1°(L.000) 0.00)LOXY)| | 3Ty i3 Tycr00y [V 20 b (AG

IfY =1.00, S =0.1998. From Table 12 of Spink, for this value of S, B = 0.5576, from which
d = (D)(B) = (154.1)(0.5576) = 85.93 mm.
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The memo on QRIFICE BETA RATIO LIMITS indicates that the value of h,, in inches of

H,0, should be less than the value of P, in psia, to limit the change in Y as the flow rate (and

h ) change. For metric units, h'inmm H,0 and P'in kg/cm? abs, the ratio h', /P’ should be

less than 360. Since in this example P', = 56.53 kg/cm? abs, the differential range of 2500 mm

HlO is well within the limit.

Atlower pressures,ash’, approaches 360 P',
in the calculation for S, to make the Meter Fag

UOQOP Standard Specifications state that the h

it may be desireable toinclude the Y correction
ctor more nearly correct at the design flow rate.

eat capacity ratio, CP / C,, may be taken as 1.3,

if no value for "k" is listed in the Project Specification. (1.3 is a reasonable approximation

for hydrocarbon streams; for air or nitrogen,
function of Y, and Y is a function of B, an i

Equations (AC) and (AD) simultaneously.

Equation (AG) indicates that when Y = 1.00,
with P’ =56.53 kg/cm? abs, and k = 1.3,

the value is 1.4.) Since S, and therefore B, is a

terative procedure must be used to solve both

3 =0.5576. Using this value in Equation (AD),

Y=1-(0.41 +0-35(0-5576)4)( (10,000)(

If the Y correction is used in determining the

of Y (and h' ) which maximizes the accuracy

1-6.039X107'h'
Eq. (AH)

W J_
56.53)(.3) )

orifice bore, it is probably best to use the value

of the Meter Factor at the normal, design flow

rate, rather than at the maximum flow. From Equation (K),

VP VMW Q36,500 _
VP m o V2500 Qe 50,000 q. (AD)

Fromwhichh’ =1332mmH,0. Using thisv.
0.999 instead of 1.00 for Y in Equation (AG)
value of S, B = 0.5577.

alue forh' in Equation (AF), Y =0.999. Using
S =0.2000. From Table 12 of Spink, for this

Since this value of  is within 1% of the previous value, we can consider the calculation as

having converged. If the difference were greater than 1%, the new B would be used to

recalculate another new value for Y, which would in turn be used to determine another new

value for B, and so on.
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rrections for A } ndition

Assume that the orifice has been measured, that the dimensions are correct, and that it is

operating at the following actual conditions:

T, = 25°C=298°K Chart Reading = 7.5 Chart Units
P, = 50 kgfcm? gauge Viscosity = 0.015¢cp

z, = 1016 Mol Wt. = 35

C,/C, =139

From Table 7 of Spink, for T = 25 °C (77 °F) and Monel, F, = 1.000.

Reynolds Number Correction, F

To find F_, we must first find R}, from Equation (T). For gases, the specific weight may be
calculated as follows:
mw (P f')

' A S Eq. (AJ
Y ¢ keg/m 0.08479T , Z, q. (A)

At base conditions, P', = 1.0332 kg/em? abs, T, = 273.15 °K, and Z, = 1.000. Using these

values in Equation (AJ), we have:

' 3 mw (1.0332) o omw Eq. (AK)
Yy KeMNM = 79 (273, 15)(1.000) ~ 22.414 4

In this example, with mw = 3.5, ¥, =0.1562 kg/m®. For a Chart Reading of 7.5, and a Meter
Maximum of 50,000 NM3/hr (Meter Factor = 5000),

W', kghr = (Q, NM>hr) (v’ iy kg/NM?) = (7.5)(50003(0. 1562) = 5860 Eq. (AL)

Using this value, the pipe diameter, and the viscosity in Equation (T),

353.7(5860)

Rp= {1547 (0.015)

= 896, 000 Eq. (AM)
From Spink, Fig. 2288 and 2289, F_=0.990.

As before, if the composition and viscosity are constant, at 10 Chart Units, R, = 1,190,000
and F =0.990, while at 3 Chart Units, R, = 358,000 and F_=0.991. This is a small change,
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so we may assume R, is constant at 0.990.

Likewise as before, taking Condition 1 as the

Design Condition as given in the specification, and Condition 2 as the actual Operating

Condition, with §, =S, N', =N’ ,

D,=D'h',=k, ,F,=F, =100,F,=0990,F, =

wl ? " a2

1.00, Y, = 0.999, and Z_ = 1.00, Equation (AE) becomes:

(1000)(0. 989) (Y T
' T _G..Z

Qeorr 27 12712
(ChartReading)(5000) 5653 Eq. (AN)
(LN 0009 _f 31150, 13179 1.00)
From which:
P’ f2 B .
Q orr = (200X Y)| [—="=—r |[(ChartReading) Eq. (AO)
T f2G f22f’7’
For the actual conditions given, solving Equation (K) for h',,
Chart Reading 2
"= art Re ading vy LS = Eg. (AP)
L [Meter Maximum) 0 ) (10) (2500) = 1406 4
Using this value in Equation (AH),
Y =1-6.039X10" '(1406) = 0.999 Eq. (AQ)

And Equation (AO) becomes, for the actual conditions given:

51.03

Q oo NM>/hr = (4200)(&999)[

(298)(3.5/28.96)(1.016)

J(?. 5) Eq.(AR)

Qorr = 37,150 NM /hr Eq. (AS)
Steam Flow (or Flow in Weight Units)
For W' in kg/hr, D' in mm, ¥, in kg/m*and b, in mm H,0,

W'=0.02151S D 'F,F WP Y( 1 [ ) /1 Eq. (AT)

The procedure used to correct the indicated flow for steam is similar to that used for liquid

and lgas flows. For steam service, instead of calculating ¥, itis obtained from steam tables.
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Juwe 27,1980
Tos Iustrument DeeT,
From: 0. G, PLackMmann
SunsEett Si1zmne Steam Resoier Ceontrol VaLves

THe FoLLeWING 18 BASED ON A REPORT Datee Fam. 17,1966, on THE
SAME SUBJECT, TTS PURPOSE 15 TO CONFIRM AND LLARIFY THE RESULTSG OF
THE ORIGINAL REPORT, THE ConNCUACION 1N THE ORIGINOL REFURT WAS THAT
TUE STAUDARD APPROACLH TP VALYE SiRinG ( VALVE Cy ¢ L% NORMAL FLowCy)
COULD BE USED IF THE DESEN PRESSURE CHOSEN FOR THE REROILER. STeam
WAS THE PRESSULE wiicd Gave & AT EQuaL To B5 7o oF THE MAXIMUM

. AT ( aT wHEN REAOILER STEAM PRELSURE = STEAM PEADER PRESSURE).
USine THE SAHE DATA AS THE ORIGINAL REFORT | NEW CALLULATIONS WERE
MADE AND THE RESULTS PLOTTED TDGETHER ON ONE GRAPH. THE ALOT
INDICATIES THAT THE ORIGINAL EONCLUSION 19 STILL VALID AND THAT WO
CHANGES (A SLEING PROCEDULET ARE REPUIRED.

DATA: STEAM W
ExamplE| P i Ta sPEcAll | Trem | cuSTOMER
Psie *F by °E 0% BTufwe| Leme | PRaJECT
\ 20 L6 210 250 2,45 60O pusS SP.E2 TDENKA
2 150 265 20% 361 .65 12420 BSOSl AE-13  ™MURPWY
3 400 266 2606 422 7.8 10,050 8500 (\\-E-i} GULF
& 450 320 3ac 455 12.0 16,000 Al A-E-B  MuRPHY
. ¥ AL DATA FROM EXCHANGER SPECIFICATIONS.
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Sane Siemm Reoum Conmon Vaules (coni'd) G'glo-ga &
Eouarisns:
Q) Q=ubaT
(2) W = Q/h‘cj
() Cy= W (1+0.0007 Teu) Y » \-:_9_2_\/;_?
WB3C,P (Y-0.148YY) Cr [
WHERS
Q » Meav TRANSFERRED, |Bru/wr
U s WBAT TRANSEER COBFFICIGNT, BTU/nR-Friop
A = apes ,F1?
AT = TempsraTuURE DifF

NCE ) Torenm— Terocess | °F
hia® WET oF vapoRizaTioN, BTU/ie
W

Teu

Cr

= STEAM FLOw RATE, L8/
* STeam SUPERVear, ¢
T CRITILAL FLOW FALTO

|2

P, = ¢TEAm WERDER PRFSSURE, Psia
Y * AS DERINED 5 Ypuy v L5
AP b Pl-P'l

Py = REBOILERL STERM -PRESLURE, PSIA

Assumerions:

- 4) SursRuEAT IS NEGLEHBLE (Tsn=o) .
b) SuBccoune 15 NBGLEGBLE .

¢) HeaT Transker coerricisnt () 1S censTanT.

d) CRiTical FLow Factor (Cp) = 1.O .
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[

Siane Sream Bescwsee Conmrer VAWES (cont'D) ©-21-80 {

Dee

Caveuiat ion Procebugs !’

1) Fue ATMAx, &T wren To=Ts

2) Seieet arProPRiATE VAWE of P, or Tp.

3 FinD cofRESPonDING To 02 Po W STEAM TABLE .

4) Cacmnte aT,

EY % wax aT = 100x &7 faTrmax.

6) Cavcurat® Cv [ B of steam (For wat),

1) Fo hes IN STEAM TABLE, .

&) Dwiroe Cq/c.sm-ﬂ. By h#g. ResuLT 1% Gq/bﬂﬁ/ﬁlﬂ.-
4) Mutipey Cv/erume By aT,

FRon €a. (), AT® Q/uA. SincE U anD A ARE CONSTANT, oT= €O,
wrere ©s Yaa. Tuus AT 1s AMopeEL OF Q, DIFFERING ONLY
BY L CONSTENT SCALING FACTOR. TUEREFERE THME PRODUCT OF
. Cv/BTuMR AND &T 1% & MODEL OF THE TotAL £y , DIFFERING-
ONLY BY THE SAME SCALING FACTOR . IN OTHER WORDS,

SlatumeraT = & e K ReEwae = Cy K, '

(Tue BTU/MR TERMS CANCEL | AND WE ARE LEPT WITH Cy )
1C) NormALIZE LYK .

THE Cuxt PRODWT FRom THE PROCEDURE AGOVE 1S DWIDED ey
THE Cy XX PRopUWT EO0uND For A AT GaUAL To 85% oOF THE
Maximum AT, (Twis were THE AT cuosEN 1n THE GRIGINAL
REFPoRT.) WHEN THE OV XK PRODUCTS ARE NORMALIZED, THE
K CANCELS OUT, AND THE RESULT 1S THE RATIO of Cv AT THE
cilen AT To Te Cy oT B85% op Maxwum aT,

1) Bor Cu eatio V. %o Max aT.

Since aT = Q/UA, AND o MK AT = 100 % 8T /:.».T max | Yo MAK&T
Q 15 aLse 100 x Q/Gmax  { UA TERMS CA.-JGEL) . AND PLOT (AN
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Siaing STerm ReBoiir. Conmess VAW (coni'd)

BE ConNsSiDERED & PLoT oF Cuv
NS, %6 MAX Gy SHowWING VARIAT)

ConcLugians:

G-21-80 IS

@

RATI06D To Ly AT BG% max Q
on oF €y wmitH Q.

THE ORIGINAL LEPORT \NDICATED THAT TUG onTReL VALVE Sueulp BE ABLE
To INCREASE THE HEAT TRAWSFERRED Tv AT LeEAST (0% OF DESIGN | \T

WAS FounD THaAT BY BASING THE DESI&N

PRESSULE ON THE PRESSURE

WHICH GhJE & AT oF B8G%% MAY AT, AND SIZING THE VALVE B2 TWILE

T™E NorHaL Cy, THE 10% ovee DESIEN

TNSPETTION OF THe PLoT (PAGE B) ConFiRMg THIS.

2.0 G eato LINE AT ~ 90 % mMax aT,
AT, 2 THE 16% EFQUIREMENT 1S MET,

EAT VALUE LOULD BE ALHIEED,
THe ARVE cROSLES THE
wew 16 H3% WF Tue 857, mer
Si2ING THE VALJE Foe THREE

TIMES Tre nozMAL Ly GVES VERY UTTLE IMPROVEMENT — THE CURVE

CROSSEL THE 3.0 Cv RaTIO LINE AT ABouT A8.5% maxaT, ok W

oF THe 85% value. ( Nome THAT The
106% Hax aT #nD INFINMTE £, yWouLd

AY iMUM POSSIBLE INCRENSE , AT
oo/ 83 x100 ok 18%,

HOWEVER, | THERE SHOULD NOT BE ANY REQUIRBMENT FoR LARGE INCESASES OVER
THE DESIEN VAWE  S2 THIS LIMITATION SHoULD noT BE A PRoBLEM, AS LONG

At THE EXCHANGER. DESIEN ENGINEER. LUWDE
ALowS Er2 AsouT 1106% OF DESIGN AS MI
viLuE n.cc.okpméw.)

Desien Prowcoure

. CoLecsTe Max aT.

)
ESTANDS THAT OUR PROCEDURE
AX IMUM , HE AN SET KIS DELIEN

a) For 1 SOTHERMPL REBOILERS, WiTH T, = Te, ol = Te-T, .
| ]

b) Foe won-isoTHRMAL REBOILEES |

with Ty #Tg, uce LMID:

LMo s (Ts-T) -(Ts-Tz)

Teol,
b (253)
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Siune Sream Peesnen. Conman Yaules (Cantb) 6-11-20 g

@ o

i

2. Fiup DESWN TEMPERATURE, TD.

0) Tsorwermai s Tp-T, = 0,85 (Ts-T,)

To = 0.85(Ts-T,) *+ T,

b) LMTB :  (To-T)- (6T = o.as[(n-r.) - (Ts- TJ] |
n (To-T, /To-T3) La(T5-Ti /Ts-To)

(To's ano fg‘; emcen, Laaine(Ta-T))'s |, WHICH MuSo ChncEL.)
bo (To-T,/TpT) = L O (T T/ TaeTy )
o (To-T/TeT) = t (7T, /T-,-T,)J"‘
@ (To-T./Te-T) = (T,-T, /T.,-T._)\/‘"g = K
To-T, » kK (Tp-Ta) * ¥To-¥To
Te(1-x) = T,-xT,

Tp = Ti=%Te =T, -TeaTa-Te «T-Tuo (LT

|-k {=w l-% |
To » T-% +T2
I-%
Tp z Ta-T, +T-¢ wHere X3 [ Te-T, )‘/0.‘65
-1 Te-To

3. From STEAM TABLES, FIND SOTURATION PRESSUKE EQUIWALENT To TO.
TWig 1S DESIGN STERM REROILER PRESSURE,

4, Corcuate nooMAL Fuow Gy, SI2E VALVE AS USual , BY DousLING
NORMAL FLow Cy.
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Sitine STewm Rupoier ContRoL VALES (€onTD) ﬁ-g:pao €

CoLLuLATIONS *

Evmpe el To: 288.07°F | aTmar = 48,67 °F
LA
¥a To Wy &7 Culoime Cufimjne  CIRK %;‘q.% Yomax &

2555] 15137 GAklL 4137 0,019 3)05E-5 0.00185 L oo 85

LAY rAvs - =] —_ — —_ o o

15,289 214 QA4 4 \eGB-2 LTLE-5 GL.BAE-§ 0,0832 Bt
1.1 86 210 9,52 e WVI0E-% 1166-5 LTEE-4 0,137 2085
14,115 22l aL1.3 A LWTLE-2Z VRBE-G 72.41€-4 0,218 314
21,507 231 a5, 4 12 LOCE-2 11A3€-5 A4,24E-4 0,330 45.2

I
24,082 238 4538 18 16E-2 7.0pE-B S.83E-+ 0.A54 516
¢,827 146 q48.¢ 34 12,2362 13CE-T 4pE-k 0,621 69.9
29,820 250 aac g 40 27381 2.B4E-5 1ASE-3Z 0,899 &2,2 .
33,093 256 41,4 YN 45BF-2 & B5,E-F 2E-3 74 4.5
34 445 258 qan.\ . %5262 H.0LE-C AK3E-3  3.34 a8 .6

Evampe N2.2 ¢ Ts» 3uS5,85%, aTmax = 160,85 °F

126153 4012 B1Le 13,7 4.00E-3 5101 E-L LELE-% .00 8s
17186 210 2us.t 5 3.32€-3 3j4¢E-L SugE-S 0,076 43
13,217 23 4548 31  3.328-3 34TE- Lose-a O0.56T 143
30, 884 252 Q44,2 41 3.328-3 W.G1E-, 1.4S8E-4 0,241 4.2
46, Bo2 268 912 63 3.336-3 3.57€6-, 23\E-4 O03W 34,2
s 418 189 91,8 74 3376-3  3.45E-6  2.886-4 04T 41,1
bY. 013 300 910, 1 45 3.45E-3 374f-L  30E-¢ 0515 54,
8e.7e 31,  Bage I 306-3  A628-6  A4ALE-4  oufp 90

(05 .97 350 g85.6 127 340E-3 4.48E-L S5.6té-4  0.829 .0
131, 17 34g 124 143 4.40g-3 5.b2E-( fobE-& L7 & .9
16052, 364 #58.8 1G4 1,3cE-1 |D8E-6 28163 37 6.6
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S1iine STErMu RosoiLex. Conmro VaLAZ @N“D) ‘.-g‘ﬁ}’ao

CatcuLations (cem by} *

Exampe N2, D1 Te = 448,13% ATuars 862.13°F

' CvrEe
P-‘_ Tg h% avt Cy ’L‘llﬁ. C-VIBT'VH& Curk '?‘::-;E—“f. 7omlx al
311,60 470,81 BS,5  VSAB! LHOE-1 2.2 -, IWE-¢ Loo &5

41,858 170 4318 A& L32E-3 LAIE-L  S5.SE-6 0.016 2.2
5g.800 2% 489 21 1ME-3 143E-e 31865 0.AA 2.l
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INTRODUCTION TO ADVANCED PROCESS CONTROL

The purpose of advanced control is to augment regulatory control systems through
the application of strategies designed to improve profitability and safety. The systems
have grown to include unit optimization, multi unit optimization, and production
planning and scheduling. The following sections discuss some areas in which APC
improves on the performance of regulatory control systems using the UOP advanced
control system structure.

Consider the operating characteristics of typical petrochemical plants as they relate
to problems in controlling the plant. These characteristics include:

L substantial time delays and lags in dynamic responses

L variables to be controlled which are not measured on-line
. non-linear dynamic responses

® constraints

L interactions

* significant external disturbances

Each of these characteristics present opportunities to improve operation use
advanced control methods.

Substantial Time Delays and Lags in Dynamic Response

It is not unusual to see control loops with long time delays, i.e. delayed responses to
changes in key operating variables of tens of minutes and major time constants
approaching one hour. Even slower loops are relatively frequent. The enhanced
capabilities of APC allow for improved control for systems with long response time
by the use of predictive control algorithms and the actual unit time constants.

Unmeasured Variables Requiring Control

It is often desirable to control a variable that is not continuously measured - ie., a
compasition or important physical property. Periodic laboratory analysis may be used
to give some idea of how the process is currently operating relative to the objectives.
Operators react by trying to keep the plant as steady as possible. This mode of
operation can be improved by the use of correlations employed in APC strategies
such as calculated variable control.




Non-Linear Dynamic Response

The observed response of the controlled variable to changes in the manipulated
variable is often non-linear. The |gain, delay time, and major time constant of the
loop can vary depending on the direction the manipulated variable moves, i.e.,
different responses can be observed for positive and negative moves. The response
may vary depending on the operating point of the process, i.e., the feed rate, feed
Characteristics and catalyst activity, Some loops exhibit hysteresis, i.e. a positive move
followed by a negative move of equal magnitude will not return the controlled
variable to its original starting point. Unusual dynamic responses which cannot be
characterized easily by simple models may also be observed.

The effects of such behavior may lead to frequent retuning of the basic PID
controllers. In plants with standard controllers, these loops can often be identified
as those which are left in manual under normal operation.

-]

Constraints -

Every real control problem has constraints - constraints on manipulated variable
moves, constraints on the region where the controlled variable can be operated, and
constraints on associated variables that are also affected by the manipulated variable
moves. Simple single variable control loops do not anticipate constraints. APC
constraint control strategies acknpwledge the presence of these constraints and
incorporates them into the control scheme.

Interactions

In most processes, a change in one variable can result in changes to several other
variables. There is usually a spectrum of effects ranging from major to minor.
Compensation for this interaction is accomplished in the APC design by the use of
multi variable control strategies thus improving on the traditional PID control.

Significant External Disturbances

Major load changes (disturbances) to processes which affect the operation of loops
are often experienced. These disturbances may come from changes in the plant
environment or changes in other units. Often these disturbances are "non-stationary"
which means their average or mean value changes with time. APC design will
inherently minimize the effects of these disturbances by reacting to them before they
can impact on key variables.

The net effect of these operating characteristics is to make portions of the plant
difficult to control using standard controllers. However, it is possible to improve the
operation of the plant through the use of advanced control and on-line optimization
techniques.




UOP Advanced Process Control Structure

Real life plant controls are always composed of a large number of individual
controllers. For these controllers to function in a coordinated fashion there needs to
be an overall structure to the design. The natural structure to which most successful
industrial control implementers have evolved is a hierarchical one, one in which there
are independent control modules with higher level loops passing setpoints to lower
level loops.

The structure shown in Figure IL1 is appropriate for considering unit control
functions. UOP Advanced Process Control (APC) is structured to improve plant
control performance using advanced regulatory control and on-line optimization
techniques to provide targets for the basic regulatory controls used to directly operate
the plant.

1. Basic Regulatory Control

The basic regulatory controls, generally PID’s such as flow, temperature and level
controllers, are the primary link between sensed inputs and actuator outputs. Also,
included in the basic control level are the following functions:

L real time data acquisition and validation

° conversion of scanned data to engineering units

L communication to external instrumentation, i.e., analyzers, PLC’s, etc.
® short term process monitoring and averaging

° alarm detection, display, logging, and alerting

. energy action and shutdown systems

L basic regulatory control loops, display, maintenance and management
. basic sequence control

L] basic blending control (ratios)

L historical data storage and trending

* process graphic displays

. communication to higher level functions

. operator man-machine interface.
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2. Advanced Regulatory Control

The advanced control functions are the levels above the basic regulatory level. These
functions may be physically resident in either the DCS equipment or in a process
computer.

Functionally, advanced process control is the same as the basic regulatory control, i.e.,
to hold one or more controlled variables near their individual setpoints in the face
of plant disturbances. However the advanced process control algorithms will in
general involve coordination of several variables to yield improved profitability and
safety.

Calculated Variable Control

With calculated variable control important process variables are controlled that are
not directly sensed or measured on the process but are instead calculated from one
or more measured inputs. An example would be a TBP cut point on a fractionation
column product that is calculated based on one or more temperature and pressure
measurements on the column.

Analyzers require periodic calibration and maintenance. The analysis may instead
be calculated from a model of the process using reliable temperature, pressure, and
flow measurement. Generally, analyzer results are used to update model parameters.
This increases the reliability of the system since the controls continue to operate
when the analyzers are out of service.

Moultivariable Control

As mentioned previously, when trying to control more than one process variable, an
interaction or coupling in the process that causes changes in one loop to have an
effect on another loop or process variable often exists. The analysis of and
compensation for these interactions is the purpose of multivariable control.

Predictive Control

Some process variables are difficult to control. Their response to manipulated
variable changes may show Jong time delays and long lag times. When this occurs,
control algorithms that utilize an explicit dynamic model of the process will usually
perform better than standard PID algorithms.

Adaptive Control

The sensitivity of many controlled variables to changes in manipulated variables, i.e.,
the loop gain, is often found to be a function of the operating point of the process.
For example, if the feed rate is low, a loop with conventional control at one set of




tuning constants may be sluggish.| If the feed rate is high, the same loop with the
same tuning constants may be responsive. These observations imply that the tuning
for the loop should be a function of the operating point. Adaptive control provides
a mechanism to systematically evaluate the desired tuning and to update this tuning
on-line.

Constraint Control

Economic analysis of a process often shows that the optimum operating point for
many control loops is near constraints. When the process variable is approaching the
constraint, it is desirable to have a|relatively slow control action. When a constraint
is violated, quick control action is desired to bring the process variable back into the
desired region. It is desirable to have control algorithms that recognize the
unsymmetrical nature of the contral objectives near constraints, In addition, multiple
constraints often limit operations with each constraint generating a different dynamic
response.

3. On-Line Optimization

In some process situations, economic tradeoffs exist between control actions. For
example, in many processes it is possible to improve product recovery by increasing
energy input into the system. Under these conditions, there is an optimum level of
energy input. Clearly, this optimum value will shift with changes in the values of
products and energy and with changes in plant constraints.- On-line optimization
provides the tool to analyze this sjtuation and operate the process at or near the
optimum.

Local Optimizers

In some process plants there are 4 large number of variables which impact on the
economics of the unit(s). When such situations occur, there are practical reasons for
trying to decompose the problem into a series of simpler problems with fewer
independent variables. These simpler problems are solved through local optimizers.
This problem typically involves one to four independent variables and a tradeoff
between yield and operating costs.| A typical example would be the optimization of
reflux rate for a distillation column. It is necessary to insure that information is
passed to/from the local optimizer| to insure coordination and global optimization,
The output from all optimizers| passes through constraint controllers before
implementation to the process.

Global Plant Optimizer

With the local optimizers in place, there still are some variables whose setpoints must
be determined to complete the plant optimization. Typically these include feed rates,
reactor conditions, and other variables linking major sections of the plant.
Optimization at this level is intended to gain the maximum performance from the




whole operation, not just each individual component. The execution time will
generally be several multiples of the major time constant of the plant. The global
plant optimizer will generally utilize a different model than the local optimizers.

Between all levels of optimization and control there is the necessity to pass
information back and forth. Constraints need to be sent to higher level loops to
prevent unrealistic setpoints from being returned. Consistent economic information
must be passed from one level of optimization to the others to insure coordinated
results.

Model Updating

It is also necessary to recognize that all models used for advanced control are only
locally accurate representations of the process behavior. As conditions change, the
models need to be updated to reflect the current operating conditions. This updating
is reflected in Figure II-2.

Data Validation and Reconciliation

Advanced control systems are often dependent on a large number of measurements
from the process. Clearly all of these measurements will not be correct all of the
time. Detection of incorrect values and obtaining the best estimate of the process
conditions is critical to long term successful operation of the system. This is the
subject of data validation and reconciliation.

B. Advanced Control Design Philosophy

The following section describes the general UOP advanced control philosophy. The
specific unit control strategies presented later in this report will reference the ideas
presented in this section.

Several important design considerations affect the performance and reliability of an
advanced control system and are the basis for the design of the functions presented
for the individual units. These include:

. modularity - individual control functions may need to be turned off due to
sensor malfunction or special equipment limitations. The control system
should be designed so the modules function independently. If for some reason
it is necessary to deactivate one, the remaining modules will still function.

L robustness - the control system should function efficiently under conditions
different than that used for design. Alternate calculational procedures should
be provided if all of the inputs to a control module are not available. Normal
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process upsets or changes in the unit operating pattern should not invalidate
the control structure.

o simplicity - involved or overly complicated functions should be avoided. An
attempt should also be made to provide a straightforward and easily
understood mechanism for the operator to enter setpoints for the control
function. Control functions should be as simple as permitted by the
requiremnents of the problem. Simplicity contributes to ease of understanding,
operator confidence, commissioning and maintenance of the system.

Distillation Control Example

There are numerous applications of distillation column control discussed in this report
for the various units. This discussion outlines UOP’s general approach to distillation
column control.

The function of any distillation column is to separate components in the feed stream.
This separation is based on the relative boiling points of each constituent. The
primary objective for the operation of a distillation column is usually to control the
composition of one or both of the column products within specification.

UOP has extensive experience in successful implementation of advanced control of
distillation columns. We employ a hierarchical control structure with three levels:

* Advanced Composition Regulatory Control
* Constraint Control
® Optimization.

Figure II-3 illustrates the control structure.

Each control function is designed as an individual module which can operate
independently of other modules. If equipment is out-of-service, then only the control
functions directly dependent on this equipment are inactive, and the benefits of the
other control functions are still obtained.

By reducing product variation, the probability of producing off-spec material is also
reduced. This in itself can save money. However, producing off-spec material is not
a problem in most plants because column compositions are usually kept significantly
purer than the specification value. The quantitative benefits usually come from
moving the operating target closer to specification with no increase in the occurrence
of off-spec product. Moving closer to specification allows shifting the material
balance to increase production of the more valuable stream and/or reduce the energy
required for separation.
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1. Advanced Composition Regulatory Control

Any two-product distillation column has two variables which can be used to
manipulate the product compositions: material balance {or distillate/feed ratio) and
energy balance (or energy/feed ratio). Either of these variables has an effect on both
top and bottom product compositions. It is this interaction that often causes
problems when control of both product compositions is attempted. UOP’s approach
to dual-ended composition control is to choose the most important product for
primary composition control and the other product for secondary composition
control. The primary composition, or "hard target", is controlled using either a direct
or indirect material balance handle; while the energy balance is used for control of
the secondary composition, or "soft target". This technique usually provides very tight
control of the primary composition because of the good dynamic response to a
material balance shift. The secondary composition typically varies somewhat more
because of the additional lag associated with the energy balance once the material
balance loop is closed. Itis the secondary composition that is sacrificed if any of the
physical limits on the column are reached. If UQOP determine that available
interactions warrant multivariable control, this approach is then taken.

Normally, the primary ar hard target composition is controlled using either a direct
or indirect material balance manipulated variable such as distillate flow rate or
column temperature, while the energy balance, i.e. the reboiler, is used for control
of the secondary or soft target composition. This technique normally provides very
tight control of the primary composition because of the good dynamic response to a
material balance shift. The secondary composition typically varies slightly because
of the additional lag associated with the energy balance once the material balance
loop is closed. Often, interactive moves between the controllers are used to help
stabilize the composition controls.

The dynamic responses of product compositions to material and energy balance
changes are often characterized by long deadtimes and slow responses. These make
control difficult. To compensate for deadtime, UOP has developed proprictary
algorithms which include an explicit dynamic model of the process and a prediction
of the impact of previous moves made to the process. These predictive control
algorithms allow faster control settings and therefore tighter control than is possible
with traditional PID control.

Composition control can also be improved by incorporating a properly chosen tray
temperature(s) and compensating for pressure variations to maintain specification.
This control is especially important when column pressure is not constant, but "floats”
-- either because of design or as a part of the control system. UOP has developed
models which correct column setpoints for pressure changes.

Another technique of using column temperatures in a control strategy is to
incorporate column temperatures into a model to predict composition. An analyzer




is then used to update the model, UOP has found this method to be superior to
analyzer control and analyzer-temperature cascade control when a good relationship
between temperature and composition exists.

Feedforward controllers are used to minimize disturbances to product compositions.
Feed rate feedforward controllers are used to maintain both a distillate-to-feed ratio
as well as an internal vapor-to-feed ratio. Feedforward from feed composition is
usually not required, but may necessary when the feed composition changes
frequently. On many columns UQP incorporates a lead-lag decoupler between the
hard and soft target controllers. Typically, this decoupler is from the soft target to
the hard target.

Non-linear level controllers (NLPI) are often installed on levels to minimize feed rate
disturbances to downstream units; An NLPI algorithm stabilizes flow by making
effective use of the surge capacity of columns and feed tanks. As a result, significant
adjustments to feed are only made when the level is far away from a setpoint.

Variables used for advanced control include measured inputs as well as calculated
variables. Calculated variables such as reboiler duty and internal flow rates are
important in a control scheme because they reflect actual conditions inside a column.
By controlling these variables, action is taken immediately in response to variations
in the heating or cooling medium. Disturbances are thus prevented from propagating
to column temperatures and product compositions.

2. Constraint Control

Once good regulatory control is achieved for the principle composition, a constraint
control method is employed for the secondary composition control. A variety of
potential constraint limits on a column are measured and compared with preset limit
values. A file of these vapor rate |projections is maintained in the computer. The
most limiting constraint is the target value for the tower internal rate. This would be
the value selected to hold the internal tower reflux or internal vapor rate.

All the potential operating limits and constraints for the column are measured and
accounted for. These include a measurement relating to condenser limits, tower tray
flooding limits based on both jet flooding and downcomer backup, and reboiler limits.
They may also be valve positions, pressure drops, or temperature approaches. The
specific constraint projections are measured and defined for each column. Constraint
control then maximizes reflux, separation, and utilities consumption to maximize the
recovery of the more valuable components up to the specified target. It maintains
all operating limits within their feasjble ranges. This allows higher column and plant

capacity.

When columns include side reboil

IS, two separate sets of constraint controls are




used for the sections above and below the side reboilers. This permits compensation
for the subtle interactions which can occur in these columns.

3. Optimization

UOP provides three optimization functions for two product distillation columns.
They include:

. Energy Optimization
L Pressure Optimization
. Material Balance Optimization.

Energy Optimization

For many columns it is economically advantageous to reduce the reflux below its
maximum physical limit. There often is a smooth tradeoff between the cost of
utilities and the incremental value of product recovery. UOP has developed a
proprietary algorithm which optimizes energy consumption and determines
analytically the economic optimum reflux and boil-up rate based on wtility costs and
differential values for key components.

In addition, this energy optimizer is integrated with the constraint control module
discussed above and projects an economic optimum soft target into the constraint
projection table. If the economic optimum is the lowest entry in the table, then it is
the value implemented on the column. Through use of this technique, it is possible
to make a smooth transition between the constrained and unconstrained optimum
case, i.e., the case where economics drive the column to a particular constraint such
as maximum condenser duty and the case where the column should not be operating
at any limit. The calculations are continually being updated by the control programs,
and the column operating point is adjusted to keep the column continually at its
optimum point as conditions change. On-line analyzers on both ends of the column
are generally required to implement energy optimization.

Pressure Optimization

Optimizing the pressure of operation of the column is important in obtaining
minimum utility usage. However, this optimization has often been oversimplified in
the past. Pressure interacts with other variables in constraining column operation and
the optimum pressure is not always minimum. UOP has developed a pressure




optimization algorithm which is fully integrated with the constraint controls and

energy optimizers discussed above.
easy transition from constrained to

Material Balance Optimization

When light key is more valuable in
a smooth optimum material bal
separation. This can lead to
specifications. UOP’s material bal
case for added potential profits.
generally required to implement

It calculates the optimum pressure and allows an
unconstrained operations.

tops and heavy key is more valuable in bottoms,
nce split exists for product purities at fixed
conomic primary purity targets which exceed
nce optimizer continually checks and solves this
n-line analyzers on both ends of the column are
aterial balance optimization.

UOP’s optimizers always minimize true variable operating costs, based on component
values. These values for intermediate streams may be calculated from final product
values and downstream recovery

4. Advanced Control Summa

With this complete set of advanced regulatory controls, constraint controls, and on-
line optimization algorithms, UOR’s distillation control technology provides a cost
effective solution for the majority of columns utilized in a modern plant.

This will remove the composition control and material balance optimizer from the
hard target control loop. The top block in the typical soft target control loop will be

If no on-line analyzers are installed, a few composition models could be implemented.
These would require frequent labaratory updates.

5. Engineering Calculations and Information

In addition to the control functions
advanced control system provides

plant management and engineers, {
projected operation of the plant.

Engineering calculations are provid
sections of the tower. In addition,

discussed above, the calculational capability of an
an information system that is a valuable tool for
hrough timely reporting on the past, current, and

ed based on material and energy balances around
standard engineering principles and procedures

are used for correlations such as tray loading, thermodynamic properties, and tower




performance. The calculated parameters are analogous to the calculations a unit
engineer might make for a test run. However, they are performed on a frequent
basis so they can be used for control and graphical trend display purposes.

C. Advanced Control Benefits

Investments in advanced control and optimization are no different than any other
investment in a process plant in that they must be profitable to be justified. There
are always a number of projects competing for limited investment capital. Control
projects must be able to demonstrate a superior payout to be funded.

The predominant cost is usually the time required for engineering, design, software
programming and maintenance. UOP emphasizes installation of controls that are
cost effective for their specific application and can be maintained by the plant staff.
They stay on-line year after year earning benefits.

There are four items influencing the benefits from advanced control systems, they

are: plant characteristics, quantative benefits, how benefits are estimated and
qualitative benefits. These are addressed in the following pages.

1. Important Plant Characteristics

The characteristics in a plant that imply that advanced control and on-line
optimization may be justified include:

L Frequent Operating Changes

° Large Energy Consumption

° High Product Differential Values
° Integrated Design.

Frequent Operating Changes

Plants that have relatively frequent changes in feed rate, feed composition, product
rate and quality demands, and energy supplies are natural candidates for more
sophisticated controls. As any of the above variables changes, the optimum operating
point is going to change. In addition, changes in these variables can induce significant
transients in the process.




Large Energy Consumption

Processes that consume relatively large amounts of energy per unit of product will be
natural candidates for more sophisticated controls.

High Product Differential Values

If there is littie differential value between the products produced by the process then

there will be little incentive to

maximize the yield of a particular product.

Conversely, if high differential values exist then there will be interest in recovering
as much as possible of the higher valued product.

Integrated Design

Rising energy and capital costs hav
heat integration. A natural, but
increasing coupling or interactions

e pushed plant designs further in the direction of
unfortunate consequence of this integration is
in the process. Changing a single flow rate can

have several secondary effects that propagate through the process and must be

corrected by the control system.

2. Quantitative Benefit Areas

Generally the economic payback for the installation of an advanced control system
will be in one or more of the following areas:

L Increase in Maximum Capa

. Reduction of Energy Usage

city

® Maximization of Valuable Product Yields

. Increase in run length
These are discussed below:

Increase in Maximum Capacity

Full utilization of process capital e
Better control often allows more
Utilizing the capabilities of the ad
constraints, the unit can be safely o
of that available through manual ¢

quipment is essential in today’s business climate.
efficient production from the same equipment.
lvanced control system to monitor a number of
perated at a maximum capacity which is in excess
pntrol.




Reduction of Energy Usage

Close monitoring and management of the energy input and transfers within a plant
will often provide significant benefits through reduced energy input requirements per
ton of product.

Maximization of More Valuable Product Yields

For most processes producing multiple products, there generally is one that is most
valuable. Maximization of the yield of this product is economically beneficial. For
plants producing a single important product it is often desirable to maximize yield on
feed at a fixed product quality.

Increase in Run Length
A contributor to reduced equipment run lengths is often operating condition
excursions, i.e. large deviations from average operating conditions. Steadier operation

of the plant can lead to significant increases in run length and minimum equipment
downtime.

3. Quantative Benefit Estimates

Quantitative estimates of the expected benefits of advanced control are often
obtained through an analysis similar to that shown in Figure I1.4. The current
operation of the plant is used to evaluate the standard deviation of the controlled
variable with conventional controls. The expected reduction in standard deviation
with advanced controls is also estimated. The direct economic benefits of reduced
process variation depend on the differential value between positive and negative
excursions around the mean.

Another benefit of advanced process control is more consistent enforcement of
desired process variable targets. For loops with long time lags or delays, it is often
found that the process variable of interest is not kept at the specified target.
Through advanced process control, the mean value of the process variable is kept
nearer the desired value.

Normally, the major benefit from advanced process control comes from the ability
to operate closer to constraints with the same or lower probability of constraint
violation. As mentioned earlier, the economic optimum operating point for process
variables is often found to be at a constraint or at the intersection of constraints.
Hence it is economically attractive to operate as close to the constraint as possible.
To compensate for process variability, the operator sets a target for the loop which
insures that the probability of violation of the constraint is low. Occasional extreme
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high or low values can severely upset the process. If the variability in the process is
reduced through advanced control, the target for the loop can be moved closer to the
constraint. The economic benefits of this change correspond to the improved value
obtained by moving the target towards the constraint. The ability to operate the
plant closer to desired limits will permit more product to be made with the same
equipment or the same amount of products with less feedstock and/or energy
consumption.

The benefits from on-line optimization can be seen from Figure IL5. If we have
complete knowledge about the current state of the plant - process data, mechanical
equipment conditions, constraints, etc., and knowledge of the market’s current and
near-term demand for the plant’s products at different pricing levels, a detailed
mathematical mode] of the plant and sufficient computer resources permits frequent
on-line execution of an optimizer based on the model. With these conditions we can
determine a "true" optimum profitability for the plant. This optimum will shift in
time with changes in feedstock availability, market demand, and plant conditions.

The profitability of the plant under normal operator control with modern
instrumentation will approximate the "true" optimum with a variable offset. This
offset is due to the operator’s partial lack of knowledge of plant conditions, market
effects, and economic tradeoff between changes in plant operating conditions and the
difficulty in making the required number of changes to the basic controllers in a
correct dynamically coordinated fashion.

Adding advanced process controls will improve plant profitability as discussed above.
Desired operating targets will be implemented in a more consistent fashion with less
deviation in performance. Constraint controls will increase profitability further.

On-line optimization advances profitability another level.” The direct coupling of
economic information to plant decision making through optimization improves the
coordination of plant operation with market conditions. Through such coordination,
opportunities for short term profitability improvements can be recognized and
implemented.

4, Qualitative Benefit Areas

In addition to these quantitative areas, there are a number of areas of improved
operation from advanced control systems for which it is difficult to assign specific
economic benefits. These are termed intangible benefits and are nevertheless, often
of equal importance to the economic benefits. Intangible benefits include:

° Safer Operation

o Steadier Operation
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. Improved Flexibility

L Enhanced Product Quality

. Improved Diagnostics

® Better Process Understanding

° Faster Start-up and Shutdown of Equipment

® Improved Recovery from Process Upsets.

Safer Operation

The ability of an advanced control system to monitor a large number of variables and
provide alarms based on inferred as well as measured variables can provide an
improvement in safety in the plant. Special control actions can be pre-programmed
to respond to potentially unsafe conditions.

Steadier Operation

Operating staff prefer a plant that is operating in a stable, smooth fashion. Again
advanced controls can often contribute to reducing the effect of disturbances on the
process.

Improved Flexibility

Market situations are forcing plants to change product specifications and feed types
more frequently than in the past. Under these conditions, improved controls are a
requirement to permit the changes to be implemented in a smooth coordinated

fashion and to permit operation over a wide range of process conditions.

Enhanced Product Quality

In some cases, companies are seeking market differentiation for their products
through improved quality. To attain this higher quality requires improved controls.

Improved Diagnostics
Trends indicating deterioration in performance of equipment can be detected earlier
through on-line unit material and energy balances. Data reconciliation techniques

can lead to earlier detection of faulty instrumentation.

Better Process Understanding

On-line statistical analysis techniques permit improved understanding of process




behavior. Combined with closer monitoring of operating costs, this improved
understanding can pay off in a continuing reduction in operating costs. 6

Faster Start-Up and Shutdown of Equipment

For equipment which is brought on-line and off-line frequently, advanced controls can
enforce consistent procedures while limiting production of off spec product.

Improved Recovery from Process Upsets

Advanced controls are designed to quickly identify and respond to process upsets.
This is accomplished by making adjustments of the appropriate magnitude to all
necessary variables.







INTRODUCTION

This is a general, introductory level overview of process contral instrumentation.
Application discussions are limited to the simplest instruments. It does not go
into great detail on any subject; however, references throughout provide direction
for finding details.

The publication is divided into parts which cover the following topics.
* The automatic process control technigue including the basic types of control,
common combinations, and multiple feedback loop variations
* A comparison of electronic and pneumatic systems
* How a pneumatic transmission system works, including effects of distance
+ Major process measurements and the means by which those measurements
are made and then transmitted within the process control loop
Categories of process control equipment, how the equipment operates, what
it looks like, and typical applications (NOTE: pneumatic and mechanical
instruments are emphasized)
+ How a control loop is represented on a functional diagram
« Basic adjustment ("tuning”) techniques for feedback loops
» Some major considerations for instrument maintenance and repair
+ The terminology of process control technology
+ Information on the metric system and unit conversion tables
Sources of further information

No prior knowledge of process control is required to understand the terminology
used. The most common, usually the simplest, application of a concept is given;
however, qualifications are provided because process control in practice is not
as straightforward as the examples might lead one to believe.

Every attempt has been made to adhere to terminology guidelines provided by
the Instrument Society of America (I5A), which has worked long and hard to pro-
duce standards which apply to all industries and situations. However, ISA ter-
minology is not always easy for a process control novice to understand, so in
some cases generalizations have been made. 1SA definitions are provided in italics
in the Glossary of Terms, Appendix A.

This material can be studied independently or supplemented by other books (refer
to the Bibliography, Appendix C). It can also be used as a classroom text. A
knowledgeable instructor can expand on topics selected for appropriateness to
the industry and processes of a particular plant or mill. A 'set of the illustrations
on slides is available from Foxboro.

This is a revision of a document originally produced by Foxboro in 1951 and
used by many as a training aid. In the interest of simplicity, it still covers only
the most basic (i.e., pneumatic and mechanical) types of instrumentation. It does
not describe recent developments in electronics and digital instrumentation, nor
does it describe systems beyond the loop level, even though Foxboro designs
and sells products at all these levels. However, references are made throughout
the publication to these more advanced forms of process control which can be
explored in depth by contacting your Foxboro representative or by using the
Bibliography.
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PARTI

PROCESS CONTROL

SECTION 1 — PRINCIPLES OF OPERATION

Concepts

A fundamental component of any industrial process con-
trol system is the feedback control loop. It consists of
the process, the measurement, the controller, and the
final control element, as shown in Figure 1. If all these
elements are interconnected — that is, if information
can be passed continuousiy around the loop — this is
closed-loop control and automatic feedback generally
exists.

— SET POINT

CONTRCLLER

INPUT MEASUREMENT
(MANIPULATED .

VARIABLE) N PROCESS SothuT

FINAL (CONTRQLLED
CONTROL ELEMENT VARIABLE)

FIGURE 1 — A Closed Feedback Contral Loop

This information flow provides the means for control,
which allows efficient utilization of raw materials and
energy. If a loop is interrupted for any reason — such
as when the controller is placed on manual control as
shown in Figure 2 — it is considered to be open-loop
control and automatic control no longer exists.

§—————SET PONT

CONTROLLER

PROCESS

MEASUREMENT

OUTPUT
{CONTROLLED
CONTROL ELEMENT VARIABLE}

FIGURE 2 — An Open Control Loop

The concept of automatic feedback control is not new.
The first such industrial application occurred in 1774
when James Watt used a flyball governor to control the
speed of his steam engine.

Understanding of automatic feedback control loops de-
veloped slowly at first, Pneumatic transmission systems
did not become common until the 1940s, but the past
few decades have seen extensive study and development
in the theory and application of those concepts.

Automatic feedback control is not used universally. In
Figure 2 parts of the system are disconnected, creating
open-loop control. Open-loop control does not feed
information from the process back to the controller. A
familiar example is the domestic washing machine which
may be programmed to control a series of operations
necessary to wash a load of clothing. It runs through
its cycle and, since no information is fed back to the
control device regarding the condition of the wash, it
shuts down. Only a human agent inspecting the load,
and finding it unsatisfactory, can institute corrective ac-
tion. Open-loop control is seldom encountered in in-
dustrial processes and will be given no further consid-
eration.

As stated before, automatic control requires some sort
of signal system to close the loop and provide the means
for information flow. This means that the contraller must
be able to move the valve, the valve must be able to
affect the measurement, and the measurement signal
must be reported to the controller. Without this feedback,
vou do not have automatic control.

The most common signal systems are electrical and
pneumatic, which are compared in Section 2. Because
of their simplicity, the pneumatic signal system and the
pneumatic and mechanical devices are easily under-
stood and therefore are the ones discussed in detail in
this document.

In the discussion of process contral loops that follows,
several terms are used frequently that should be clarified
at this point. Other impartant terms are in italics as they
occur in the text and defined then. Additionally, a glos-
sary is provided at the back of this publication for re-
ference (Appendix A).
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The word “process” can refer to many things: it is the
raw materials being physically or chemically changed,
but it also refers to the collection of equipment (e.g.,
pipes, tanks, heaters) and functions performed that
result in a variable or variables being controlled. (This
does not include process control equipment like
valves, transmitters, or controllers.}

The process load is the level of material, force, torque,
energy, power, or other variable applied to or removed
from a process or other component in the system,
The set point is the desired value of the controlled
variable; it can be specified by the operator or exter-
nally by another instrument.

A process upset is any type of disturbance that causes
a control variable to depart from set point.

A load change is a disturbance which causes the .
controller to reposition its output to restore zero de-
viation, without any change in set point.

Demand is the requirement made by the control system
or the operator on the process.

The load response is the way in which the process
behaves after a change in the process load introduces
an error into the system.

Dead time is the interval between the initiaticn of an
input change or stimulus and the start of the resulting
response.

Error, as applied to automatic control, is the difference
hetween the measured value and the set point. It is
also called deviation.

Steady state refers to an absence of significant change
over a period of time. For example, a process can be
at a steady state if disturbances are corrected. It does
not have the same meaning as static {which means
something which normally does not change over time)
or dynamic (which means something which normally
changes over time).

Offset is a steady-state error. A common example
{(shown in Figure 6) is in a propottional-only control
system where a process upset causes the controlled
variable to leave the set point and stabilize at another
value. That error — the difference between where the
output is and where it should be after the system has
stabilized — is the offset.

Resistance is anything which opposes the process vari-
able and creates a restriction to the variable — for
example, flow from a water tap is determined by the
resistance of the tap opening to the flow.

The manipulated variable is that flow, quantity, or
other condition which is altered by the automatic con-
trol equipment.

In a feedback control system, the controlling system
is that portion which compares functions of a directly
controlied variable and a set point, and adjusts a
manipulated variable as a function of the difference.
it includes the reference input elements, summing
point, forward and final controiling elements, and
feedback elements including sensor. In an automatic
contrgl system without feedback, the controlling sys-

tem is that portion which manipulates the controlled
system.,

=« Capacity is a measure of capability to store volume,
mass, heat, information, or any form of energy or
matter.

The use of process control instruments to regulate the

pracess is necessary because process upsets occur. Pro-
cess Lpsets create errors, and the function of any con-
troller is to minimize errors as quickly as possible.

Any one of several types of process upsets could disturb

a process, requiring a response from the control system

to rebalance the process. For example, say we have a &
tank with the input {inflow} controlled to maintain a tank

level at a set point of 50 percent. One type of process

upset would be a change in supply, which in this ex- .
ample would happen if the input valve opened more;

the control system would have to open the output valve

to restore the. correct level in the tank. Another type of
pracess upset would be a change in demand, which

in this example would happen if the output valve opened

more; the control system would have to adjust the input

valve to restore the carrect level in the tank. Still ancther

type of process upset would occur if the set point were
changed, which in this example might be from 50 per-

cent to 60 percent; the control system would have to

adjust the input temporarily to reach the correct level .
{the new set point) in the tank.

For good control, the system should begin to respond
quickly, but not change too rapidly. (If the system re-
sponds too rapidly, it will overshoot or go past the set
point and then have to correct for that error.) Different
types of control are employed to make the system do
what you want it ta, within limits, depending on certain
characteristics of the system.

The interactive nature of the parts of a process can be
itlustrated with the shell-and-tube heat exchanger shown
in Figure 3 . The temperature of the heated water (the
controlled variable) is measured by a temperature

.

EXCHANGER
HEATED
WATER
(CONTEOLLED PUCKET TRAP
VARIABLE)

RCALIR
CONDENSATE

SUPPLY
COLD WATER

FIGURE 3 — Shell-and-Tube Heat Exchanger Process
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transmitter which sends a proportional signal to the
controller. The controller makes a comparison between
the measurement and the set point; a signal representing
a function of that value is transmitted to the valve. If
an error has been detected, the valve will be positioned
accordingly to allow the required quantity of steam (the
manipulated variable) to be admitted to the heat ex-
changer to bring the heated water temperature to the
desired value.

The valve can be actuated {caused to change position
in response to a changing signal) in several ways,
depending on the control mode. If the control mode is
on/off, the valve is either fully open (usually meaning
on) or fully closed (off), changing from one extreme to
the other when there is a significant change in the
measurement.

If the control mode is analog (continueously changing),
the position of the valve changes proportionally with
each change in the measurement to provide a dynamic
balance between supply and demand. There are many
varieties of analog control modes — several basic types
of control responses and those which combine basic
control responses.

Process control loops can be very complex, involving
steady-state and dynamic calculations, several types of
cantrol modes, and other control loops. The next parts
of this publication discuss the system characteristics for
which each control mode is best suited, the way that
each control mede responds to process error, and typical
applications. Later in this publication, you can see the
mechanisms that are used to put process control into
practice.

Basic Types of Control

On/Off Control
(Also Called Two-Position Control)

On/off control is generally both the simplest and the
least expensive type of process control and has wide
application in industry. A process controlled by an on/off
controller almost always has some error in it; in fact,
the controller turns on or off only at those times there
is no error in the measurement, when the measurement
crosses the set point on its way from one extreme error
to anather. At that point, the valve goes either fully open
tan) or closed (offl, depending on the direction of the
error. The size of the error is not recognized.

No attempt is made to balance the inflow with the out-
flow: therefore, the energy or material supplied to the
process is always either too much or not encugh. The
measured variable cycles continuously. However, when
on/off control is appiied to the right type of process,
the effect of the cycling is small and acceptable.

On/off control is best applied to a large capacity process
that has relatively little dead time and a smail mass

or energy inflow with respect to the capacity of the
system.

A common example would be a typical domestic heating
system. A house gets colder than the desired temperature
(set point) and the thermostat turns the heater on. The
heater supplies enough heat to warm the house to the
desired temperature, and the thermostat turns the heater
off.

However, there is still enough heat stored in the mass
of the house to keep it warm for a while. When the
temperature returns to the set point, the thermaostat turns
the heater on again, but the temperature drops a little
more before the heater starts to take effect and warm
the house again (dead time).

This cycling is illustrated in Figure 4, which shows the
relationship between the temperature of the house (the
controlled variable) and the action of the heater (the
manipulated variable). Because the mass of the house
constitutes a large capacity, the variation in temperature
caused by the cyclic effect is so small that it goes un-
noticed by the people in the house.

In industry, a typical application for on/off control is
the temperature of a large tank or bath. These also have
large thermal capacities, with a small source of heat
{the energy inflow) warming the liquid in them (the con-
trolled variable) to the desired temperature {the set point}.
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In either example, the rate of rise (or fall) of the controlled
variable is small because the energy inflow is small com-
pared to the large capacity of the system.

HEATER HEATER
ROOM TEMPERATURE
(CONTAQLLED VAAIAHLE)

ON
RESPONSE ! ‘
HEATER HEATER HEATER
DESIMED TEMPERATURE OFF OFF OFF

(SET PQINT) ESTABLISHED

—

FIGURE 4 — Systern (House Temperature) Response to a Process
Upset (Change in Temperature} with On/Off Control

Proportional Control
{Also Called Gain Control or Throttling Control)

On/off control works best on processes with large
capacities which change slowly. When a process has
small capacity, it usually responds quickly to upsets.
Therefore, precise continuous regulation of the man-
ipulated variable is needed. Propartional control (ab-
breviated P} attempts to stabilize the system and avoid
fluctuations by responding to the magnitude as well as
the direction of the error.

The type of process that benefits most from proportional
control has a large mass or energy inflow with respect
to the capacity and very little dead time.

A bathroom shower is an example of a small capacity
process. On/off control of water temperature is useless
here because turning the controls fully on or fully off
(i.e., turning the hot water all the way on and the cold
water all the way off, or vice versa) causes too radical
a change in output. The energy inflow (hot water) is
large with respect to the capacity (total amount of water)
of the process. So, we establish a proportion of hot water
to cold which can be maintained continuously.

in the shower, as in most process control systems, the
final control element is a valve which partially opens
or closes to regulate the mass or energy inflow. To pro-
vide the appropriate output, the valve travels between
fully open and fully closed as positioned by the con-
troller. This valve travel is called the valve stroke.

The relationship between the output (valve stroke) and
the width of the measurement span is called the pro-
portional band. Sometimes called PB or PBand, it is ex-

pressed in percent, For example, a 20 percent propor- .
tional band is narrow; it provides sensitive control be-

cause 100 percent output change is produced by only
20 percent measurement change. Conversely, a 500
percent proportional band is very wide with only 20
percent of the possible output produced by 100 percent
change in measurement.

Figure 5 shows the relationship between the change in

output (amount of valve travel) and the amount of error
for several different proportional band widths.

W QUTPLIT

P BAND 500% —-

P BAND 2004

P BAND 10D% -
¥ BAND 307 ——m—
P BAND 20% ==

NOTE: The typical controfler is biased so as to produce 50 .
percent output, placing the valve at midposition, when the
set point and measurement coincide {zero error).

FIGURE 5 — Determination of Proportional Band

In operation, the proportional controller calculates the
amount of error between the measurement and set point,
amplifies it-(the amount of amplification is called the
gain*), and positions the final control element to reduce
the error. The magnitude of the corrective action is
proportional to the error. Generally, the measurement
error is only reduced, not eliminated, leaving offset. A
proportional-only controller can completely eliminate
offset at only one load condition,

When there is a process upset, such as when flow is
suddenly reduced, the valve must change position to
keep the controlled variable at a constant level {(maintain
the set point).

The output from the controlier (which controls the valve
position) must assume a new value, different from the
original (the set point), before equilibrium can again
be reached. This new value of the controlled variable -
* The relationship between the gain and the proportional band

is

100
% PBand

gain =
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is offset from the set point. Figure 6, Curve C, shows

system response when the proportional band is at the
optimum value, a relatively narrow band in which the
oscillations settle out quickly.

OFFSET

RESPONSE

A TOC WIOF
PROPORTICNAL BAND 8 --- 100 NARROW

C —— CORRECT

FAGURE 6 — Proportional-Only System Response to a Process
Upset with Different Proportional Band Widths

If the proportional band is too wide (insensitive), the
offset will be much larger, reducing the amount of control
over the process. Narrowing the proportional band
lincreasing the gain) can reduce the amount of offset,
but too narrow a band creates cycling.

Determination of the proportional band setting for op-

timal control in any loop is discussed later in this pub-
lication in Part IV, “After the System Is Installed,” under
Section 13, “Loop Tuning.”

The maost important limitation of proportional-only con-
trol is that it can accommodate only one fixed re-
lationship between input and output, one control load
where input error is zero and one output signal which
positions the control valve in the position required to
make the error zero.

Pure proportional action is generally adequate for a pro-
cess that is stable using a narrow proportional band and
where a small offset is not detrimental to the operation
of the system. For example, noncritical temperature
loops with a narrow proportional band or noncritical
level control loops with long time constants are good
applications for proportional-only control.

However, systems which cannot tolerate even a smali
amaunt of offset (such as critical loops} or which need
a wide proportional band for stability require an addi-
tional control mode: integral action (formerly called
reset), which eliminates offset,

integral Control
(Also Called Reset Control)

Integral action avoids the offset created in proportional-
only control by bringing the output back to the set point.
It is an automatic rebalancing of the system which op-
erates as long as an error exists. Therefore, integral con-
trol responds to the duration of the error as well as its

magnitude and direction. Integral control is almost never
used alone — rather, it is combined with proportional

control.

At one time, the system rebalancing had to be done
manually; this was called “manual reset.” The term
“reset” is occasionally still used, although a complete
definition of the function includes the mathematical con-
cept of integrating the error until it reaches zero.

Proportional-plus-integral (P1) control is generally used
on processes where no amount of offset can be tolerated.
Other applications include those where such a wide
proportional band would be required for stability that
the amount of offset created would be unacceptable.

Pl control is applied to almost ail processes. The rare
exceptions would be gas pressure control and noncritical
liquid level control.

When a process upset occurs, the proportional controller
registers an error and responds to it as shown in Figure
6. The integral control mode detects the offset error in
the proportional mode and tries to eliminate the error.

In a proportional-plus-integral controller, integral action
can be expressed in terms of minutes per repeat — the
amount of time necessary for the integral controller to
repeat the open-loop response caused by the propor-
tional mode for a step change in error. The smaller the
time value, the faster the integral action. (Some controller
manufacturers express integral action in repeats per min-
ute, which is the reciprocal of minutes per repeat.)

Ideally, the minutes per repeat chosen for the integral
mode of the controller should bring the control point
back to the set point quickly. (The proportional band
is specified separately.) If the integral time is too long,
the system will not perform at maximum efficiency. If
the time is too short, it will overshoot the set point and
cycle a bit before returning to the set point; in fact, if




the integral time is too short for the process being con-
trolled, a continuous cycle may result. These relation-
ships are shown in Figure 7.

INTEGRAL TIME: A —-- TOCQ SHORT
B ~--- TOO LONG
c CORRECT

PROPORTIONAL ONLY

RESPONSE

FIGURE 7 — Proportional-plus-Integral System Response to a Pro-
cess Upset with Different Integral Times

One problem with integral control can occur when a
deviation cannot be eliminated over a period of time
(as with batch processes when a tank is empty). The
controller continues to see an error and tries to correct
far it, saturating it and driving the output to its maximum
value. This is called integral windup (formerly called
“reset windup”)., When the situation causing the error
is corrected, the controlier does not immediately return
to normal operation; it holds the output — and the valve
— at the extreme for a period of time after the deviation
has reversed sign.

Things can be done to prevent the problem of integral
windup, depending on the type of control system being
employed. Refer to the individual sections of this pub-
lication on types of control for further information.

Derivative Control
(Also Called Rate Action)

The problems noted with proportional-plus-integral con-
trol include an extended cycle time and a slight tendency
to be unstable. Derivative control (abbreviated D) adds
stability and reduces response time by acting on the rate
of change of the controlled variable.

Derivative control alone cannot bring the signal back
to the set point; it must be added to other control modes.
Derivative is commonly added to proportional-plus-in-
tegral control (see the section following). Derivative
added to proporticnal-only control is called PD control;
it does not eliminate offset but reduces its effect by
stabilizing the lcop and allowing the proportional band
to be reduced somewhat.

Because many processes contain multiple capacities,
resistances, and other factors that cause delay, there

may be a sizable lag between the time that a change

occurs in the manipulated variable and the time that

the measurement change is detected by the control
mechanism.

The faster the error is changing, the greater the initial
error will be. For example, a rapid deviation indicates
that a drastic change is occurring in the process. De-
rivative control reduces the initial deviation, because
it responds to the rate at which the error is occurring.

Derivative action is expressed in time units (usually min-
utes). This represents the difference in response time
between a proportional-plus-derivative controller and
a proportional-only controller (assuming each was sub- -
jected to the same process upset and returned to the

same set point). Thus, the greater the derivative time

the greater the derivative response. Figure 8 shows sys-

tem response to a process upset with a proportional-plus-
derivative controller at different time settings.

ET POINT

FIGURE 8 — Proportional-plus-Derivative System Response to a
Process Upset with Different Derivative Times

Derivative action is used on systemns with significant
lag and large total capacity. Processes involving tem-
perature are the most common application of derivative
control, However, derivative action causes quick control
valve movements which may concern some plant
operators and maintenance people.

Derivative action is unnecessary on processes which

respond fairly quickly to valve mation. It cannot be used

at all on processes with much noise in the measurement

signal (such as flow); derivative would respond to the

noise, resulting in stability problems. By reacting to a

rate of input change, derivative action allows the con-

troller to inject more corrective action than proportional 6
action would provide to overcome system inertia.




.hot water is applied to raise the temperature to the set
W point. The batch controller must turn off the hot water
before set point is reached and begin cooling to avoid
overshoot.

Auto-Selector Control
(Also Called Selective Control)

The auto-selector, or selective, control system monitors
several variables on a process and manipulates one final
actuator as necessary to keep the variables within safe
operating limits. Any variable may be included in the

loop {e.g., pressure, motor load), but all must be affected
by the operation of the one valve.

Each variable has an associated controller whose output
goes to a device that compares two values, selecting
the lowest or highest ane (a low-selector or high-selector,
respectively) to direct the valve to respond in such a
way that the variable returns to a safe range. However,
if another variable exceeds or falls below its set point,
that variable’s controller output takes aver control of
the valve.

A common application is a pipeline pumping staticn
{see Figure 15). The control valve is usually wide open
for maximum flow unless one of the following conditions
occurs.
» The suction pressure drops too low, thus endan-
gering the centrifugal pump with cavitation
» The motor load rises too high, causing the motor
to overheat
» The discharge pressure rises too high, exceeding
the pressure rating of the downstream pipe
The control system responds to the relationship of the
measurement of each variable to its set point, rather
than to the measurement itself.

EXTERMAL
FEEURACK
DISCHARGE
PR HE
AR FO-OPEN TRANSMITTEH
YALVE

TRAMSMITTER

FIGURE 15 — Application of a Three-Variable Auto-Selector Control
System Using Low-Selector Relays

If the suction pressure drops below its set point, its
controller output will fail below the output of either of
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the other two controllers and be selected to throttle the
control valve. The valve will close just enough to bring
the suction pressure back up to its set point, allowing
the flow to remain at the highest level possible consistent
with safe operation. -

Iif either the mator load or the discharge pressure rises
above its set point, its respective controller output will
decrease, immediately assuming control from the suction
pressure controller and closing the valve further. External
feedback of the selected output to all controilers provides
bumpless transfer of control from one controller to the
other at the exact time the measurement crosses the set
point. A single auto/manual station is available when
manual control is required.

The choice of the control valve action, either air-to-open
or air-to-close, is usually determined by the fail-safe
characteristics of the system. With the air-to-open valve
shown, an air supply failure will close the valve and
shut down the pipeline. If it is more desirable for the
valve to fail in the open position so as not to terminate
transmission, an air-to-close valve would be used.

When an air-to-open valve is chosen, low-selector relays
are normally used so that the lowest controller output
will determine the valve position. If an air-to-close valve
were used in this system, high selectors would be re-
quired.

A pneumatically operated batch unit is available as an
option on any auto-selector controller used in a low-
select system. The purpose of this unit is to provide fast
response should an upset arise during a period when
none of the controllers is controlling, and the valve is
fully open.

Ratio Control

Ratio control provides a means of blending two or more
variables in adjustable proportions to obtain a desired
mixture, The measurement of the load (the wild or un-
controlled flow) is the set point to the ratio controller,
which adjusts the flow of the controlled variable. A preset
ratio regulates the flow of the controlled variable; for
example, if the ratio is 2 to 1, for every gallon of the
uncontrolled variable flowing, two gallons of the con-
trolled variable are allowed to flow.

Ratio control is applied to processes where the flow of
one variable fluctuates, but the desired blend can be
maintained satisfactorily by adjusting the related variable
(or variables) proportionally.




The most common way of accomplishing ratio control
is shown in Figure 16. The signal from the uncontrolled
variable (wild flow) is the set point of the ratio controller

RATIC
CONTROLLER

FLOW
TRANSMITTER

CONTROLLED
FLOW

FLOW
TRANSWITTER

HAGURE 16 — Single Ratio Control System

The value is multiplied by an adjustable factor {the ratio
setting). The measurement to the controller is the flow
of the contrelled variable. The output adjusts the flow
of the controlled variable.

The ratio is set to a desired value by a calibrated dial
on the controller. Note that the ratio concerns only the
flow signals, not the actual amount of the flows, since
the measurement ranges of the two flows are not
necessarily the same.

The ratio controller can be used with any combination
of suitably related process variables. Control action is
usually proportional-plus-integral. The response of a
system with ratio control to process upsets is the same
as the response of the basic control mode used.

Cascade Control

A cascade control system consists of one controller (the
primary or master) controlling a variable that is to be
kept at a constant value by adjusting the set point of a
second controller (the secondary or slave) which controls
anather, faster variable that affects the first variable. The
primary controller positions the set point of the secondary
controller and it, in turn, manipulates the control valve.
The primary variable is slow, most commonly temper-
ature; the secondary variable is as much as ten times
as fast, usually flow. The secondary loop is introduced
to reduce lags, thus stabilizing inflow to make the whole
operation more accurate and responsive.

The secondary controller may be regarded as an elabo-
rate final control element, positioned by the primary
controller in the same way a single controllier would
ordinarily position the control valve. if, for example,
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the secondary controller is a flow controller, then the .
primary controller will not be dictating a valve position

but will, instead, be dictating the prescribed flow (set

point).

As an example, consider a process consisting of heating
a product in tubes by burners supplied with fuel gas.
The product temperature must be maintained within
narrow limits, made difficult by continuous and erratic
variations in fuel pressure. A rise in fuel pressure would
increase heat input at the burners, resulting in excessive
product temperature.

A conventional feedhack control configuration for this
sample process is shown in Figure 17. The limitations
of this system can be shown by a supply change. If the
fuel pressure drops, the product temperature will fall
until the single feedback controller could make cor-
rective action to return fuel flow to its original value.

TEMPERATURE
TRANSMITIER

CONTROLLER

FUEL
REGULATING
YALVE

FIGURE 17 — Application of Conventional Control 1o a Fuel Supply
for Burners

Application of the cascade technique (Figure 18) involves
simply a different arrangement of conventional equip-
ment. Fuel gas flow is measured by a differential pressure
transmitter, which senses a pressure drop across an
orifice. This measurement becomes the input to the
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" EXTRACTOR
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—
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REGULATING FUEL
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FIGURE 18 — Application of Cascade Control to a Fuel Supply for
Burners




. Proportional-plus-Integral-plus-Derivative Control
{Also Called PID or Three-Mode Control)

Each of the three basic control mades and the combi-

nations discussed so far — proportional (P), proportional-
plus-integral (Pl), and proportional-plus-derivative (PD)
— have limitations which may not be significant if the
process and controller are carefully matched.

However, some processes are so difficult to control,
or so critical to maintain at set point, that the use of
all three modes will be helpful in maintaining desired
control. PID control responds to all aspects of process
error — direction, magnitude, duration, and rate of
change. The output of a PID controller is a linear
combination of P, I, and D modes of control.

PID cantrol can be advantageous on many processes.
However, its application should be considered carefully
because it has limitations with some processes.

Processes that benefit most from PID control have rapid
and large disturbances in which derivative action can
respond ta the rapidity of the changes, and integral action
can respond to the duration of them.

other ways as well. Derivative action permits an increase
in proportional gain, offsetting the decrease necessitated
by integral action; where integral action tends to increase
the period of cycling of a loop, derivative action tends
to reduce it, thereby producing the same speed of re-
sponse as with proportional action but without offset.

. Derivative and integral action are complementary in

Temperature processes, such as the heat exchanger
shown in Figure 3, are typical of those applications which
can benefit from PID control.

Figure 9 shows the effect of the addition of derivative
action to a properly adjusted Pl controller. The period
{time to complete a cycle) is shorter than with propor-
tional-plus-integral control.

Ty
S N PAOPORTIONAL-PLUS INTEGRAL CONTAOL

PROPOATIONAL PLUS-INTEGRAL PLUS DFRIVATIVE COMTROL
RESPONSE

SET POINT

FIGURE 9 — Comparison of System Response to a Process Upset
with PI Control and with PID Control

Figure 10 shows the response of a system to a process
upset in the primary analog control modes: proportional, |
integral, and PID. The uncontrolled response is shown
for the sake of comparison. ;

INTEGRAL CONTROL

RESPONSE
PROPORTIONAL CONTROL

SET POINT
+

PROPORTIONAL - PLUS-INTEGRAL -PLUS-DERIVATIVE CONTROL

FIGURE 10 — System Response to a Process Upset with Different
Mades of Analog Control

Figure 11 shows the response of a system to a change
in set point (as would happen in tuning a controlier)
using the same analog control modes.

PROPORTIOMAL -PLUS-INTEGHAL-PLUS -DERIVATIVE CONTROL

INTEGAAL CONTHOL
NEW SET PDINT

A
RESPONSE A -
NS PROPORTIONAL CONTHOL

DRIGINAL SET POINT

FIGURE 11 — Systemn Response to a Change in Set Point with Dif-
ferent Modes of Analog Control




Combination Types of Control

Batch Control

Batch control was designed for discontinuous processes
such as batch reactors, where there are intervals between
finishing one production run and beginning the next.
Batch tanks are quite common in process plants. It is
important that product quality and uniformity be main-
tained from one batch to another,

At the point when the tanks are empty, an open-loop
situation exists. However, the controller witl behave

as if the loop were still closed and, because the mea-
surement has gone beyond the set point, continue to
change its output due to integral action.

When the next production run is started and the tanks
start to fill (thereby closing the loop), the measurement
must pass the set point (enter the range in which pro-
portional action can begin to function) before the control
output signal begins to change. The result is that the
measurement overshoots the set point. This condition
is called “output saturation due to integral action” or
“integral windup.” It is shown in Figure 12. Observe
that the controller output does not begin to fall until
the measurement has crossed the set point following
startup.

CONTAQLLER QUTPUT
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TIME —F
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PRAOCESS
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FIGURE 12 — System Response to Process Shutdown and Startup
with Pl or PID Control Only

To avoid integral windup, a batch controller is specif-
ically designed to begin control action before the
measurement reaches the set point and thus avoid
overshooting.

When the measurement is within normal control range
(output between 0 percent and 100 percent of scale),

the standard control mode (typically Pl or PID) corrects
for any process upset. A “batch unit” or “batch switch”
actuates only when the output goes beyond the preset
limit (over 100 percent or under 0 percent of scale) and
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the standard control mode can no longer return the
measurement to set point.

The batch unit dissipates the integral feedback signal,
attempting to hold the controller output at the preset
limit. The proportional band, which integral action
would otherwise force completely above the set point,
responds independently to the measurement and is able
to react appropriately when the measurement returns
to the controller’s proportional band range. (Refer to
Figure 13.) The tendency to overshoot is cvercome and
normal Pl or PID response is restored. Note, however,
that careful tuning of the controller is necessary for the
batch unit to function effectively.

BATCH UNIT FUNCTIONS

/ CONTROLLER OQUTPUT

SEY POINT
4

RESPONSE *»

PROCESS
STARTUP

PROCESS
SHUTDOWN

FIGURE 13 — System Response 1o Process Shutdown and Startup
with Batch Control

Batch control is used primarily in discontinuous
processes. It is not used on controllers with a fast
integral action response time such as flow controllers.
It is used on antisurge flow controllers for compressors,
however, where speed of response is essential to protect
equipment.

A typical batch process is the exothermic reactor shown
in Figure 14. After the vessel is charged with reactants,
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FIGURE 14 — Application of Batch Control to a Batch Chemical
Reactor
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secondary controller, The output of the primary con-
troller becomes the set point of the secondary controller.
The system is now functioning in cascade.

The advantage of this system is that the flow controller
protects the process from the variations that would be

caused through varying fuel pressure and allows the pri-
mary controller to regulate temperature with improved
stability.

A potential source of trouble is integrai windup or sat-
uration {(sometimes called “reset windup”). This can
occur when the excursion of plant load goes beyond
the capability of the final control element, or when the
secondary controller must be placed in manual,

In cascade control, integral windup can occur like
this: If, for example, the process load demands more
than the control valve can deliver, a sustained deviation
of the secondary measurement from its set point results.
The primary controller then readjusts the set point of
the secondary controller, even though it can apply no
corrective action.

To avoid the problem, the secondary measurement
should be used to reset the primary controller as shown
in Figure 19. (Usually, a controller is reset with its own
output; in a cascade system, the output of the primary
is used as the set point of the secondary. Both primary
and secondary controllers must have integral action and
the primary controller must be equipped with an external
feedback connection,} In operation, as long as the secon-
dary measurement and set point are equal, integral action
of the primary controller proceeds in normal fashion.
But if the secondary measurement cannot follow its set
point, integral action in the primary controller will stop,
to resume only when the secondary measurement once
again can follow the set point,

PRIMARY CONTROLLER

i
€EDBACK

SECONDARY CONTROLLER

PRIMARY
TRANSMITTER

TEMPERATURE
PROCESS

SECONDARY
TRANSMITTER

FIGURE 19 — Asrangement of Primary and Secondary Cascade
Controllers to Avaid Integral Windup
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In order for cascade control to be effective, the response
of the secondary loop must be considerably faster than
the response of the primary loop. Severe instability can
result if cascade control is misapplied to a situation where
the periods of the primary and secondary loops are
approximately equal, because of nearly simultanecus
set peint and measurement changes in the secondary
loop.

System response to a process upset is the same as for
the basic control mode, which is determined by the
secondary loop (if the secondary process is flow, the
control mode is Pl; if it is valve position or a relatively
fast temperature process, the control mode is P only).

In general, cascade control can dramatically improve
systems where: 1) supply upsets are large and frequent;
2) the primary variable responds slowly but with large
amplitude to supply upsets; and 3) the supply variable
can be controlled in a rapidly responding loop.




PART I
TRANSMISSION SYSTEMS

SECTION 2 — COMPARISON OF ELECTRONIC AND PNEUMATIC
SYSTEMS

Before 1938, most measuring and control instruments
were connected directly to the process. This required
that instruments be locally mounted. The process
operators were required to move around the plant taking
readings and making adjustments. With a small process
plant this worked; but as the plant grew, it became just
about impossible. The pneumatic transmission system
was devised to overcome this difficulty.

With a transmission system it is possible to locate all
recording, indicating, and controlling instruments in a
central control room. This permits the operators to
continuously supervise the entire plant's operation from
one location.

The signal transmission system can be either pneumatic
(air pressure) or electronic {electric current). Pneumatic
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transmisston systems are easy to understand because
they use a basic process measurement: pressure. How-
ever, electronic systems perform the same functions,

Pneumatic and electronic instruments look more or less
identical, both in the field and in the control room. The
two signal transmission systems can be used within the
same process control system, allowing a great deal of
flexibility in instrumenting a plant because equipment
can be chosen which suits the application exactly.
Pneumatic pressure-to-electric current (P, for short)
and electric current-to-pneumatic pressure (//P) con-
verters are readily available.

Of course, there are some differences between electronic
and pneumatic systems, both in performance and

" capability. These are summarized in Table A,




TABLE A — Comparison ol

f Pneumatic and Electronic Systems

FEATURE

'PNEUMATIC SYSTEM

ELECTRONIC SYSTEM

Transmission distance

Standard transmission signal
Compatibility between instruments

supplied by different manufacturers
Control valve compatibility

Compatibility with digitai computer or
data logger

Reliability

Reaction to very low (freezing)
temperatures

Electrical interference effect

Operation in hazardous locations
(explosive atmasphere)

Reaction to sudden failure of
energy supply

I

|

l System compatibility

I

Ease and cost of installation
Instrument costs

Ease and cost of maintenance
Dynamic response

Operation in corrosive atmospheres

Velocity of transmitted signal
Measurement of all process variables
Performance of overall control system

User attitudes (the unmentioned
factor that frequently pops up)

Limited to a few hdindred feet
3t0 15 psi(20to 100 kPa) practically

universal
No difficulty

Controller output pperates control valve

operator directly

Pneumatic-to-electric converters
required for all inputs

Excelient, if energ

zed with ¢clean dry air

Musttake precautions to keep air

supply completely
No effect

No inherent hazard

Capacity of system

dry

provides safety

margin — backuplinexpensive

Fair — requires considerable

auxiliary equipment

Tends to be labor intensive

Relatively stable

Fair— procedures

more readily

mastered by people with minimum

oftraining

Slower, but adequate for most

situations

Airsupply becomes a purge for

maost instruments

Relatively siow (under 1000 ft/s

[300 m/s])

A few measurements are difficult, but
can be made available

Excellent, if transmission distances

arereasonable

Generally regarded as acceptable,

but not the iatest th

ing

Practically unlimited

4 to 20 mA dc practically universal

Occasionally nonstandard signals may
require special consideration

Preumatic operators with electropneumatic
converters or electrohydraulic or electric
motor operator required

Easily arranged with minimum added
equipment

Excellent, under usual environmental
conditions

Electronic portions of control loop are
not affected by temperature

No effect with dc system if properly
installed

Explosion-proof and intrinsically
safe equipment available — power
must be removed for most
maintenance

Most failures due to power

outages can be prevented through
readily available alternate power
system such as UPS (Uninterruptible
Power Source)

Good — conditioning and auxiliary
equipment more compatible to
systems approach

On-site labor costs have been
decreasing due to electronic
modularization

Decreasing costs due to
microprocessor technology and
modularization

Good — depends upon training and
capability of personnel

Excellent— frequently, valve becomes
limiting factor

Consideration must be given to
effects of corrosive gases in

the atrmosphere around any electronic
components

Extremely fast
Excellent

Excellent—no restrictions on
transmission distance

Often regarded as the latest and
most modern approach
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One function of any signal transmission system is to avoid
having hazardous materials enter the controf room. For
example, a pneumatic transmitter may be measuring
the pressure of a vessel containing a highly toxic material
under very high pressure. A direct pressure measurement
wolld require that this material be piped into the control
room. A transmission system, on the other hand, simply
requires a signal representing this pressure, so the hazard
is avoided in the control room.

Another added advantage is the common signal. All
recorders, indicators, alarms and other associated equip-
ment operate fram the same signal level, the range of
- which is generally 3 psi (20 kPa) at the lower scale value
to 15 psi (100 kPa) at the upper scale value. This dif-
ferentiates between a 0 percent signal, which would
register as 3 psi, and no signal (as from a failed trans-
mitter), which would register as less than 3 psi. Other
preumatic signal ranges sometimes used are 3 to 27
psi and 40 to 200 kPa. Where an instrument requires
a signal level higher than the standard chosen for the
piant (positioners often require signals above these
ranges), the needed level can be achieved through the

. use of amplifiers.

The practical advantage of this is that the control room
instruments are basically the same. A control panel may
contain indicatars, recorders and controllers handling
pressures, temperatures, flows, and other process vari-
ables, The only differences between them are the scales
or charts employed.

The air pressure signal is transmitted by tubing, usually
1/4-inch copper or plastic, from field to control room
and within the control room between instruments.

Signal Transmission Distances

Unfortunately, it is difficult to recommend allowabie

- distances for pneumatic transmission because there are
no “hard and fast” rules to follow. What may be ac-
ceptable in one case could be detrimental in another.
However, by examining the characteristics of the
transmission tubing and its termination, some guidelines
can be drawn for individual control loops.

Signal speed is limited by absolute physical properties
and by the fact that there is a lag caused by resistance
and capacity distributed along the entire length of the
line. This distributed lag adds dead time to all processes
as shown in Figure 20.

For 1/4-inch tubing (0.188-inch |D), the total dead time
is about one second and it takes about five seconds for
each 500 feet (150 metres) of tubing for most of the

17

SECTION 3 — WORKING WITH A PNEUMATIC SYSTEM

measurement change to be transmitted to the device
at the other end, if the tubing terminates in a small voi-
ume such as a bellows. (This is the time constant, a ;
mathematical concept, which is defined in the Glossary

of Terms, Appendix A.) Terminating in a large volume

such as a valve motor greatly increases the time required

to transmit the measurement change without materially
changing the dead time. Inserting a repeating relay (a
pneumatic signal amplifier) or volume booster in the

line will tend to reduce the time required to transmit

the change without affecting the dead time. Larger di-

ameter tubing has less resistance to flow but greater

capacity so, unless it is terminated in a large volume,

a marginal advantage can be obtained using 3/8-inch

tubing.

—r

CONSTANT

FIGURE 20 — Pneumatic Tubing Transmission Lag

Pneumatic transmission lags most seriously affect the
response of flow control loops. A close-coupled pneuma-
tic flow loop will typically oscillate with about a
one-second period, as wiil an electronic flow loop with
a pneumatic valve. Adding 100 feet (30 metres) of tubing
{to both input and output} will increase the period to
perhaps two seconds, and 500 feet (150 metres) will
raise the period to eight or ten seconds. If a particular
process has few load upsets which are slow to develop,
a ten-second period may provide perfectly adequate
control. But if a particular flow controller must provide
surge protection for a compressor, even a two-second
period would be uncomfortably slow.

The point being made here is that the allowable tubing
length depends primarily on what process is being con-
trolled and what the controller is being asked to do.

Valve positioners are frequently used to reduce termi-
nation volume. Valve paositioners shouid not be used
when controlling flow as they tend to destabilize a fast-
responding system, Instead, a volume booster mounted
on the valve motor will reduce termination volume with-
out loss of stability.




The best response would be achieved by mounting the
flow controller on or at the valve, but then extra lines
must be run between the control room and the field to
transmit the set point and measurement and, if required,
the manual regulator output and transfer signals. This
doubles the tubing that must be run, as indicated in Fig-
ure 21,

As a result of the higher cost of both instrument and
installation, relatively few controllers are locally
mounted. However, if neither manual control nor valve-
position indication are required, and they do not seem
to be in most flow loops, a less expensive field-mounted
flow controiler called a “two-pipe” system (shown in
Figure 22) can be justified.

PANEL
BELD

FIGURE 21 — “Four-Pipe” Pneumatic Transmission System

ET STATIGN

FIGURE 22 — “Twao-Pipe” Pneumatic Transmission System
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Applications

So far, the discussion of pneumatic transmission signals
has concentrated on the requirements of flow loops.
Flow measurements can change very fast. Liquid pres-
sure reacts as quickly as flow and, similarly, transmission
distances should be kept to a minimum. Minimum
transmission distances are in order also when controliing
dynamic components such as compressors or combus-
tion systems. If problems arise in keeping transmission
distances to less than 100 feet {30 metres}, a valve
positioner will be helpful in reducing termination volume
without loss of stability.

Gas pressure and liquid level processes are slightly
slower than flow or liquid pressure processes, making
transmission distances less critical. Temperature and
composition joops typically display periods in the order
of several minutes to an hour or more. In these cases,
even 1000 feet (300 metres) of tubing would not notice-
ably influence performance.

Another thing that can affect the selection of transmission
distance is where the loop’s set point is determined. If
it is set remotely (by another controller, as with cascade
control, or by another variable, as with ratio control),
consider whether it is more important to have the faster
response (and therefore the shorter transmission distance)
between the process and the controller or between the
remote set point and the controller.

In general, the less critical the measurement, or the less
severe the upsets experienced, the more acceptable is

the relativeiy slow response caused by long transmission
distances.




PART I
INSTRUMENTATION TO IMPLEMENT PROCESS CONTROL

®

SECTION 4 — GENERAL INFORMATION

Before you can implement process control, you must
have something tangible to control. In the basic feedback
control loop, the measurement is that tangible rep-
resentation of the process. In certain ways, the mea-
surement is the most important part of the control
loop: no matter how complex or sophisticated your
controller, it needs sensor data.

The sensor can be connected directly to the controller,
or a measuring transmitter can be used. Other devices
may be inserted between the measurement and the
controlier to provide signal conditioning. Any of the
following may be included in the loop: recorders and/or
indicators, computing devices, alarms, integrators,
positioners. This array of equipment can be organized
into a loop as shown in Figure 23. NOTE: The trans-
mission system — the means by which the signal is
passed among the pieces of equipment in the loop —
is discussed in Part Il of this publication; details on the
loop instrumentation are provided in this part.
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FIGURE 23 — Types of Instrumentation That Can Be Used in a Control
Loop

The overall performance of a control system can never
surpass that of the individual instruments that make up
the measuring system. Good control depends not only
on the static accuracy of the measuring system, but also
on its dynamic performance. If the measuring system

is not capable of responding as fast as the measured

variable can change, then the correcting action dictated
by the control system will be correspondingly slowed.

It is important to understand the dynamics of processes
as well as the advantages and disadvantages of the dif-
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ferent types of control equipment. You need to know
the requirements of range, corrosion resistance, speed
of response, ambient temperature, and economics. Only
then can the appropriate instruments be chosen.

The instrumentation required for each measurement
point should be specified individually for optimum re-
sults. Temperatures can vary from point to peint in a
fine, and flow patterns can change where the piping
bends. Instrumentation specification is a very complex
subject, which cannot be explored fully here. However,
as a guideline, the choice of sensors should consider
all of the following:
« the range and the span of the measured variable,
« the accuracy and resolution required to maintain
adequate control of the process, and
+ the speed or rate of change of the measured vari-
able. '
Keep in mind, too, that slight deficiencies in accuracy,
resolution, and response time may be magnified when
the individual components become part of a control sys-
tem.

The following sections discuss the different types of pro-
cess control equipment, the instrument categories within
each type, and common instrument mechanisms. Sec-
tion 5 discusses five basic process variables — pressure,
temperature, flow, level, and analytical. Their mea-
surement is explained in terms of mechanical sensors
which sense the change in the process and give a direct,
proportional, local indication of the measurement. (Sec-
tion 5 also gives an overview of other process mea-
surements and provides references for them.) Section

& discusses mechanisms, transmitters, some specialized
sensors, and signal converters. Recording and indicating
instruments are discussed in Section 7, pneumatic com-
puters in Section 8, and so on through the various parts
of the process control loop shown in Figure 23.

The Foxboro equipment for each instrument category
is described in detail where appropriate, and the process
applications, advantages, and limitations for each are
discussed. Opticns are not discussed: this information
can be obtained from specification literature provided
by Foxboro. In general, however, most instruments can
be provided with special process-wetted materials (i.e.,
materials that come in contact with the process) and
with special preparation and cleaning to suit specific
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applications. Animportant option that should be selected
with any pneumatic instrument is an afr set which filters
and regulates the air supply to the instrument.

Foxboro recognizes that the future of process control
resides in advanced electronic technology, but shows
pneumatic and mechanical instrumentation in this
publication because it is easier to explain and simpler
for the novice to understand. Electronic devices and
even microprocessors generally mimic the functional
circuits described here because they are basic.

This section discusses only basic pneumatic and
mechanical instruments — the “tried and true” tech-
nologies on which further developments in the field of
process control have been based. The more recent (and
more commeon) electronic technologies are referenced
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in the comparison tables; further information can be
obtained about these instruments from your Foxboro
sales representative or in the publications listed in the
Bibliography.

This section covers only the measurement and control
instrumentation needed to implement basic process con-
trol loops. This represents the beginning of what can
be accomplished by the application of advanced control
developments, Ycur Foxboro sales representative can
give you information on process control systems that
incorporate sophisticated control rooms supervising en-
tire plant or mill processes ... even all of the processes
in an entire plant or mill, including computers providing
management information as well as process informa-
tion.
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SECTION 5 — DIRECT-MEASUREMENT HARDWARE

Pressure Elements

Pressure can be defined as the force exerted over a sur-
face divided by its area. In the United States, pressure
is commonly expressed as pounds per square inch (psi),
though technically the term is pounds-force per square
inch. Very low pressures are commonly expressed as
inches of water (inH,O) because the equivalent values
in psi are so small. For example, 1 inH,0O = 0.03606
psi.

To provide a terminology applicable throughout the
warld and convenient for very low as well as very high
pressures, many companies (including Foxboro) recog-
nize the 5/* unit pascal (Pa) and multiples of it like
kilopascal (kPa); 1 kPa = 6.895 psi. Refer to the Glossary
atthe end of this publication for a definition of kilopascal,
and to the Unit Conversion Tables for the relationships
between kPa and different English units of pressure
measurement.

The most commonly used direct pressure measurement
sensor is the Bourdon tube. Itis an elliptical-cross-section
tube made of somewhat elastic metal and formed into
a shape like a “C” or a question mark. One end is open
to a pressure source; the other end is sealed and con-
nected to an indicator or, indirectly, to a pressure
transmitter, (See Figure 24.) When pressure is applied
at the one end, the force tries to straighten out the tube.
The amount of movement sustained by the sealed end
is proportional to the amount of pressure applied. The
basic tube can be twisted into helical and spiral element
shapes, also shown in Figure 24,

MOTION

MOTION — MOTION

* PRESSURE
FLUIO PRESSURE

FIGURE 24 — The Bourdon Tube (left), Derived Spiral (center), and
Helical {right} Elements

* Sl is the common acronym for Systéme International d’Unités (the

International System of Units}. S| was adopted by the General Con-

ference of Weights and Measures in 1960. It is discussed in Appendix
B {Units of Measure} of this publication and in literature listed in the
Bibliography (Appendix C).
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A diaphragm element is a chamber with one side a thin
disk made of springy metal and the other side open to
pressure (see Figure 25). The center of the disk deforms
{is pushed outward, away from the pressure source) in
an amount proportional to the pressure applied. This
basic element can be expanded into the bellows shape,
also shown in Figure 25.

MULTIPLE DIAPHRAGMS

h

MOTION T DI;FHRAGM

+—PRESSURE

PRESSURE

FIGURE 25 — The Diaphragm (left) and Multiple Diaphragm {Bellows)
Elements

The pressure elements just discussed come in a wide
variety of materials and ranges.

The Bourdon tube, bellows, and diaphragm gauges are
commonly used because they have a mechanical motion
output that can be connected directly to a position-type
pneumatic controller, or can be incorporated into a
pneumatic or electronic force-balance transmitter, They
are also dependable and durable for long service life.
Refer to the information on each type of pressure
transmitter for their process applications (e.g., air, steam,
liquid, differential pressure).

Unless otherwise specified, pressure elements are
measuring gauge pressure {sometimes spelled “gage”),
which makes no allowance for the fact that the earth
is covered by atmosphere. The amount of atmospheric
pressure, or “head,” varies with elevation; for example,
at sea level, atmospheric pressure is about 14.7 psi or
29.9 inHg but in Denver, with an elevation of one mile,
atmaspheric pressure is 12.5 psi or 25.4 inHg. When
atmospheric pressure is taken into consideration in a
measurement, we specify the pressure as absolute, i.e.,
gauge pressure plus local atmospheric pressure.

it is highly desirable to install pressure elements with a
1-valve manifold along the pressure line just before the
instrument. This will allow the pressure line to be shut
off and the instrument removed when necessary for

maintenance or repair, without disturbing the process.




Temperature Elements

Heat, technically, is a form of energy added to a system,
which cannot be measured directly. But heat causes a
change in the quantifiable degree of hotness or coldness
of the system, which can be measured; this is known
as temperature.

Temperature is expressed as degrees of a scale, generally
Fahrenheit or Celsius (Centigrade) but also possibly Kel-
vin or Rankine. (Refer to the Appendices “Units of Mea-
sure” and “Unit Conversion Tables” for both the con-
version factors and an extensive listing of compared
temperatures.)

A filled thermal system provides dependable direct
measurement. It provides only indication; however, if
desired, the measurement can then be transmitted to a
recorder and/or controller. Other types of temperature
elements — for example, thermocouples (TCs)*, resis-
tance temperature detectors (RTDs)*, thermistors*, and
optical or radiation pyrometers* — create a signal (usu-
ally electrical) which can be indicated, recorded, or
used as the input to a controller.

SPIRAL BOURDON
£ TUBE

\—-I‘._J/

+
INDICATING SCALE

SENSOR (S8ULB)
+
CAPILLARY

+—
TUBING

FIGURE 26 — The Parts of a Filled Thermal System

.

* A thermocouple (TC) is composed of two parallel wires of dissimilar
metals which are connected at both ends. The metals react differently
te changes in temperature and create an electric reaction at the connec-
tions (the measuring and reference junctions). The voltage produced
can be measured and its magnitude used as a measure of the fem-
perature in gquestion. Different pairs of metals are used for different
ranges.

A resistance temperature detector (RTD) is made of some material
for which the electrical resistivity is a known function of temperature.
Different materials are used for different ranges.

Thermistors are made of heat-treated metallic oxides. They can replace
RTDs as temperature sensors, trading some benefits for other con-
straints.

Optical (radiation) pyrormeters utilize an optical system to focus energy
radiated from a body onto a sensing system. They are used to measure
high temperatures and to measure any temperature where contact
with the object is impossible.
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Filled thermal systems are variations on the common
stem thermometer and are based on the thermal ex-
pansion of gases and liquids. The basic technique has
been used for many, many years.

Filled thermal systems consist of a sensing bulb con-

nected through capillary tubing to a pressure- or volume-
sensitive element such as a Bourdon tube which then
connects to an indicating scale {Figure 26 shows the
relationship of these components). The sensing bulb is
generally installed in a thermowell, a long, thin metal

case that conducts the temperature to the bulb, to protect

the bulb from direct exposure to processes that might

cause damage to it (e.g., corrosive materials, fluids with *
suspended abrasive solids, sanitary processes). (Figures

27a and 27b show an actual filled thermal sensor with
thermowell, connection tubing, and direct-measuring N
element.) Filled thermal systems are simple, inexpensive,

and, because they require no external source of energy,
provide continuous measurement even during power
interruptions.

FIGURE 27a — A Filled Thermal System with Sensor, Connecting
Tubing, and Mechanical Element

oy

FIGURE 27b — Several Types of Thermowells for a Filled Thermal
System

Filled thermal systems are used traditionally in the food,
paper, and textiie industries. They are ideal for remote
locations where power is not available. They have also
been applied successfully in industries using cryogenics




(very low temperature, such as that associated with liquid
oxygen). The bulb can be protected from potentially
corrosive process material or damaging applications by
thermometer wells. For service in acids, pickling baths,
plating and similar applications where the temperature
is not excessive, special plastic-coated bulbs are avail-
able. An all-welded stainless steel bulb is available to
meet sanitation requirements.

The transmitting medium {filling} in a filled thermal sys-
tem can be vapor, gas, mercury, or other liquid. Each
has different applications. The Scientific Apparatus Mak-
ers’ Association (SAMA) has arranged these systems by
number and letter, and has provided specifications for
their use. The numerical classifications are | (liquid-
expansion), Il (vapor-pressure), Il (gas-pressure}, and
V (mercury-expansion). Only Classes I, 1l, and 1l are

in wide use anymore and so they are the only ones dis-
cussed. A summary of the details following is provided
in Table B.

Class  (liquid-expansion) systems are characterized by
high accuracy, narrow spans, the smallest sensing bulbs,
uniform scales, and capability for differential measure-
ments. They are particularly recommended for mea-
surements at or near ambient temperatures. Class A
devices are fully compensated for the effects of ambient
temperature changes on the accuracy of the measure-
ment and they have greater overrange protection than
other devices. Class IB systems are case compensated
{i.e., the motion element is compensated but not the
capillary). Class | systems are complex and therefore
expensive; however, the benefits often outweigh this
disadvantage.

TABLE B — Application Data for Temperature-Measuring Systems

Filled Thermal System — SAMA Class Thermocouple** | RTD**
IAIB 11A,B,C,D 1B

Principle of Volume Pressure Pressure Electromotive Electrical

Operation change change change force resistance

Temperature Fairly low Low to Very low to Lowest 1o Low tofairly

Range to moderate moderate high highest high

Spans Moderate Moderate Moderate Narrow to Very narraw
wide tomoderate

Response Slow Moderate Moderate Fast Moderate

Reiative Cost:

¢ Purchase High Maderate Moderate Low Low

« Installation Moderate Moderate Moderate Low* Low*

+ Operating Low Low Low Moderate Moderate

Scale Linear Nonlinear*** Linear Nonlinear Linear

Overrange Medium Least Greatest Unlimited Unlimited

Capability

Sensitivity Poor Poor Poor Very Good Very Good

Accuracy Moderate Moderate Moderate Poor Very Good

Fill Medium Liguid Vapor Gas NA NA

Distanceto

Receiver Short Short Short Long l.ong

Sensor Size Small Medium Large Small Small

Ambient Temp. A: Full Not required B: Case NA NA

Compensation B: Case

* General-purpose wiring only. Explosion-proof electrical requirements boost cost ta highest.
** Electronic devices only (nat detailed in this publication) whose ratings are averages for the various models available. Cantact your Foxboro sales
representative for further information.

¥ Uniform motion or output with temperature may be accomplished for certain ranges by mechanical means.




Class il {vapor-pressure) systems are simple, inexpensive,
and inherently accurate devices with long, trouble-free
lives, and require no compensation for ambient tem-
perature effects. Instruments follow the vapor-pressure
curve of the filled fluid, and associated dials and charts
are therefore nonuniform, with more widely spaced
increments at high temperatures (see Figure 28}). This
may or may not be a problem. If the operating tem-
peratures are in the outer portion of the chart, the record
will be more readable, but if temperatures vary through-
out the range, another system is the better choice. The
temperature ranges of the Class |1 system with respect
to ambient (indicated by alphabetical designation) must
be strictly observed, or the device may operate errati-
cally. Class llA and IIB are designed to operate above
and below ambient, respectively; IC temperatures can
cross ambient; and IID systems can operate above,
below, or at ambient. Class ItA sensors have the fastest
response of all filled thermal systems.

CLASS ILorI

CLASS T

FIGURE 2B — Recording Charts for Filled Thermal Systems
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Class Il (gas-pressure) systems, which are second to the
vapor-pressure devices in simplicity and cost, have the
widest range of all filled systems. They generally do not
require compensation. They have the largest sensors,
but the sensors may be shaped to suit particular appli-
cations. For example, in duct-temperature averaging,
the bulb may be constructed of a long length of tubing
of small cross section, Conventional recorders are not
recommended for temperature spans less than 200°F/
111°C, but transmitters operating on force-balance
principles can be utilized with spans as narrow as 50°F/
28°C.

Other types of temperature-measuring devices were
mentioned earlier — TCs, RTDs, thermistors, bimetallic
devices, optical or radiation pyrometers. Thermocouples
and RTDs are discussed in Section 6 of this publication
{Type 33C emf-to-Pneumatic Transmitter and Type 34C
Resistance-to-Pneumatic Transmitter, respectively). The
others can be examined in detail in the books listed in
the Bibliography at the back of this publication.




Flow Measurement Devices

There are many aspects to flow measurement, making
it a complicated subject. Fluids flow, but they can have
varying specific gravities, temperatures, and consisten-
cies. Quantity of flow can be measured volumetrically
with a positive displacement meter (e.g., a common
household water meter) or indirectly by measuring the
flow rate (almost all other applications).

The most common means of measuring process flow
rate is by a differential pressure system, often called a
head meter system: a calibrated restriction (called the
primary device) in the flow line develops a pressure drop
measured with sensor {called the secondary device).

Figure 29 illustrates, in cross section, the typical line
pressure profile created by an orifice plate and how a
mercury manometer would measure that pressure. (Mer-
cury manometers are seldom used in processes today
due to the dangers of mercury, but the device is useful
here for illustrative purposes.) This predictable profile
is the basis for flow measurement using differential pres-
sure.

psi
PAESSURE

PRIMARY
DEVICE

MERCURY

PRESSURE
DIFFEREMNTIAL

AT
SECONDARY DEVICE

FIGURE 29 — Head Meter Cross Section with Mercury Manometer

The most common primary device is the orifice plate
held in place in the piping with flanges. The most com-
mon secondary device is the differential pressure
transmitter. The differential pressure transmitter senses
the change in line pressure caused by the orifice plate,
but is in a different package from the mercury manometer
just described, A AP (differential pressure) transmitter
has pressure connections like the manometer, each of
which leads to a diaphragm sensor; the movement of
the diaphragm indicates the change in pressure. The
combination is inexpensive to implement, fits almost
any size line, and can be used with most applications.
It also can be applied to lines with reverse flows (re-
quiring a measurement that crosses zero, such as —50
to + 50 gpm), when installed with a zero elevation

kit.
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Of course, economic implications and the configuration
and size of the piping are not the only things influencing
choice of the primary and secondary devices. Charac-
teristics of the flowing substance (e.g., temperature, sol-
ids content, viscosity) must also be considered, For
example, the popular AP transmitter would be installed
differently depending on the flowing substance (see Fig-
ures 30a through 30c¢), and it would not be appropriate
at all in some applications (see Table C for a comparison
of several primary methods of flow measurement). It is
highly recommended that any AP transmitter be installed
with a 3-valve manifold between the transmitter and
the process piping; this isolates the transmitter from the
process fluid so that the transmitter can be removed for
maintenance or repair without interfering with the pro-
cess itself,

LIQuID FLOW

3 NALYE
MANIFaLN

GAS FLOW

STEAM FLOW

RIZONTAL LINE

VAl
MANIFOLD

FIGURE 30 — Differential Pressure Meter in Flow Applications for
Liguid (Figure 30a, top), Gas (Figure 30b, middle), and Steam (Figure
30c, bottom)



The major limitations of AP meters are low rangeability
(difficulty in reading a wide range of flow rates) and a
square-root relationship in readout (which must be ac-
commodated in some way*). They also are unable to HIGH-PRESSURE LOW -PRESSURE
cope with certain types of fluids {e.g., slurries). Other PIPE SONNECTION PIPE CONNECTION
types of flowmeters may be advantageous when these
limitations are insurmountable.

Primary devices {restrictors) include the orifice plate,
flow nozzle, elbow, Venturi tube, and Annubar, shown
in Figures 31a through 31e.

VENTURI

PRESSURE "~y
STATIC
PRESSURE

ORIFICE PLATES

ANNUBAR

HIGH PRESSURE LOW-PRESSURE
CONNECTION CONNECTION

N FIGURES 31a through 31e — Primary Devices

The only Foxboro direct flow-rate measuring device is
the Type 37 Diaphragm Measuring Element, described
following. It is a secondary device which converts the
measured pressure drop into motion via a drive bar.

Most flow-measuring instruments convert the measure-
FLOW NOZZLE ment internally into a signal which can be transmitted
to a controller or recorder. Typical of these secondary
devices are the failowing, shown in Figures 31f through
31h.
« The target flowmeter places a solid disk in the pipe.
. As the flow passes around it, the force exerted by
PRESSURE ey : the flow on the disk produces a flow-related (square-
root) signal. The target meter is described in Section
6 of this publication.
» The variable-area meter (rotameter) suspends a float
Ve low denser than the flowing fluid in a tapered tube.
Its movement relates to flow and produces a signal
that is linear with flow. Advantages: can measure

* Square-root relationships require the use of special output recerding
charts or the addition of a square-root extractor in the control foop
(see Section 8, Pneumatic Computers).
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low flow rates. Limitations: The fluid must be
reasonably clean and the maximum flow rate is
limited by the size of the meter.

« Open-channel devices, primarily used for handling
water and waste, use a form of primary device
called a weir {a plate with a notch in it) or a flume
(a restriction in the channel) plus a secondary device
to produce a signal that is related to flow. Advan-
tages: flumes can handle waste with suspended
solids; weirs can handle large volumes.

310 15 psi

e
———

TARGET

Besides these types of flowmeters, several popular and
useful types of flowmeters have electrical output signals
only and therefore are not detailed in this publication.
They include the turbine meter, the vortex meter, and
the magnetic flowmeter. Refer to literature listed in the
Bibliography for information on them. The most used
types of flowmeters are compared in Table C.

OPEN CHANNEL WEIR

FIGURES 31f through 31h — Primary and Secondary Devices
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Table C — Application Data for Flow Measurement Devices .
Differential Pressure with Target Turbine* Mag Vortex*
orifice Venturi | nozzie Annubar | elbow Flow*
Accuracy Good Good Good Cood Poor | Fair V. Good V. Good| V. Good
Differential
Produced V.Good | Geod Gocd Fair Poor | NA NA NA NA
Pressure Mod-
Loss High erate High Low None | High High None | Low
Service:
*+ Dirty Poor Good Good V. Poor Poor | V.Good | Poor V. Good| V. Good
+ Corrosive Good Good Good Good Good | Good Poor V. Good| Good
* Slurries V. Poor Good Poor Ppor Good | Fair V. Poor V. Good| Fair
* Viscous ok Good Good NA Fair Good Fair V. Good| Poor
| ¢ Liquids with
Vapors Good** Good Good Fair Fair V.Good | Poor V. Goad| V.Good
‘ * Vapors with
3 Condensate Good** Good Good Ppor Fair V.Good | Poor NA V.Good
Calibration Sqg. Rt. Sq. Rt. Sq. Rt. Sq. Rt Sq. Rt.| Sq. Rt. Linear Linear | Linear
Initial Maod- Mod- Mod-
Cost Low High erate Low Low | erate erate High Low
‘ Ease of
Changing
Capacity Good Fair Fair Fair Fair Poor Good V.Good| Good
Ease of In- .
stallation Good Fair Fair Good Cood | Good Fair Fair V.Good

* Electronic transmitters only, not detailed in this publication. Contagt your Foxboro sales representative for further information.
** Some piping restrictions must be ohserved.
*** Suitabitity depends on type of orifice plate.

Type 37 Diaphragm Measuring Element The Type 37 Diaphragm Measuring Element, shown in

Figure 32, is a device that provides direct indication

of flow rate. It provides an accurate means of measuring
low-range differential pressure in a wide variety of -
applications. The Type 37 has overrange protection and
ambient temperature compensation for year-round

accuracy and stability. It requires no power for operation .
and, therefore, will continue operation during power

outages.

The element, usually mounted with a recorder in a case,
translates differential pressure to angular shaft position.
The shaft can be mounted to selected instruments to
indicate, record, and control.

% L i % oy

FIGURE 32 — Type 37 Diaphragm Measuring Element
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Applications include measuring flow of liquid, gas, or
vapor by differential pressure, or measuring liquid level
within a vessel. A self-draining feature makes it
particularly suited to wet gas measurement.

The Type 37 Diaphragm Measuring Element uses two
diaphragms connected by a chamber filled with fluid.
A pressure increase in the high-pressure chamber
compresses the diaphragm assembly (ltem 7 in Figure
33) and displaces the fluid through the passage into the
low-pressure diaphragm assembly. The linear motion
of the diaphragm assembly is transmitted through the
link to the inner end of the drive lever assembly (Item
4). The outer end of the drive lever, pivoting on the
bellows seal pivot point (ltem 5}, moves to drive the
pen arm. This motion continues until the force of the
range spring (ltem 3) equals the force of the differential
pressure in the diaphragm assemblies.

The bimetallic temperature compensator (ltem 6) inside
the high-pressure diaphragm assembly adjusts the
capacity of the low-pressure diaphragm assembly to
match the volume change in the liquid filling due to
ambient temperature effects. Precise damping®
adjustments can be made at the damping screw (ltem
1), while the instrument is in service, to provide accurate
control of instrument response.

* Damping affects the time required for a system to stabilize after
an abrupt process upset.
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1) DAMPING SCREW
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HGH PRESSURE @ LOW PRESSURE

FIGURE 33 — Type 37 Diaphragm Mechanism




Level Measurement Devices

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. Of
course, gases have no level.

Level measurement of liquids may indicate the precise
level at all times or it may indicate only when the level
reaches a predetermined point. This discussion is limited
to the former type of measurements.

An analog signal indicates either actual volume {gallons
or litres) or percent of volume. In general, the most
comman level measurement is differential pressure,
which uses measuring instruments already discussed.

FLOAT-AND-CABLE

BUOYANCY (DISPLACEMENT)

FIGURES 34a through 34d — Simple Level Measurement Devices
{Figures 34e and 34f an next page)

* The specific gravity (SG) of a liquid is its quantification of relative
density. It is the ratio of the density of a fluid at a particular temperature
to the density of water at a particular temperature. Both temperatures
(and even the quality of the water) are generally indicated; forexample,
for scientific purposes, the reference is double-distilled water at 4°C
(39.2°F). For most applications, distilled water is implied and 15.6°C
(60°F) is the reference. (The American Petroleum Institute, called API,
has published much data and many curves and tables on specific
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While the discussion of the various level measurement
methods that follow includes primary advantages and
disadvantages for each type, some problems occur in
level measurement that complicate the choice of sensor.
One of the problems is possible waves (called hydraulic
resonance} that can occur in any vessel with an open
surface, noise, and baoiling liquid/condensing vapor
thermal interfaces. Another potential problem is variable
specific gravity*. However, these are beyond the scope
of this publication. The reader is advised to consult some
of the more detailed books listed in the Bibliography
at the end of this publication for specific information.

This discussion of level measurement will be confined -
to open (vented) tanks and closed (pressurized* or
evacuated®) tanks with none of the problems noted

above. Liguid level measurement sensors for such .
applications include the following and are shown in

Figures 34a through 34f.

OFFN TANK

I TANK
DRY - s WET
DUTSIOE LEG
o

ouTsIoN |FG

MAXIMUM MAXINUM MAXIMUM

DHFFERENTIAL PRESSURE

REPEATER

LIQUID LEVEL
TRANSMITTER

REPEATER

gravities of many liquids.} Specific gravity can vary with temperature
and, to a much smaller degree, with pressure, |fthere is a wide variation
in either of these conditions, a corrective factor (beyond the scope
of this publication) must be introduced into control calculations.

A pressurized vessel is a closed vessel which may operate at pressures
above atmospheric.

An evacuated vessel is a closed tank from which all gas has been
removed.
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FIGURES 34e and 34f — Simple Level Measurement Devices
[continued)

*» Fioat-and-cable, indication-only instruments which
convert liquid level to mechanical motion. These
are direct-measuring elements primarily used in
apen tanks, Advantages: simplicity of operation
and insensitivity to density changes. Limitations:
reasonably clean liguids only, possible problems
with turbulence.

» Displacer (buoyancy), a type of force-balance

transmitter with a heavy element (displacer) im-

mersed in the liquid which senses the force pushing

it up {buoyancy). The force is directly related to
amount of {iquid displaced. Advantages: wide
range of elements available for differing applica-
tions; application to level, liquid-gas interface or
density measurement; and application to special
situations such as glass-lined tanks, high tempera-
ture service, tanks where pressure connections are
not practical, and density applicaticns, Limita-
tion: difficulty in measuring extremely turbulent
process conditions.

Pressure transmitters (head* meters), which sense

the pressure at the bottom of the tank and compare

it to atmospheric pressure (for open tanks) or to
the pressure at the top of the closed tank. This is
the most common type of level measurement, with
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variations available to accommodate almost any
process application (four of the most common varia-
tions, all for closed tanks — dry leg, wet leg, re-
peaters, and pressure seals — are explored in Table
D).

Purge bubbling or bubble tube is a form of pressure
measurement which measures the pressure required
to force a gas into a liquid at a point beneath the
surface (changes in level cause the air pressure in
the bubbie tube to build or drop). It is good in
applications with corrosive or solids-bearing lig-
uids.

The diaphragm box, used primarily for water level
measurement in open vessels, is very much like
the diaphragm element discussed in the section
on pressure, except that this is larger, actually a
box, sealed and filled with air. One side is a slack,
thin, flexible diaphragm which deforms in response
to pressure; an attached instrument senses the de-
formation and indicates it.

Table D summarizes the applications for the primary
tevel measurement methods discussed above.

More elaborate forms of liquid level measurement in-
clude capacitance, conductance, radiation {nucleonic),
ultrasonic, and thermal methods. These forms are
beyond the scope of this publication but can be
examined in more detail in the books listed in the Bib-
liography.

Density is important in process plants as an inference of
compasition, of concentration of chemicals in a solution,
or of solids in suspension. Many methods are available
to determine concentration, mast utilizing the effect of
density changes on weight as a measurement. Note that,
for measurements to be reliable, liquid in the tank must
be of uniform density; this is usually accomplished by
agitating the liquid sufficiently to maintain a uniform mix-
ture without causing undue velocity effects.

Density measurement uses some of the methods of level
measurement, such as displacement/buoyancy, differen-
tial pressure, ultrasonics, radiation, and temperature, A
method used specifically for density measurement is vi-
bration, in which a reed, plate, or filled cylinder is im-
mersed in the liquid and vibrated from externally applied
energy. The natural frequency of vibration is measured,
since it changes with density.

* Head (properly, hydrostatic head) is the term used for the result of
a pressure equation. In level measurement, the equation is
H=SGxd where H = heéad
5G = specific gravity
d = the maximum height of the liquid
above the transmitter sensor




TABLE D — Application Data for Level Measurement Devices

Buoyancy Purge Head
Bubbling Vented | Dry Leg* Wet Leg* Repeater Seals
Tank Openorclosed, | Open Open Closed -~ Closed— | Closed — Closed —
pressur- pressur- pressur- pressur- pressur-
izedor ized ized ized or izedor
evacuated evacuated evacuated
Service:
+ Clean Good Cood Good Good (pipe- | Good Good Good
or flange-
mounted)
*» Viscous Fair Fair Good Flange- Good Good Good
mtd only
 Corrosive Fair Fair Good Flange- V. Good Good V. Good
Fluids mtd only
+ Corrosive Fair Fair Fair NA V. Good Good V. Good
Vapors
+ Condensing | Good NA Poor Poor V. Good Good NA
Vapors
+ Negative Good NA NA Good Good Good, if Poor
Pressure modified
* Vacuum NA NA NA NA NA NA V. Good
Easeof In- Good Fair Good Good Fair Fair Good
stallation
Cost High Low Low Low Low Moderate Moderate
Easeof Difficult Simpl~ Simple | Moderate Moderate | Moderate Moderate
Service

* A wet leg is a long process connection filled with liquid; adry leg isa

32

long process connection filled with gas.




full description is beyond the scope of this publication.
Contact your Foxboro sales representative or refer to
the Bibliography for more information.

. Analytical Measurement Devices

Analytical measurements seek to define the contents

of a process stream and thus enable control of its
composition. Some analytical measurements are phys-
ical; others are electrochemical.

The physical types include humidity, density, differential
vapor pressure, beiling-point rise, chromatography, ul-
traviolet, infrared, and turbidity. Others, such as spec-
troscopy, osometry, and polarography, are laboratory
techniques and nat usually associated with automatic
control.

Many other analytical measurements, such as conduc-
tivity (often called specific conductance), pH (hydrogen
ion concentration), ORP {oxidation-reduction potential,
also called Redox), and specific ion concentration, are
electrochemical. In general, electrochemical measure-
ments measure activity rather than concentration.

The application of these analytical measurements to pro-
cess control is briefly described below. However, since
most analytical sensors produce an electrical signal, their
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humidity (the amount of moisture in gases, ex-
pressed in several ways — relative humidity, ab-
solute humidity, and dew point)

density {which was discussed in the section on level
measurement)

differential vapor pressure

boiling-point rise

chromatography {used for gas analysis)

ultraviolet

infrared

turbidity

conductivity (measures the activity of all ions pre-
sent)

pH (a measure of the degree of acidity or alkalinity
of an aqueous solution)

ORP (determines the oxidizing or reducing prop-
erties of a chemical reaction, and applies to any
material which exchanges electrons in a chemical
reaction}

specific ion concentration




SECTION 6 — PNEUMATIC TRANSMISSION HARDWARE .

The direct-measuring elements discussed earlier are
purely mechanical interconnections of components with
the measurement available only at the instrument, Where
the measurement is used only as a reference, direct-
measuring elements may be sufficient.

It is more common, though, for measurements from all
| field instruments to be brought to a central control area
i where control strategy can be performed. This requires
‘ the addition of air pressure — pneumatics — to the

measuring element so that the measurement can be

transmitted to the control room.

A pneumatic transmitter internally converts the mea-
surement into a pneumatic signal which can be trans-
mitted. There are twao primary types of transmitter
mechanisms: position and force-balance. Their standard
configurations, as described below, or variations thereon
are used in the rest of the instruments described in this
publicaticn. (Variations are explained in the description
of each product.)

The basic transmitter mechanisms comprise a sensor
(usually a diaphragm or bellows as described earlier in
this publication), a flapper-nozzle assembly to detect
errors, a bellows to provide feedback, and a relay to
amplify the cutput signal and to rebalance the system,
Other components, such as span and zero adjustments,
are typically added.

The basic error detection mechanism used in pneumatic
controllers and transmitters is the flapper-nozzle unit.
A reducing tube drops the full-scale reference air supply
to the minimum scale (e.g., 3 psi/20 kPaina 3 to 15
psi/20 to 100 kPa instrument) and allows it to flow
through a tube to the open nozzle. If the nozzle is un-
obstructed by the flapper, as in steady state {(on the left
in Figure 35), the pressure in the tubing will be low since
the air may flow freely from the nozzle. If the flapper
moves closer to the nozzle (as after a change in mea-
surement, shown on the right), the outflow of air will
be obstructed, causing the pressure in the tubing to rise,
possibly to full-scale value (here, 15 psi/100 kPa).

The air pressure in the tubing is very low, so a reflay
{amplifier} is instalied in the line to amplify the signal.
In this way, a small change in the flapper movement
{approximately 0.0006 inch), representing a small
change in the input signal (say 1 psi/7 kPa), can produce
a proportionally much larger and essentially linear relay
output (in this case, 12 psi/80 kPa on a 3 to 15 psi/20
to 100 kPa scale).

3 psi

RESTHICTIDN

NQZZLE

INCREASING
MEASUREMENT

FIGURE 35 — Flapper-Nozzle Assembly in Criginal State (left) and
with Nozzle Obstructed Due to Change in Measurement (right)
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FIGURE 36 — Pneumatic Relay

The air supply enters the relay {Figure 36) through a sup-
ply port to provide a reference for diaphragm movement.
The input signal (determined by the flapper-nozzle re-
lationship) enters the relay through the input port. The
input signal pressure causes the diaphragm to deform,
moving its attached stem vaive. As the input signal in-
creases, the stem pushes the ball valve against a spring,
allowing the air supply to pass through the relay body
to the output.

When input pressure is in midrange, a proportional part
of the supply pressure is exhausted. Further increased
input pressure causes the stem valve to close off the
exhaust port entirely so the supply pressure equals the
output pressure. Decreasing input pressure reverses this
until zero input allows no supply pressure to reach the
output, at which point the output is the air pressure of
the exhaust. Because the diaphragm has a large area,
small pressure changes on its surface result in a signif-
icant force to move the ball valve.



Position-Type Pneumatic Transmitters

In a position-type pneumatic transmitter, the sensor is
linked to the flapper of the flapper-nozzle assembly,
often through an indicating pointer {shown in Figure
37). The nozzle is connected to the input of the relay,
and the feedback bellows is connected to the output
of the relay.

NOZZLE AlR SUPPLY

PIVOT_ARM

FLAPPER

CUTPUT

SENSOR

FIGURE 37 — Position-Type Mechanism

tn a steady state, all of these components maintain con-
stant relative positions: the sensor and pointer rest; air
is exhausted through the nozzle at the flapper and es-
tablishes a pressure; and the air pressure in the relay
is amplified and fed through tubing to the output and
to the bellows which is connected to the flapper linkages.

When a measurement increase causes the sensor to
move, the linkage causes the flapper to change and this
changes the flapper-nozzle pressure. Increased pressure
in the relay changes the output pressure, which also
changes pressure in the bellows. The bellows expands.
This movement reaches the flapper through linkages;
however, it is counter to the movement from the sensor.
The two movements eventually balance, restoring the
position of the flapper relative to the nozzle.

In general, the position-type mechanism depends on
movements of components to indicate a change in
measurement and to restore balance to the system.

* A bell element, used to measure very low ranges of differential
pressure with good accuracy, looks something like a bell on top of
a box. Process pressure is applied to the top and bottom of the "box”;
a diaphragm between them registers minute changes in pressure,

A hair element, a band of specially treated human hairs which change
in length as humidity changes, indicates direct measurement of relative
humidity.
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FIGURE 38 — 45 Series Pneumatic Indicating Transmitters for
Humidity Measurement (left top), for Temperature Measurement (right
top), and for Vacuum, Pressure, Differential Pressure, and Level
Measurement (bottom}

Due to the variety of measuring elements available with
this instrument, the 45 Series Pneumatic Indicating
Transmitter can measure most basic process variables.
It transmits a standard proportional pneumatic output
signal to remote receivers such as controllers and re-
corders. The direct-measurement element selected pro-
vides continuous local indication, even upon loss of
air supply. The case is specially designed to provide
protection from corrosive atmospheres, weather, and
flame; the interior parts are protected from damage due
to dust, dirt, or fumes by a continuous flow of air (called
an air purge).

The measuring elements which can be selected include:
filled thermal systems Class |, Il, and IlI; bellows, spiral,
helical, and diaphragm pressure elements; diaphragm,
bell*, and mercury manometer differential pressure ele-
ments; hair humidity measuring elements*; and certain
RTDs and thermocouples {which require an electrical
connection).

The operation of the 45 Series Pneumatic Transmitters
is based on the standard Foxboro position-type
mechanism with slight variations from unit to unit due
to the sensing element attached to the pointer.
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44 Series Pressure or Temperature Transmitter

FIGURE 39 — 44BP Pressure Transmitter (left) and 44BT Tempera-
ture Transmitter (right)

The 44BP and 44BT Pneumatic Transmitters measure
a range of pressures or temperatures, respectively,
transmitting a standard pneumatic signal proportional
to the measurement. (Nonstandard pneumatic signals
are also available.) There is no local indication on the
standard unit, although an optional indicator is available
on the 44BP. Compact and weatherproof, the 44B
Transmitters provide high accuracy at low cost.

The 44BP offers a number of pressure ranges and spans
for many industrial environments through a selection
of direct-measuring elements and element materials.
Pressure seals* can also be used.

The 44BT uses standard filled thermal systems to offer
a number of temperature ranges and spans.

Both instruments operate on the same principle, re-
ceiving a direct measurement (from a sensor to the spiral
element shown in Figure 40} and converting it to a signal
using the standard Foxboro position mechanism de-
scribed previously in this publication.

RESTRICTOR —»

QUTPIT

FIGURE 40 — Position Mechanism Operating the 44BP/BT
Transmitters

* Mechanical pressure seals are used to isolate corrosive or viscous
products, or products that tend to solidify, from the measuring element.
A diaphragm contacts the process; its movement is transferred through
the filling fluid in connecting tubing to the indicating or transmitting
mechanism.
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Type CP Pasition Transmitter .

POSETION
RANSH

Trpy

FIGURE 41 — Type CP Position Transmitter

The Type CP Pneumatic Position Transmitter has an

operating lever that rides on a moving edge or surface

or which can be linked to another moving point like a

valve stem. Changes in angular position are measured

and a proportional standard pneumatic output signal is
generated. This output signal may be used to operate
pneumatic indicators, recorders, or controllers. An in-

ternal air purge and gasketed cover protect the .
mechanism from damage due to vapor or dust.

The Type CP Position Transmitter uses a variation of
the standard position-type mechanism. It is illustrated
in Figure 42. When the lever (F) is not in motion, the
system is in balance. Clockwise rotation of the operating
lever rotates the flexure assembly (B) so that its ball tip
moves away from the flapper (C), causing the flapper
to cover the nozzle (D) and restrict the air flowing from
the nozzle. The restricted air pressure is amplified by
the refay (E) and directed to the feedback bellows (A)
and to the output. The bellows expands, pushing the
ball tip of the flexure assembly so that it restores the -
original relationship of the flapper to the nozzle.

DUTPUT ez o

FIGURE 42 — Operating Mechanism of Type'CP Position
Transmitter




. Force-Balance Pneumatic Transmitters

Figure 43 shows a force-balance transmitter mechanism.
The sensor is the bellows capsule at the bottom. (Other
direct-reading elements could be used, depending on
the measurement range.) A rigid bar (the force bar), at-
tached to the sensor at one end and to a flexure connector
at the other, replaces the pointer and linkages in the
flapper-nozzle assembly. The flexure maves horizontally
with change in measurement, bringing the flapper closer
to the nozzle. As with the position-type mechanism,
the nozzle pressure is transferred to one side of the relay.
This changes the output pressure and the amount of pres-
sure transferred to the feedback bellows.
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FIGURE 43 — Force-Balance Mechanism for Gauge Pressure
Measurement

Other modifications from the position-type mechanism
include the reducing tube between the nozzle and the
relay, the span adjustment between the feedback bellows
and the flapper, and the reference adjustment in tandem
with the feedback beilows..

When the pressure measurement at the capsule changes,
the movement in the capsule is transferred to the force
bar. It moves slightly, using the diaphragm seal as a ful-
crum. This moves the flexure, causing a slight change
in the flapper-nozzle relationship which feeds back to
the relay as in the motion mechanism. The range bar
is repositioned by the feedback, acting as a pivot to
reposition the flexure which restores balance to the sys-
tem. The output pressure established by this balance is
the transmitted signal and is proportional to the pressure
applied to the measurement capsule.

in general, the force-balance mechanism uses the force
and opposing force of air pressure to indicate a change
in measurement and to reestablish the balance of the
system. This mechanism is able to measure pressure
ranges from a few inches of water to thousands of psi,
converting the measured pressure into a proportional
signal that may be transmitted over a reasonable dis-
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tance. A receiving instrument is then employed to con-
vert the signal into a pen or pointer position or a mea-
surement input signal to a controller.

Total motion in a force-balance system is extremnely
small, resulting in minimum hysteresis and excellent
repeatability.

Force-balance transmitters generally have an accuracy
of +0.5 percent of span. Their ranges also generally
can be suppressed or elevated. Refer to the current data
sheets on each product for specifications.

12A Series Pneumatic Temperature Transmitters

& g

FIGURE 44 — 12A Pneumatic Temperature Transmitter

The 12A Pneumatic Temperature Transmitter is a non-
indicating measuring device using a standard Class IIB
filled thermal system. Its standard pneumatic output sig-
nal is proportional to the temperature at the sensor and
is transmitted to a pneumatic indicator, recorder, or
controller.

The 12A is compensated for effects of ambient tem-
perature. The exhaust of the relay purges the air in the
housing to protect transmitter components from corro-
sive atmospheres. The instrument zero can be elevated
or suppressed 100 percent; the range can be changed
in the field with only a few simple adjustments.

When transmission distances are long or the capacity
of the thermal process is large, an optional derivative
unit reduces the response time of the 12A Transmitters
by compensating for thermal lags.

The 12A Transmitter uses a variation (shown in Figure
45) of the standard force-balance mechanism. In this
mechanism, the force bar both relays the movement
from the process (thermal system capsule) and acts as
the flapper to the nozzle. Movement of the force bar




is moderated by the base elevation spring (which es-
tablishes the relationship between nozzle pressure and
the transmitter output) and the temperature compen-
sating bellows.
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FAGURE 45 — Force-Balance Mechanism for the 12A Series
Pneumatic Temperature Transmitter

33C Series emf* Pneumatic Transmitter

FIGURE 46 -— 33C Transmitter

The 33C emf* Transmitter receives a dc millivolt or vol-
tage signal from a thermocouple, tachometer*, or other
electronic device. It converts the electrical input to a
proportional standard pneumatic output that is linear
with respect to the input. The ambient-temperature-
compensated output is typically used as an input to a
pneumatic controller or recarder.

The 33C can be adjusted to accept practically any stan-
dard voltage input used worldwide. It accommodates
spans from very narrow to very wide, although some
wide spans require an optional voltage divider on the
input circuit. Elevated and suppressed zero ranges are
available. Intrinsically safe* thermocouple input leads
can be used in hazardous locations.

The electric-to-pneumatic conversion utilizes a unique
galvanometric* motor (see Figure 47) which consists
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of a coil wound with fine copper wire suspended on
flexures around a magnet. An electric input signal re-
ceived from the thermocouple causes the coil to start
to rotate around the magnet (although its movement is
limited by the flexures). The rotation of the coil causes
the integral flapper (see Figure 48) to move toward or
away from the pneumatic nozzle. From this point, the
mechanism behaves like the standard force-balance
mechanism described earlier.
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FIGURE 47 — Unigue Galvanomettic Motor of the 33C
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FIGURE 48 — Force-Balance Mechanism of the 33C

* Ejectromotive force (abbreviated emf) is generated in a closed circuit
of two dissimilar metals when their junctions are at different temper-
atures. This direct action of heat, producing an electric signal, is used
in thermocouples.

A tachometer senses rotary motion of a shaft and produces a signal
proporticnal to its speed.

Intrinsic safety is a term applied to electrical equipment and wiring
that have been made incapable of releasing sufficient energy, even
under abnormal conditions, to cause ignition of a hazardous atmes-
pheric mixture.

“Galvanometric” indicates a type of instrument for detecting or measur-
ing a small electric current by movements of a magnetic needle or
of a coil in a magnetic field.




. 34C Series Resistance Pneumatic Transmitter
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FIGURE 49 — 34 Resistance Pneumatic Transmitter

The 34C Transmitter receives a resistance input from a
resistance temperature detector (RTD), measuring either
temperature or temperature difference. Internal circuitry
modifies the input so it is linear with temperature, The
input signal is converted to a standard pneumatic output
which can then be used as an input to a recorder or
controller.

Intrinsically safe RTD input leads can be used in haz-
ardous locations, Either a nickel or platinum RTD can
be used to provide a wide range of temperature spans.
The transmitter provides long-term, dependable, uni-
versal operation, The 34C is protected from radio fre-
quency interference (RFI).

The RTD sensor is connected to an electronic circuit
called a bridge. It amplifies the changing measurement
signal and conditions it before the signal is applied to
a galvanometric motor {position-type mechanism) like
the one used in the 33C emf (thermocouple) Transmitter.
(Refer to the product description for 33C for the principle
of operation of the galvanometric motor.)
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15 and 13 Series Pneumatic d/p Cell Transmitters

FIGURE 50 — 15A (left), 13A (center), and 13H {right) Pneumatic
Differential Pressure Transmitters

The 15 and 13 Series Pneumatic d/p Cell Transmitters
measure low to very low ranges of differential pressure,
liquid level in pressurized vessels, or liguid level or den-
sity in closed or open tanks. The transmitters produce
proportional pneumatic output signals that are trans-
mitted to indicating, recording, or controlling devices.
Span and zero can be elevated or suppressed.

The many variations of 15 and 13 Series Transmitters
reflect sensors with different range capabilities and the
way the sensor contacts the process. The 15A, 13A,
and 13H, shown in Figure 50, measure very low, low,
and medium ranges of differential pressure, respectively.
These transmitters can be used in flow, liquid level, and
density applications. Their sensors can be interchanged
in the field if process requirements change.

The 15F and 13FE, shown in Figure 51, are flange-
mounted — that is, attached to a tank with an integral
rim. The sensing diaphragm contacts the process directly
through a hole in the tank wall; if the wall is particularly
thick, the sensor can be extended. This allows appli-
cation to sticky, viscous, or otherwise difficult-to-mea-

Al B, £y
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FIGURE 51 — Low-Range Liquid Level or Density Transmitters —
15F with Flush Diaphragm (left) and 13FE with Extended Diaphragm
{right)

5




sure processes. The 15F, 13F (which looks very much
like the 15F), and 13FE Transmitters measure very low,
low, and medium ranges of pressure, respectively.

The 13DMP, shown in Figure 52, and 13DEMP (which
looks similar to the 13DMP) have sensors on pressure

seals which may or may not be flange-mounted. As with
the 15F, 13F, and 13FE, they can be applied to viscous
or sticky processes; however, the 13DMP and 13DEMP
measure differential pressure {in low and medium ranges,
respectively) and can be used at higher temperatures,

As shown in Figure 53, 15 and 13 Series Transmitters
use a diaphragm capsule instead of a bellows element;
it is connected to the standard force-balance mechanism
described previously. The high process pressure is ap-
plied to one side of the diaphragm and the low process
pressure is applied to the other, reference side. The cap-
sule configuration shown is for the 15A; the diaphragm
configuration changes slightly for the 13A, 13H, and
13DMP/DEMP Transmitters.
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FIGURE 52 — Type 13DMP Pneumatic d/p Cell Transmitter with
Matched Pressure Seals for Liquid Level Measurement

o mm AR SUPPLY

RESTAR Y O#

FLAPPER WOZZLE
ASSEMBLY

—§ OUTPUT SIGNAL
FLEXURE . RANGE WHEEL
COHNECTOR . HANGE BAR
FEEDEACK
FDRCE BAR BELLOWS
zERQ
4——— - ADJUSTHENT
SCREW

DIAPHAAGM

DIAFHRAGM
T EARSULE

HIGH

PRESSURE - LOW PRESSURE

-~ FLEXURE

FIGURE 53 — Operating Mechanism for the 15A Transmitter
{Operating Mechanisms for 13A and 13H Transmitters Are Similar)
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11 Series Pneumatic Absolute, Differential, and
Gauge Pressure Transmitters

FIGURE 54 — 11AL (left), 11AM (center), and 11AH (right} Absolute
Pressure Transmitters .

The 11 Series Pressure Transmitters measure pressure
and transmit a proportional standard pneumatic signal
to a controller or recorder. They measure low to very
high ranges of absolute pressure (11AL, 11AM, and
11AH, shown in Figure 54), gauge pressure {11GM and
11GH, shown in Figure 55), and differential pressure
(11DM, shown in Figure 56).

FIGURE 55 — 11GM (left} and 11GH Gauge Pressure Transmitters

FIGURE 56 — 11DM Differential Pressure Transmitter
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All 11 Series Transmitters have wide rangeability and
allow unusual amounts of zero suppression and elevation
(as much as 1000 percent). They have excelient over-
range capabilities and are ruggedly constructed units
designed to operate out-of-doors in normal industrial
atmospheres.

The 11A Series Absolute Pressure Transmitters have
particularly good accuracy, even in narrow suppressed-
zera ranges. To provide even greater flexibility to process
application than recalibration would allow, the 11A
Transmitters have interchangeable sensors. The sensors
measure low to medium-high ranges of pressure,

The 11G Series Gauge Pressure Transmitters also have
particularly good accuracy, maintaining their precision
of measurement even in highly suppressed or elevated
ranges. Although not interchangeable, the standard sen-
sors for the 11GM and 11GH Transmitters provide the
widest range of pressure measurement — from medium-
high to very high pressures.

The 11DM Differential Pressure Transmitter has the
broadest zero suppression and elevation capabilities for
application to a wide range of processes. It measures
medium-high to high process pressures.

All 11 Series Transmitters use the reliable, standard force-
balance mechanism discussed earlier in this publication.
The 11AH, 11DM, and 11G Transmitters use the bellows
sensor shown in Figure 43. 11AL and 1 1AM Transmitters
use a diaphragm sensor with one side exposed to the
pressure being measured and the other side evacuated,
as shown in Figure 57.
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FIGURE 57 — OQOperational Mechanism for the 11AL and 11AM
Transmitters
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13T Series Pneumatic Target Flowmeter

FIGURE 58 — 13T Pneumatic Target Flowmeter

The 13T Target Flowmeter measures liquid, vapor, gas,
dirty fluids, light slurries, and high viscosity liquids. It
converts force exerted on a target in the flow stream
into a standard pneumatic signal that is proportional
to the square root of the flow rate, A solid disk suspended
in the pipe (the target) connects directly to the force bar
of the force-balance mechanism.

Steam and water flow measurements in outdoor instal-
lations are common applications for target flowmeters.
The complications of condensate pots, heat tracing, seal
fluids, and antifreeze compounds to prevent freezing
in cold weather are avoided with target flowmeters. (The
transmitter body has a short length that helps to eliminate
steam jacketing requirements in high melting point liquid
applications.) Some high viscosity and high melting point
liquids that have been successfully measured by target
flowmeters include aromatic tar, asphalt, molten sul-
phur, polyethylene-water slurry, catalytic cracker bot-
toms, styrene rubber solution, coal tar, crude oil, corn
syrup, molasses, wheat starch, and tallow.

Because the target is integral to the transmitter, no sepa-
rate primary device (as needed with the orifice meter,
described in Section 5) is required. This reduces in-
stallation costs and simplifies servicing. Target flow-
meters also have wider application capability than orifice
meters.




19C Series Pneumatic Consistency Transmitter
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FIGURE 59 — 19C Pneumatic Consistency Transmitter

The 19C Pneumatic Consistency Transmitter converts
the forces acting on its blade to a standard pneumatic
output signal which is related to the consistency of stock
flowing past the blade. It is extremely sensitive to very
small variations in consistency of the flowing fluid. This
instrument is designed for use on pulp and paper stock
whose actual consistency is determined by laboratory
testing*. The 19C Transmitter measures changes related
to consistency, rather than consistency itself.

Paper stock and similar slurries carrying suspended parti-
cles pose special measurement problems. They are non-
Newtonian fluids — fluids whose viscosities are not con-
stant and therefore their flow pattern {(velocity profile*)
is not predictable. However, research has shown that
there is a relationship between force acting on the blade
{(caused by the consistency of the fluid and essentially
independent of velocity) and consistency.

* More information on determination of consistency can be found
in Foxboro technical documentation on this product.

The velocity profile of a fluid depends on the viscosity of the fluid,
the texture of the pipe walls, and the flow speed (velocity). If there
were no viscosity and the pipe walls were perfectly smooth, the fluid
would travel at the same speed at all points in a cross section of the
pipe. Since these are ideal and unattainable conditions, any fluid
travels at least a little bit slower at the pipe walls (due to friction) than
in the middle of the pipe; this causes a flow pattern to be created
that is effectively a parabola which s called the velocity profile (see
Figure 60). Flow is further characterized as being Jaminar (in which
the generally viscous, slow-moving fluid is in layers that de not mix)
or turbulent (in which the generally less viscous, faster moving fluid
maves in an agitated, complex, and random way). The velacity profile
of a Newtonian fluid (a homogeneous fluid with no or only fine, spheri-
cal suspended particles) is the basic reference condition for all flow-
meters. NOTE: all gases and most liquids are Newtonian fluids.
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The pivoting movement of the scimitar blade is trans-
mitted through a pivot point ta the force bar of the force-
balance mechanism. Besides the pivot at the diaphragm
seal and other minar modifications {such as the size of
the feedback bellows), the 19C Transmitter uses the same
force-balance mechanism described in Section 5.

There are some limitations on the size of the pipeline,
depending on the type of fluid. The output signal is noisy
and may require modification of the transmission line
or the addition of other equipment. However, this is
an invaluable piece of equipment for very specific ap-
plications. Refer to technical documentation on this
instrument for more details.
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FIGURE 60 — Velocity Profiles for Laminar and Turbulent Flow

17B Series Pneumatic Buoyancy Transmitters
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FIGURE 61 — 17BT (left), 17BS (center), and 1
Buoyancy Transmitters

Buoyancy transmitters measure liquid level, liquid
density, or interface level in a closed tank, using the
buoyant force on a displacer as the measurement. The
measured value is then transmitted as a proportional
standard pneumatic signal. Any of the three 17B
Pneumatic Buoyancy Transmitters can be used for any
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application. They are chosen for the most advantageous
mounting position (see Figures 62a and 62b), rather than
for differences in specifications.

CAGE wwmem—

DISPLACER =%

FIGURE 62 — Mounting for the 17BT (Figure 62a, top, left), 1785
(Figure 62a, top, right), and 17BC (Figure 62b, bottom) Pneumatic
Buoyancy Transmitters

The 17B Transmitters are usually applied to glass-lined
vessels, vessels in which a lower connection is not possi-
ble, applications with changing pressures or levels, or
high temperature applications. The vessel may be ven-
ted, pressurized, or evacuated.

Tank configuration and space available determine
choice of the three versions of the 17B Transmitters.
The 17BT is top-mounted, the 17BS is side-mounted,
and the 17BC is cage-mounted (to isolate the displacer
from any turbulence present in the vessel which would
otherwise cause the displacer to swing and produce erra-
tic measurements or possibly cause physical damage
to the displacer, transmitter, or vessel).

In addition to these mounting possibilities, a wide selec-
tion of materials for process-wetted parts and a selection
of displacer lengths and diameters is provided so that
the 17B Series Pneumatic Buoyancy Transmitters can
be used in almost any application.

43

In liquid level applications (see Figure 63, left), the dis-
placer is partially above the liquid and partially in the
liquid, no matter what the level; as the level rises, the
displacer is buoyed slightly upward. In liquid density
applications (Figure 63, center), the displacer is com-
pletely submerged in the liquid; asthe surrounding liquid
becomes more dense, the displacer is buoyed slightly
upward. In interface level applications (the measurement
of the levels of two immiscible liquids — Figure 63,
right), the displacer is completely submerged beneath
the top liquid and extends into the bottom liquid; as
the level of the heavier {bottom) liquid rises, the displacer
is buoved slightly upward.

H DISPLACER

OISPLACER

FIGURE 63 — Installation of Displacers in Liguid Level {left, Liquid
Density (center), and [nterface Level (right) Applications

The 17B Transmitters use the standard force-balance
mechanism described earlier, modified slightly at the
process connection as shown in Figure 64. {Although
this shows side mounting and liquid level measurement,
it applies to top and cage mounting, and any appropriate
application, as well.) The standard force bar ends at
the diaphragm seal, which keeps out process fluid or
vapor. A continuation of the force bar, called the lower
force bar, extends horizontally into the vessel; from it,
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FIGURE 64 — force-Balance Mechanism tor 178 Pneumatic

Buoyancy Transmitters (compare to Figure 43)
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the displacer is hung from a connecting hanger cable
assembly that absorbs torsional stress in the displacer.
The buoyant force on the displacer is applied to the end
of the lower force bar and transmitted through the ful-
crum of the diaphragm seal to the range bar and the
flapper-nozzle assembly,

16A Series Pneumatic Speed Transmitter

B
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FIGURE 65 — 16A Pneumatic Speed Transmitter

The lightweight, compact, 16A Pneumatic Speed
Transmitter can be mounted on machines, compressors,
engines, or drives to measure rotational speed and trans-
mit a linear, proportional, standard pneumatic signal.
{Optional external speed changing mechanisms, such
as gears and sprockets, extend its capability to practicaily
any speed input range with the same output.) Typically,
the 16A is used with a controller for smooth regulation
of desired speed or with a recorder.

Normal performance — providing unusually high, sus-
tained accuracy and 100 percent overrange protection
— is achieved during vibrations up to 5 g (five times
the force of gravity). Such applications include mounting
the 16A on hoists, fans, pumps, blowers, dry feeder belts,
centrifuges, belt drives, coating machines, rollers, paper
machines, mixers, and screw conveyors. An optional
vibration isolation mount allows normal performance
during vibrations between 5 and 50 g. Typical high vi-
bration applications are internal combustion engines,
natural gas compressor engines, centrifugal pumps,
agitators, and compressors.

This instrument is inherently nonhazardous, as operation
is entirely preumatic and has an air purge. It is ideal
for corrosive, explosive, and dusty atmospheres.

The 16A Pneumatic Speed Transmitter uses a variation
of the standard force-balance mechanism described in
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Section 5 . (See Figure 66.) The rotating process unit
turns a shaft connected to a series of gears. These connec-
tions reduce the process speed proportionally, turning
a magnet beneath a nonmagnetic disk. Just as in a
speedometer in a car, the magnetomotive pull an the
disk tends to turn the disk in the same direction, pro-
ducing a force proportional to the speed of rotation.
The force moves a flapper relative to a stationary nozzle,
producing a restoring force through the relay output act-
ing on a feedback unit.

ERG ADJUSTMENT

NONMAGNETIC
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FIGURE 66 — Force-Balance Mechanism for the 16A Speed
Transmitter

13R, 13RE, 17R Series Repeaters

B,

FIGURE 67 — 13RE Repeater (left) Has Extended Diaphragm; 13R
{middle} and 17R {right) Are Flush-Mounted

Repeaters measure pressure with a process-contacted

diaphragm (like a flange-mounted transmitter or pressure
seal) and transmit the measured pressure through a pipe
“leg” to another instrument. Their most common ap-

plication is as a replacement for the wet leg or dry leg
process connection to a differential pressure transmitter
at the bottom of a closed tank filled with a process fluid
that cannot or should not be conveyed through the pip-
ing. Repeaters are ideal for corrosive, viscous, or ther-
moplastic liquids-or slurries, and there is a sanitary ver-
sion for food and drug processes. Repeaters can also




be used independently for level or density measurement
in an open tank.

The repeater is mounted above the maximum level of
the liquid with the differential pressure liquid level
transmitter mounted near the bottom of the tank. (Figure
34 in Section 5 shows how repeaters and differential
pressure “legs” are installed.)

Process pressure is applied to one side of a large dia-
phragm. Supply pressure against the other side of the
diaphragm creates a feedback system which creates the
output. {The supply pressure must exceed the process
pressure being repeated by 10 psi/68.9 kPa.)

Typical repeater operation is shown in Figure 68 (the
force-balance mechanism of the 17R}. The primary
components of the mechanism are a flanged sensing
head (to detect the variable pressure) and a pilot valve
{to deliver an air pressure to just balance the force on
the sensing head).

#LOT
A~ VALVE

AW SURPLY NOZZLE
PRESSLRE
TO PALCT
i{asluﬁ\uﬁau W vave

4 outeut

© FLAPPER-

-»
MEASURED PRESSURE NOZZLE ASSEMBLY

DIAPHRAGN

FIGURE 6B — Force-Balance Mechanism for the 17R Repeater

The sensing head consists of a diaphragm capsule and
variation of the standard flapper-nozzle assembly. As
the measured pressure (the pressure to be repeated)
changes, the flapper-nozzie assembly registers variations
in the clearance between the flapper-nozzle and the
diaphragm. This causes a back pressure to be conveyed
to one side of the small internal diaphragm in the pilot
valve; plant air applied to the other side of the small
diaphragm is changed and affects the pilot valve output.
This is fed back to the measuring diaphragm both for
transmission (repeating) and for balancing.

= Most electronic transmission systems are based on current (the
measurement of energy flow between points of unequal voltage as
measured in milliamperes; the most commeon range for process control
is expressed as 4 to 20 mA dc), However, some systems use voltage
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Signal Converters

Many processes require both pneumatic and electronic*
instrumentation. Signal converters allow electronic sig-
nals (such as those from analytical instruments) to be
incorporated into a pneumnatic control system, or allow
preumatic signals (such as those used in hazardous at-
mospheres of a plant) to be incorporated into an elec-
tronic system, Signal converters therefore allow great
flexibility in control system design. (Signals can also
be converted from analog form to the digital form used
by electronic computers and back again, but this is
beyond the scope of this publication. Contact your
Foxboro sales representative or refer to the Bibliography
for more information.)

Signal converters can be mounted in or near the control
room or in the field. Almost all valves {the most common
final control element, discussed in Section 10 of this
publication) are pneumatic, and frequently they require
signal converters; these can be mounted in the field.
(A positioner is a kind of field-mounted signal converter
— it converts whatever signal it receives, either pneuma-
tic or electronic, to a position. See Section 10 of this
publication for more informaticn.) Remote pneumatic
loops sending a signal to a centralized electronic control
room generzally use field-mounted signal converters
{though the converters may require protective housing).
However, when a control room has been changed from
pheumatic to electronic and satisfactory pneumatic
transmission lines exist, the signal converters are usually
in the control room.

Fortunately, the most common pneumatic and electrical
signals are in the same ratio, and this simplifies the
conversion from one system to another. The pneumatic
3 to 15 psi and 20 to 100 kPa and electrical 4 to 20
mA dc signal ranges all have “live” zeroes — that is, a
signal representing an input of zero (3 psi,-20 kPa, or
4 mA) that is different from no input at all (0 psi, 0 kPa,
or 0 mA) — and a full-scale value that is five times the
zero value.

The applications, benefits, and principles of operation
for individual pneumatic-to-electronic and electronic-to-
pneumatic signal converters are discussed in the fol-

lowing pages. (Note that instruments with integral elec-
tronic-to-pneumatic conversion — such as transmitters
receiving inputs from RTDs or thermocouples — have
already been discussed. Refer to the 34C and 33C, re-
spectively.) A “shorthand” is sometimes used in this sec-
tion, representing pneumatic-to-electronic conversion

as P/l and electronic-to-pneumatic conversion as I/P.

(the measurement of the concentration of electrons at a point in a
circuit, the difference in concentrations at various points causing the
energy to flow from one point to ancther; the most common voltage
range for process control is expressed as 0 to 10 V dc).




Pneumatic-to-Electric Converters

E92 Series Pneumatic-to-Current or -Voltage
Converter

FIGURE 69 — E92R (Rack-Mounted, left) and E92F (Field-Mounted,
right} Pneumatic-to-Current or -Voltage Converters

The E92 Pneumatic-to-Current or -Voltage Converter
receives a standard pneumatic transrnission signal and
transmits a proportional standard current or voltage dc
signal. The E92 is ideally suited to interface pneumatic
transmitters with electronic recorders and controllers.
The field-mounted version has a durable, weatherproof
enclosure; the rack-mounted version is compact for high-
density installation.

Air pressure is sensed at a bellows and this moves a
spring-adjusted lever much like the force bar in the force-
balance mechanism. However, instead of moving a flap-
per in relation to a nozzle, the movement of the E92
lever initiates an electric signal when it moves in and
out of a magnetic coil. The signal is then amplified, con-
ditioned, and compared to a reference value before being
outputted as a current or voltage value. Figure 70 is a

FIGURE 70 — Basic Signal Conversion Path for E92 Pneumatic-to-
Current or -Voltage Converter
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drawing of the basic signal conversion path, both
preumatic and electrical. (A full explanation of the
electrical circuit is beyond the scope of this publication,
but can be found in support literature for this Foxboro
product.)

7010A Dual Pneumatic-to-Current Converter

ol e @ Big e

FIGURE 71 — Ten 7010A Dual Pneumatic-to-Current Converters
in High-Density Rack for Panef Mounting

The 7010A P/l Converter receives standard pneumat’
signals from one or two separate sources (generally field-
mounted sensors and transmitters) and converts each
to a proportional standard 4 to 20 mA dc signal. Because
it is a rack-mounted instrument, the output generally
goes to an electronic controller.

With its capacity to convert two field signals at once
and its compact size, the 7010A P/l Converter allows
high-density installation, saving a considerable amount
of space. The “nest,” or special rack shelf provided,
automatically makes all necessary air and electrical
connections for much simplified installation and later
maintenance.




Electric-to-Pneumatic Converters The field-mounted E69F is designed to minimize the
effects of vibration and shock normally encountered in

process applications. It is also unaffected by normal
atmospheric dust and corrosion. The rack-mounted E69R
has a compact, vibration-resistant design with easily !
accessible adjustments.

E69 Series Current-to-Pneumatic Signal Converters

The E69 /P Converters use the same position-balance
galvanometric motor as the 33C emf Pneumatic Trans-
mitter discussed earlier in this section. The current input
signal to the motor is converted to a position and then,
through a feedback bellows and flexure, produces a
pneumnatic signal for use with an external device. (See
Figure 73.)

- SUPPLY
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FIGURE 72 — EA9R (Rack-Mounted, left) and ES9F (Field-Mounted,
right} Current-to-Pneumatic Converters ! FEEDBACK

The E69 I/P Converters accept a standard current input
signal (4 to 20 mA dc or 10 to 50 mA dc) and convert
it to any of several pneumatic output signal ranges (stan-

dard 3 to 15 psi and 20 to 100 kPa plus others — see FEEDBAC

‘ product literature for details). The output signal can be seLLOws -
used as the input to various pneumatic instruments. FLExuRE ‘.
(Another E69 connects directly to final actuators and is FLAPPER .

discussed in Section 10 of this publication.)

FAIGURE 73 — Galvanometric Motor and Force-Balance Mechanism
for the E69 VP Converter
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SECTION 7 — RECORDING

Recorders and indicators receive a measurement value
(a standard pneumatic signal) and convert it to pen or

pointer position. They provide the operator at all times
with a visual display of cantroller input variables or other
important process data. A history of selected variables’
values can also be kept.

The most important function of recorders and indicators
is to allow the operator to assume manual control of
the process when required. They can also be used as
a double check on automatic controls or for testing and
adjustment purposes.

An indicator can identify the process measurement value
fairly accurately on a scale through the use of a pointer,
colored “ribbon,” or other means — even at a distance.
A recorder tracks the process measurement value con-
tinuously through a pen’s tracings on a chart, which
are read most accurately at close range. Some instru-
ments provide the best of both and have an indicator
scale as well as a recording chart, and some controllers
have recorders built into them.

The chart or scale specifies the process measurement
range and units. The standard signal may have the same
units but will almost always be a different range, and
the two should not be confused. For example, in a re-
corder with & 3 to 15 psi input signal and a chart range
of 0 to 100 psi, a process measurement value of 0 psi
will produce a 3 psi signal; a mid-range process mea-
surement value of 50 psi will produce a 9 psi signal;
and a full-range process measurement vaiue of 100 psi
will produce a 15 psi signal.
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AND INDICATING HARDWARE

Recorders usually track up to four variables on one chart
through the use of separate pens, each with a different
color ink. Each recorder has a chart drive, moving the
chart under the pens at a specific speed. Although all

variables combined in one recorder must use the same
time scale, a control rcom (or other place in the plant)
can have different recorders with different time scales.

Recorder charts come in many variations, depending
on which of two primary types they are (round or strip),
time scale, and units. The appropriate type for any re-
corder is chosen on the basis of how fast the chart is
traveling, how much historical chart should be visible
at one time and how much of it should be easily ac-
cessible, readability desired, the space available, any
possible governmental requirements, and the frequency
of maintenance desired. Generally, some trade-off of
these is required.

Time scale has to do with how fast the chart travels,
and it can vary from 3/4 inches per minute to 3/4 inches
per hour for strip charts and from full rotation per 24
hours to full rotation per 7 days for circular charts. Gener-
ally, the faster the process changes, the faster the chart
should move to be able to record those changes. A circu-
lar chart, which takes up more control panel space than
a strip chart, can display more data than a strip chart,
but the circular chart holds less historical information.
{The recorded part of a strip chart is stored in the recorder
case, so that it can be removed and reviewed as nec-
essary.) Recards can have uniform or nonuniform in-
crements of units, as shown in Figure 28; this is chosen
based on the area of the chart in which most data should
occur to enhance readability. Choice of recorder and
chart can be complicated.




Round Chart Recorders

Model 40P Pressure Recorder
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FIGURE 74 — Model 40P Pressure Recorder

The Model 40P Recorder directly measures up to four
similar process variables with integral elements, records
the value(s) on a circular chart, and transmits propor-
tional standard pneumatic signal(s) representing the
value(s) to a controller. (NOTE: there is a Model 40P
Indicating Controller available; see Section 9.)

An extensive selection of charts provides virtually all
ranges, mathematical relationships, and time scales de-
sired. (Refer to the Foxboro chart and dial catalog for
details.) Pneumatic, mechanical, and electrical chart
drives in several speeds can be selected. Elevated and
suppressed zeroes are available.

A variety of flow, pressure, and temperature elements
is available. Flow measurements are made with the Type
37 Diaphragm Element in a selection of materials; it is
mounted on the back of the Model 40P case. Pressure
measurements can be made with a diaphragm, bellows,
spiral, double spiral, or helical element in a variety of
materials for either gauge or absolute pressure ranges;
these are mounted inside the Model 40P case. Tem-
perature measurements are made with filled thermal
systems (most classes are available). All of these ele-
ments, their operation, and their benefits are discussed
in Section 5.

For a drawing of the Model 40P components with circular
chart superimposed, see Figure 75.

A linkage establishes the difference between the direct
process measurement and the set point. The error pos-
itions a proportioning lever which pivots to change the
flapper-nozzle relationship. (The error also positions
the measurement pen, which registers the change on
the circular chart.) The output pressure created by the
flapper-nozzle and the relay is fed to the control
mechanism (proportional, integral, and/or derivative),
which rebalances the flapper-nozzle assembly.
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RGURE 75 — Parts of the Model 40P Recorder

Strip Chart Recorders

Model 120 Pneumatic CONSOTROL Recorders

. % i
FIGURE 76 — Madel 120 Pneumatic Recorder

The Model 120 Pneumatic CONSOTROL Recorder re-
cords as many as four process measurements received
as standard pneumatic transmission signals from remote
transmitters. Large, brightly colored pens move beneath
a scale, clearly indicating the measurement. The Model
120 Recorder is part of a complete Foxboro “family”
of panel-mounted instruments called the CONSOTROL
100 Line. (The Model 110 Indicator in this section and
the Model 130 series of controllers discussed in Sectton
9 are part of this “family.”}

Two types of strip charts are available for the Model
120 Recorder, both 4 in/102 mm wide. SCAN-FOLD
charts provide an easily accessible record that accordion-
folds into the recorder case; roll charts provide a longer
record.




The Model 120 Pneumatic CONSOTROL Recorder uses
a variation on the standard position mechanism de-
scribed in Section 5. The transmission signal is applied
to a bellows (see Figure 77); movement of the bellows
causes the linkage to pivot and ultimately move the pen
point across the chart. One mechanism is provided for
each measurement.
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FIGURE 77 — Positicn Mechanism for the Model 120 Recorder

Model 1275 Pneumatic Indicating Recorders
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FIGURE 78 — Model 127S Pneumatic Indicating Recorder

The Model 127S Pneumatic Indicating Recorders receive
one, two, or three standard pneumatic input signals from
remote transmitters, continuously record the values on
a chart, and simultaneously display the values on color-
keved vertical ribbon indicators. The ribbons make
highly visible displays, and each can have a different
scale.

At standard speed, the roll chart provides a total of 30
days of chart record, with two hours of record visible

from the front of the recorder and ten additional hours
of record visible when the recorder is partially withdrawn

from its panel location. The chart drive, which can be
pneumatic or electric, is designed to allow easy access
to the record. Several chart drive speeds are available.

The Model 127S Recorder is designed for simplified
maintenance with, among other features, color-keyed
connecting tubing.

The process measurement input signal is applied to a
bellows that is part of a variation of the force-balance
mechanism described in Section 5 and seen in Figure
79. Called the force-balance detector, it yields an output
that is an error signal (the difference between the input
signal and the current pen position) rather than a mea-
surement signal. The signal is applied to the pneumatic
drive assembly, which moves the piston and causes the
drum to turn. The drum is coupled to the pen assembly
through the drive cable.

SPAN ADUUBTMENT

. FEEDEACK SPRING
S

FORCEBALANCE
DETECTOR

oRWvE

CABLE  a

. SKGNAL PRESSURE
10 BELLOWS

PEN ASSEMBLY

FEFOBACK CABLE

PHELMATIC

RO ACJUSTMENT
DAIVE ASSEMELY 28

ABBON

FIGURE 79 — Operating Mechanism of the Model 1275 Recorder

Meanwhile, movement of the force-balance detector
changes the position of the feedback spring. The feed-
back cable, connected to the feedback spring through
a set of pulleys, provides a small countering force to
that of the drive cable at the pen assembly to increase
the overall accuracy of the instrument. Pen position puts
tension on the connected cable and ribbon springs,
which, in turn, moves the ribbon indicator.
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FIGURE 80 — Modef 110 Pneumatic CONSOTROL Indicator

The Model 110 Pneumatic CONSOTROL Indicator re-
ceives proportional pneumatic signals from one, two,
or three process measurements and centinuously indi-
cates the values. Brightly colored pointers provide an
easily readable display against large black numbers on
a white background.

The Model 110 Indicator uses a mechanism much like
the position-type mechanism seen in Section 5, with
added span, zero, and pointer angularity adjustments.
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Model 40P Pressure Indicator
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FIGURE 81 — Model 40P Indicators with Sector Scale for One or
Two Variables (lefty and Concentric Scale for One Variable (right)

The Model 40P Indicator directly measures one or two
similar process variables with integral elements and dis-
plays the value(s) on a concentric scale or a sector scale.
{NOTE: there is a Model 40P Indicating Controller avail-
able; see Section 9.)

An extensive selection of dials provides virtually all
ranges desired. (Refer to the Foxboro chart and dial
catalog for details.) Elevated and suppressed zeroes are
available.

A variety of flow, pressure, and temperature elements
is available. Flow measurements are made with the Type
37 Diaphragm Element which is available in a selection
of materials; it is mounted on the back of the Model
40P case. Pressure measurements can be made with a
diaphragm, bellows, spiral, doubie spiral, or helical ele-
ment in a variety of materials for either gauge or absolute
pressure ranges; these are mounted inside the Model
40P case. Temperature measurements are made with
filled thermal systems (most classes are available). All
of these elements, their operation, and their benefits
are discussed in Section 5.

The operating mechanism is much the same as the one
used in the Model 40P Recorder shawn in Figure 75.



SECTION 8 — PNE

“Computer” is a general term for a piece of equipment
that accepts one or more standard input signals, modifies
and/or combines the signals in some predetermined
mathematical way, and transmits the resultant output
to a receiver.

The pneumatic computers discussed in this section are
small, dedicated {i.e., single-purpose) units. Each per-
forms only one function. Some computers (like these)
are analog, others are digital. Digital computers, both
small- and large-scale ones that can accept many inputs
and perform many functions, are beyond the scope of
this publication. Refer to the Bibliography for further
reading suggestions.

The pneumatic computers described here accept a stan-
dard pneumatic signal and transmit a standard pneumatic
signal to a controller or totalizer, They can be mounted
in the field or in a control room. They are economical
and ideal for a relatively small or uncomplicated sys-
tem.

Integrators are a form of computer that sums the flow
of one variable in time and provides a readout of the
current sum. Integrators frequently incorporate a square-
root extractor since the most common input signal is
from a differential pressure measuring device, which
produces a signal that is the square value of flow rate.
The summing process is the mathematical function of
integration,

Multiplier/Divider

Model 556 Pneumatic Analog Computer

=

FIGURE 82 — Model 556 Pneumatic Analog Computer

UMATIC COMPUTERS
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The Model 556 Pneumatic Analog Computer accepts
one or two standard pneumatic input signals, modifies
it or them in accardance with a mathematical function
(multiplication, division, squaring, or square-root ex-
traction), and provides a proportional standard pneuma-
tic output signal. Each unit can perform all four functions
and can be changed in the field when control schemes
are altered. Applications include mass flow computing,
stock blending, flow proportioning, and others used in
feedforward and feedback control systems.

Multiplication and division functions can incorporate
zero elevation; they also have scaling flexibility for
applications such as pressure and temperature com-
pensation for gas flows, ratio computations, and Btu
computations.

Scaling factors are applied to the Model 556 Computer
to provide a means of expanding or reducing the output
for a given set of input conditions. Span and zero factors
are also available for scaling elevated ranges.

The Model 556 Computer uses a variation of the force-
balance mechanism described in Section 5. Figure 83
shows how this mechanism is modified for the multi-
plication function, which has two inputs. (The
mechanism for square-root extraction is essentially the
same as for the Model 557, shown in Figure 85; diagrams
of the mechanisms for the other functions, which are
slightly different, can be found in the technical
documentation on the Model 556.)
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FIGURE 83 — Force-Balance Type Mechanism for the Multiplication
Function (A = B x C) of the Model 556 Pneumatic Computer

=




Square-Root Extractor

Model 557 Pneumatic Square-Root Extractor
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FIGURE 84 — Model 557 Pneumatic Square-Root Extractor

The Model 557 is a pneumatic analog computer like
the Model 556, except that it is limited to one mathemati-
cal function. It receives a standard pneumatic input sig-
nal and provides a standard pneumatic output signal
proportional to the square root of the input signal. A
typical application for this is converting the pressure
drop across an orifice, measured by a differential pres-
sure transmitter, to a linear flow-rate signal.

Because the inherently high gain of any square-root
extractor can cause some rather large errors at very low
input signals, the Model 557 Extractor is calibrated so
that the output signal will drop to zero output (O psi or
0 kPa) whenever the input signal decreases to one per-
cent of span. In cases where zero output cannot be tol-
erated (as when the outputs of two square-root extractors
are the inputs to another instrument that requires two
valid inputs), an optional high-signal selector effectively
bypasses the square-root extractor under low flow condi-
tions, producing an output that is approximately 3 psi
or 20 kPa.

The Model 557 Pneumatic Square-Root Extractor uses
a variation of the force-balance mechanism described
in Section 5 and shown in Figure 85. (It is essentially
the same mechanism used with the Model 556 multiplier/
divider function.)
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FIGURE 85 — Force-Balance Type Mechanism for the Model 557
Pneumatic Square-Root Extractor

Sum or Differential

Model 136 Pneumatic Summing Unit and Dynamic
Compensator

FIGURE 86 — Mode! 136 Pneumatic Summing Unit and Dynamic
Compensator

Model 136 pneumatic analog computers receive one,
two, or three standard pneumatic inputs, modify it or
them according to a mathematical function selected,
and produce a standard pneumatic output signal. The
Dynamic Compensators* are most commonly used to
modify the process response in a feedforward* loop
(lead*, lag*, orimpulse* functions) for improved control.
Pneumatic Summing Units are used to condition one
signal by applying a fixed bias*, either positive or nega-
tive, and to amplify, reduce, or reverse the signal; they
are also used for adding, subtracting, and averaging.

* See footnotes on next page.
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The following functions are available for the Model 136
Computer.

Universal P=B+gA -0
Average P =B_+_g_A_
1+g
Differential P=K; +gA -0
Add P=B+gA - Kp
Subtract P =B - glC - Ky

Amplify or Reduce P = g(A — K+ Ky

Reversal P=gKky —CQ + Ky
tmpul L YL
m e = —
puss g1+ Ts
Lead/Lag P =-]+—TS—
T
1 +.i..
B

where: P = output and feedback signal
g = gain
T = lead time
A, B, C = input signals
K1, Ky = constants
s = Laplace operator*
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summing three inputs (P = B + g (A — C)], shown in
Figure 87, is a force-balance mechanism. A circular disk,
which acts as the flapper of the flapper-nozzle assembly,
rests on four bellows. Process inputs are applied to the
opposite side of three of the bellows; their expansion
or contraction tilts the disk with respect to the fulcrum,
and this affects the air pressure at the nozzie. As the
disk tilts toward the nozzle, nozzle pressure rises, is
amplified by the relay, and fed back to the output beliows
which rebalances the disk.

The operating mechanism for the Model 136 function .

"} HEDUCING
TUBE

- GAIN DIAL

FULZAUM

- CIHCULAR DISK
(FLAPPER}

- BELLOWS

i
QUTPUT INPUT

FIGURE 87 — Force-Balance Mechanism for the Model 136 Pneumatic
Summing Unit

* Feedforward contro! is a control mode in which information
concerning one or more conditions that can disturb the controlled
variable is converted, outside of any feedback lcop, into corrective
action to minimize deviations of the controlled variable.

Lead action causes the output of a device to advance ahead of its
input signal, exhibiting a phase lead and gain which increase with
increasing frequency of the input signal.

Lag action causes the output of a device to fall behind its input
signal, exhibiting a phase lag which increases and a gain which
decreases with increasing frequency.

An impulse function is a form of lead action having zero steady-state
gain.

A dynamic compensator is a device consisting of lead, lag, impulse, =
and/or dead-time functions, provided to batance control action against
the dynamic response of the process being controlled.

Bias is a signal or a constant added to or subtracted from an input
signal to provide elevation or suppression.

A Laplace operator is an algebraic substitute for the differential
operator (d/dt) or time derivative in a differential equation.
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Model 14A Pneumatic Flow Integrators
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FIGURE B8 — Model 14A Pneumatic Flow Integrator

Model 14A Pneumatic Flow Integrators receive a stan-
dard pneumatic signal (usually from a differential pres-
sure transmitter), extract the square root, and continu-
ously provide a readout of the total flow to that time
{totalize the flow). For example, if the flow is being
. read in gallons, a count will be made on the readout
after each gallon of flow has been measured, showing
current total flow; average flow can be determined by
dividing the readout by the time (minutes, hours, or days
since the counter was reset). If the flow is large, the inte-
grator can be set to register one count after each 10 or
100 units {e.g., gallons) has passed through the meter.

An option will provide an output (air pulse or switch
closure) after each group of counts or when the integrator
reaches a certain count level. This is particularly useful
in batch applications or in driving a remote counter.

The operating mechanism of the Maodel 14A Pneumatic
Integrator shown in Figure 89 has a flapper-nozzle as-
sembly attached to a turbine that converts air pressure
to rotary motion. The input signal applied to the bellows
moves the force bar slightly with respect to the nozzle.
The pressure created at the nozzle is conveyed to the
relay which is vented at the turbine rotor (Item A), causing
it to spin. This rotary motion turns a set of gears which
increments the counter. Meanwhile, feedback to
stabilize the system is provided by weights (ltem B)
mounted on the turbine rotor with a cross-flexure as-
‘ sembly {ltem C), developing centrifugal force as the tur-
. bine rotor spins; the force is conveyed through the thrust
. pin (Item D} to the force bar to counteract the input pres-
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sure. Because the centrifugal force exerted by the rotating
turbine (ltem A) upon the weights ({tem B) varies with

the square of its speed, the feedback mechanism (Item
D) causes the rotational speed to be proportional to the
square root of the input signal.

INPUT SIBNAE
BELLOWS
FORCE BAR

AR SUPPLY

RELAY ———f

COUNTER
{QUTPUT)

FIGURE 89 — Operating Mechanism of the Model 14A Integrator

Model 224E Receiver-Integrator j

FIGURE 90 — Maodel 224E Receiver-Integrator ;

The Model 224E Pneumatic Receiver-Integrator is ba-
sically a signal converter with signal conditioning: it
receives a standard pneumatic signal from a transmitter
and produces a time-duration pulse output to a motor-
driven counter. The output is either a linear or square-
root function of the input (other relationships are op-
tional). The Model 224E Integrator can be combined
with timers to provide rate control, batch control, batch
sampling, and other functions.




The operating mechanism (Figure 91) consists of a bel-
lows, linkages, constant-speed motor-driven cam, and
electronic switching circuit. The input is applied to the
bellows which adjusts the positioning arm and linkages
(including the cam lever). The electric circuit consists
of a neon lamp striking a photoconductive cell, reducing
electrical resistance, and creating a voltage. This is in-
terrupted when cam rotation moves the cam follower
and linkages so that the vane intercepts the beam of
the neon lamp for a period of time proportional to the
value of the measurement; this increases the circuit re-
sistance and closes the switch for a comparable
period.
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FIGURE 91 — Operating Mechanism of the Model 224E Receiver-
Integrator
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SECTION 9 — CONTROLLERS AND ALARMS

A controller is a device that receives measurement in-
formation from sensors and a set point from an operator
(or another controller or a computer}, determines the
desired response, and sends an appropriate signal to
keep the measurement at a constant acceptable value.
it is the “brain” of the control system, where the control
strategy resides, and is usually mounted in the control
room,

Any plant or mill may have a combination of pneumatic,
electronic, and digital controllers, all of which provide
specific benefits. Pneumatic controllers are particularly
appropriate in situations where environmental condi-
tions make electronic controllers not acceptable.

Controller selection involves many things and must be
made only after an analysis of the process. Although
the subject is too complicated to be described in full
here, some of the topics include safety conditions (which
determine controller action, discussed following), pro-
cess dead time and capacity (which determine the con-
trol mode, discussed in Section 1 and summarized in
Table E following), and things like precision of control
required and plant economics, which further narrow
the choice.

The controlier action -—— whether an increasing signal
to the controller produces an increasing or decreasing
output signal, called direct or reverse action, respectively
— depends on the position the valve or other final ac-
tuator must assume should the piant air supply (or power,
with electronic systems) fail and on the direction in which
the controlled variable moves when the valve opens.
For example, if for safety reasons the valve shuts com-
pletely upon loss of power, the valve is called air-to-
open (or, sometimes, fail-closed) and if the controlled
variable increases when the valve opens, the controller
has increase-decrease action. Then a rising measurement
will cause the valve to close.

Most automatic controllers allow transfer to manual con-
trol if desired or required. This means that there are actu-
ally two control units in one instrument, requiring the

presence of an automatic balancing unit so that the trans-
fer can be smooth (“bumpless”). The auto/manual unit
has a transfer switch which is usually located at the bot-
tom of the instrument face.

Alarms are often installed in controllers to provide an
audible and visual signal when a variable has reached
some critical level.

Table E — Selection of Controller Modes

CHARACTERISTIC MODE
On/Oft P-only Pl PD MD

Transfer Lag Minimum Small Any Small Any
Dead Time Minimum Small Any Small Any
Capacitance High Moderate Any Moderate Any
Reaction Rate Slow Slow Any Slow Any
Load Changes Any Small Any Small Any
Cost Lowest Low Moderate Moderate Highest
Noise Level None Low Any Low Low
Batchor Either Either Continuous™ Batch Continuous*

Continuous

Operation

* Requires windup protection for batch operation
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Controllers

Mode! 43AP Pneumatic Indicating Controilers
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FIGURE 92 — Model 43AP Pneumatic Indicating Controlier

The Model 43AP Controllers measure a process variable,
indicate its value, act on it in accordance with the control
mode chosen, and transmit a standard pneumatic signal
to a final control element. The Model 43AP Controller
may be mounted in a panel, on a wall or pipe, or directly
on the valve. Measurement of pressure, temperature,

vacuum, or differential pressure can be done with an

integral element. Measurement and set point are clearly
visible from a distance; output is also indicated, though
on a smaller gauge. With an extremely wide variety of
measuring elements, ranges, and options available, the
Model 43AP can be applied to virtually any process.

Since it uses a direct-measuring element, the process
value indication is not disturbed by power failures. Op-
tional automatic/manual transfer also assures uninter-
rupted operation.

Control modes available are on/off, proportional-only,
PD, P1, PID, differential gap, and automatic shutdown.
The Model 43AP can also be applied to batch processes
with an optional function.

The Model 43AP Cantrollers use a combination of
mechanisms. A position mechanism indicates the di-
rectly measured variable and, by balancing the mea-
surement against the set point, produces an error signal
for the control mechanism, A control relay similar to
the one in Figure 36 indicates the output and provides
feedback to a flapper-nozzle assembly. A proportioning
lever with center pivot conveys the error signal applied
atone end of the lever to a striker attached to the flapper-
nozzle assembly at the other end of the lever (all units
except automatic shutdown). Various combinations of
bellows, restrictors, and springs provide the various con-
trol modes (all units except on/off).

Figure 93 shows a diagram of the most complex com-
bination — that of the PID controller with auto/manual
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transfer. All the basic control mode mechanisms are
variations of this. Because their operation is different,
the automatic shutdown mechanism is shown in Figure
94 and the differential gap mechanism is shown in Figure
95.

SHUTORF
wALVE

AR supRLY
Z0pu1" kPR

FIGURE 93 — Operating Mechanism for Modef 43AP Auto/Manual
Transfer Unit (PID control)
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FIGURE 94 — Operating Mechanism for Madel 43AP Unit with
Differential Gap

MEASUREMENT

A SUPPLY

FIGURE 95 — Operating Mechanism for Model 43AP Automatic Shut-
down Unit {proportional-only control)
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Model 130M, 130P, 130F Pneumatic CONSOTROL
Indicating Controllers
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FIGURE 101 — Model 130M/P/F Conl
Modes

trollers Have Basic Contral

Model 130M, 130P, and 130F Controllers receive a stan-

dard pneumatic signal, perform basic modes of control

(on/off, proportional-only, PD, Pl, and PID), and transmit

a standard pneumatic signal to a final control element.

As an option, a record can be made on a chart inside
. the controller case.

Set points can be adjusted manually (Model 130M),
pneumatically (Model 130P), or both ways (Mode]
130F).

Model 130K Pneumatic CONSOTROL Computer-Set
Indicating Controllers
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FIGURE 102 — Model 130K Computer-Set Controller

The Model 130K Pneumatic CONSOTROL Computer-
Set Indicating Controller receives a standard pneumatic
input signal, acts upon it by one of the basic control

modes, and produces a standard pneumatic output sig-
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nal. It also receives a digital input (pulse or contact clo-
sure) from a computer to establish its set point at a value
that will optimize the performance of the process. In
this way, the Model 130K Controller provides super-
visory set-point analog control of a process by an elec-
tronic digital computer monitoring the whole process.

Since feedback is so important to determination of the
set-point value, three types of feedback loops are offered
as options: pneumatic feedback of the set-point signal
(accomplished with a pneumatic-to-voltage converter),
voltage feedback proportional to the set-point signal,
or voltage feedback proportional to the process mea-
surement (which acts as transmitter). Control of the set-
point value can be switched from the computer to the
focal operator.

A converter receives a pulsed signal representing the
optimized set point which the converter transforms, via
a digital electronic circuit, into a signal to a motor which
mechanically positions the set-point pointer. (For details,
refer to product literature on this product.) The pointer
position is transmitted to the pneumatic force-balance
mechanism to use in creating an error signal for control
action.

Model 130B Pneumatic CONSOTROL Indicating Batch
Controllers

E
[

FIGURE 103 — Model 130B Batch Controller

The Model 130B Batch Controller is essentially a Model
130M Controller with a batch option built in. It is used
for processes which may be off control (or shut down}
for long periods. (As noted in Section 1, a controller
receiving a zero signal for a long period — as would
happen if a standard Model 130M Controller were ap-
plied to this type of process — will saturate or “wind
up” and then severely overshoot the set point when re-
started.) The batch unit unloads the integral feedback
bellows so that the controller has no integral action until
the deviation is smaller than the proportional band.



Model 130MA/FA and 130MS/FS Pneumatic
CONSOTROL Auto-Selector Control System
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FIGURE 104 — Three-Variable Model 130 Auto-Selector Control
System Showing Two Model 130FA Units to the Left of a
Model 130MS Unit

The CONSOTROL Auto-Selector Control System enables
two or more related variables to be held within pre-
selected limits by positioning one control element. The
variables are continuously measured, and control is
transferred to whichever is tending to exceed its preset
limit. (Refer to Section 1 for more information on auto-
selector control.)

The system is comprised of one or more Model 130MA
or 130FA Controllers without auto/manual transfer, one
Model 130MS or 130FS Controller with auto/manual
transfer, and separate high- or low-signal selectors. Each
controller receives a standard pneumatic input signal
from a process variable. All controllers send output sig-
nals to the selector system, which selects the lowest or
highest output for transmission to the common auto/man-
ual unit and thence to the final operator. The selected
autput is fed back to all controllers to avoid windup of
those not selected.

Model 130MS and 130MA Controllers have local ad-
justment of set point only; Model 130FS and 130FA
Controllers have local or remote adjustment of set
point.
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Model 1307 Pneumatic CONSOTROL Ratio
Controllers

FIGURE 105 — Model 130Z Ratio Controtler Showing the Ratic Setting
(left side), the Controlled Variable (red inner pointer on right side),
and the Uncontrolled (*Wild”) Variable (black on white pointer on
right side)

The Model 130Z Pneumatic CONSOTROL Indicating
Ratio Controller maintains one process variable (the con-
trolled variable) at some preset ratic to an uncontrolled
{“wild") process variable. In essence, the set-point signal
for the controlled variable is the wild variable’s value
times the selected ratio. (Refer to Section 1 for more
information on ratio control.)

Either the wild variable or the set point can be displayed
on the set-point indicator, as selected by a knob under
the scale, If the ratio pointer is set below zero, its pointer
enters a dark band on its scale called “MAN.” In this
band, the ratioc knob drives the controller set point di-
rectly, unaffected by variations in the wild input. The
selected ratio value is always displayed on the left
side.

Several displays — in linear or square-root ranges —
are available, depending on the relationship desired be-
tween wild and controlled flow. Either Pl or PID control
modes are available,
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Model 130MC Pneumatic CONSOTROL Single-Station
¥ Cascade Controlier
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FIGURE 106 — Model 130MC CONSOTROL Cascade Controller

The Model 130MC Pneumatic CONSOTROL Single-
Station Cascade Controllers maintain a normally slow-
respanding primary variable at a predetermined set point
by manipulating a second, normally fast-responding vari-
able in a closed loop. The output from the secondary
controller drives the final control element.

. Essentially, there are two control units here, both re-
ceiving standard pneumatic inputs from the process.
The output of the primary variable’s control unit becomes
the set point for the secondary control unit. (Refer to
Section 1 for more information on cascade control.)

Both control units are contained in the Model 130MC
Controller. The primary variable and its set point are
displayed on the right side of the instrument face, the
secondary variable or its set point on the left side. PI
control is applied to the secondary variable; Pl or PID
control is available for the primary variable.

If desired, the secondary variable can be controlled
directly by redirecting the primary variable’s set point
to the secondary controller. An auto/manual transfer
station allows manual control of the output of this
unit. The secondary measurement is internally con-
nected to the integral mode of the primary controller
to avoid windup.
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Model 130M-N Pneumatic CONSOTROL Indicating
Gap Controllers

i aen i e

FIGURE 107 — Model 130M-N CONSOTROL Gap Controllers

There are two different control actions available.

1) The Model 130M-N7 Gap Controller provides dif-
ferential gap control — a form of on/off control in
which no change in output takes place while the
process measurement is within a specified range (be-
tween set points). The output remains at maximum
or minimum value until the controlled variable cross-
es the gap, causing the output to reverse, The con-
trolled variable must then cross the band in the op-
posite direction before the output is restored to its
original condition.

A typical application for differential gap contraol is
filling a tank to the upper set point, then allowing
it to empty until the lower set point is reached.

2

—

The Model 130M-N94 Controller provides standard
Pl control when the measured variable is outside of
a gap or dead zone formed by the two set points.
Within the dead zone, the proportional band is mufti-
plied by a factor of approximately 50. This controller
is useful when the disturbances to the valve are to
be minimized, as long as the controlled variable lies
between the two set points.




Model 130MD, 130PD, 130FD Pneumatic
CONSOTROL Control Stations with Model 138
Pneumatic CONSOTROL Remote-Mounted
Controllers

C3 ]

FIGURE 108 — CONSOTROL Model 138 Remote-Mounted Controller
{left) with Companion Panel-Mounted Model 130MD/PDFD Control
Station (right)

The Model 138 Controller and companion Model
130MD/PD/FD Control Station are used when long dis-
tances between the process and the control room create
unacceptably long time lags. To compensate for the slow
response and reduced control this situation causes, the
Model 138 Controller is mounted in the field near the
process and provides standard modes of control. It trans-
mits its output to the Model 130MD/PD/FD Control Sta-
tion in the control room for convenience of the operator.
The control reom operator can change the set point and
transfer between automatic and manual control.

The different control stations indicate different set points
— the Model 130MD has cnly a local (i.e., internally
generated) set point; the Model 130PD indicates only
a remotely generated set point; and the Model 130FD
has a two-position switch to allow either local or remote
setting of the set point.

The Model 138 Controller has the standard force-balance
operating mechanism. The Model 130MD/PD/FD Con-
trol Station has a variation of the position mechanism
discussed in Section 6. The most complicated version
{for the Modet 130FD, shown in Figure 109) has two
mechanisms, one of which receives a standard pneuma-
tic input signal from the remote controller {the remote
set-point receiver) and converts the signal into a pointer
position. The other mechanism receives a signal from
the internal (local) set-point generator and concurrently
transmits the signai to the remote controller and converts
the signal into a pointer position.

FIGURE 109 — Operating Mechanism of the Model 130FD Control
Station

Model 135 Pneumatic CONSOTROL Auxiliary
Stations

o R
FIGURE 110 — Model 135 CONSOTROL Auxiliary Stations Provide
Manual Loading, Switching, and Bias Functions

Model 135 Auxiliary Stations generate and indicate an
adjustable standard pneumatic signal and transmit to a .
pneumatic receiver {e.g., a final control element or a
remote controller). A variety of models allows the input
and indication of one or two process variables, adds
the capability to switch signal transmission between the
process measurement and the generated value, and al-
lows the input signal to be biased up to 100 percent.
Model 135 Auxiliary Stations are usually used in control
loops where a single controller regulates two or more
final operators.

The Model 135 Auxiliary Stations use a variation of the
position mechanism discussed in Section 6 to indicate ..
the generated signal and produce a transmission signal.




. The mechanism shown in Figure 111 indicates the op- Alarm Systems |
tional functions that can be added to the basic one. (The

option of displaying one or two process measurements
adds a set of bellows/flapper-noczzle mechanisms and
a pointer for each measurement; see Figure 109 for a
similar arrangement.)

FIGURE 111 — Operating Mechanism of the Modet 135 Auxiliary
Station Showing Indication of Generated Signal, Auto/Manual Option,
and Bias Option

FIGURE 112 — Standard Alarm Used in CONSOTROL and Other
Instruments (top} and Typical Installation Location (bottom)

Alarm actuators (signals to external audible alarms) and
alarm flashers {blinking lights) are offered mounted in
almost all Foxboro controllers, auxiliary stations, re-
corders, and indicators. The alarms are connected di-
rectly to standard pneumatic input signal lines; they are
independent of instrument operation or display. Alarms
can be absolute (comparing one incoming signal to the
predetermined set points) or deviation (comparing the
difference between two incoming signals to the pre-
determined set points).

Incoming signals are compared to predetermined critical
high and low set points; when the input exceeds a set
point in either direction, actuator and/or flasher signals
initiate operation of the audible and/or visual alarms.
To turn the alarm off and/or stop the light from flashing,
the operator touches a contact switch on the front of
the instrument. (The light stays on as long as the alarm
condition exists.)

NOTE: Alarms and flashers require an electrical con-
nection.
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SECTION 10 — CONTRO

A final control element is a general term for a device
in a process line whose movement causes the value of
the measured variable to change. The movement is deter-
mined by the signal received at the final control element
from the controller. The most common final control ele-
ment is a valve; others are dampers, louvers, variable-
speed pumps, conveyor belts, and motor relays.

Each final control element has an internal mechanism
to convert the signal format received (e.g., air pressure)
into force and/or motion. This mechanism is called the
actuator and it is relatively inexpensive and fast. It can
be used by itself in a loop because it provides direct
linear or rotary motion to the process. (In this direct phys-
ical connection to the process, it is the counterpart of
the sensors discussed in Section 5.) Examples of
stand-alone pneumatic actuators are shown later in this
section.

Generally the actuator is part of a more complex element
like a valve. Many valves have diaphragm actuators
which look like the bell pressure elements described
earlier (45 Series). The force of the pneumatic input signal
is opposed by a spring; the equilibrium established be-
tween the force of the air and the force of the spring
positions a stem which, in turn, positions the plug of
the valve.

L VALVES AND POSITIONERS .

Although actuators alone provide fairly accurate posi-
tioning, a problem caused by hysteresis* may develop
due to friction in the motion of the valve stem. Loops
with a high proportional band or applications which
cause only small changes in flow are particularly sus-
ceptible. To compensate for this, a positioner can be
added to the valve.

A positioner is a signal converter which acts as a feedback
controller to the valve for highly accurate positioning
of the valve plug. Besides compensating for hysteresis,
other typical applications include those with high pres-
sure drop, highly viscous fluids, fluids that may cause
gumming, fluids carrying sediment, loops where the
response speed of the valve needs to be increased,
temperature control, or pH control. Valve positioners
should NOT be used when the process responds faster
than the valve {(e.g., flow) or when the use of a positioner
would require increasing the proportional band sub-
stantially (instead, use a volume booster).

It is extremely important that the final control element

in a loop be chosen carefully with respect to the process.

More details follow, and further information can be .
found in literature listed in the Bibliography.

IS

* Hysteresis is the difference between the position assumed for a value
an increasing signal and the position assumed for that same value
on decreasing signal.




. Valve Positioners

Type C Vernier VALVACTOR Positioner

FIGURE 113 — Type C Vernier VALVACTOR Positioner

The Type C Vermier VALVACTOR Positioner enhances
the response of an actuator to pneumatic input signal
changes. It receives a standard pneumatic signal from
a controller or signal converter and acts on it to drive
the valve on which it is mounted. The Type C Positioner
is used to reduce the effects of valve friction, the delay
in response due to long signal lines, and the effects of
changing line pressure.

The positioner may be adjusted for either increasing or
decreasing output (i.e., air-to-open or air-to-close). Full
stem motion can be provided using as little as one-third
of the normal controller output; this allows operation
of two or three control valves from one output signal.

Gauges mounted on the positioner indicate cantroller
output, positioner output, and supply pressure. An op-
tional bypass switch allows the valve to be driven directly
by the input signal.

The VALVACTOR Positioner operates on a simple
motion-balance principle. Figures 114a and 114b show
the specialized type of motion mechanism the Type C
uses and how it looks in the case.

FIGURE 114a — Motion Mechanism for the Type C Positioner
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FIGURE 114bh — Motion Mechanism in Type C Case

Model E69P Current-to-Pneumatic Valve Positioner

FIGURE 115 — Model E69P Current-to-Pneumatic Valve Positioner
Shown by Itself, left, and Mounted on a Valve, right

The Model E69P Positioner, mounted directly on a
pneumatic valve yoke, drives the valve stem to follow
a standard direct current input signal. Although the stan-
dard action is direct (increasing signal producing in-
creasing response) and air-to-open, the positioner can
be provided with reverse action (increasing signal pro-
ducing decreasing response) and/or air-to-close action.

Normal vibration of pipelines does not affect the oper-
ation of the Model E69P Pasitioner. it is also intrinsically
safe (defined elsewhere), explosion-proof*, and dust-
ignition-proof*.

* An explosion-proof enclosure is capable of withstanding an explo-
sion of a gas of vapor which may occur within it; also, it will not
cause a flammable atmosphere surrounding the enclosure to ignite,
either as a result of an explosion that may occur within the enclosure
or from the temperature of the enclosure.

A dust-ignition-proof enclosure excludes ignitable amounts of dust
or amounts that might affect performance; also, it will not allow any-
thing generated within the enclosure to cause ignition of dust or other
accumulations on or around the enclosure.



The Model E69P Positioner uses the galvanometric motor
described with the Model E69F and E69R Pneumatic-to-
Current Sigrnal Converters and the Mode! 33C emf-to-
Pneumatic Transmitter. The feedback loop (shown in
Figure 116) differs slightly.

o SUPRLY
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FIGURE 116 — Operation of the Model E69P Current-to-Pneumatic
Valve Positioner

A dc mifliampere input is applied to a coil and is
positioned in the field of a permanent magnet. The coil
exerts a tangential thrust proportional to the direct current
input signai flowing through it. This thrust moves the
flapper with respect to the nozzle, thereby changing
the air output pressure of a pneumatic relay. The output
pressure is applied to the pneumatic actuator which
moves the valve stem. (Refer to the brief description of
this action at the beginning of this section.) The motion
of the valve stem is fed back to the nozzle by a direct
mechantcal linkage (the radius arm).




. Valve Selection

Valve Sizing

Control valves are sized for two reasons:

eeconomics — If a valve is too small, it will not
pass the required flow. The valve will have to be
discarded and replaced by a larger, properly sized
valve, Similarly, if the valve is too large, it will
obviously pass the required flow but it will be more
expensive than a properly sized smaller valve.

escontrol — An undersized valve will never deliver
the full flow rate, thus sharply narrowing the
controllable flow range. An oversized valve will
be throttling near the closed position, and the full
control range of the valve will nat be utilized.
When the plug throttles very close to the seat, high
fluid velocities occur which can cause erosion.

The accepted method of valve sizing in the United States
is the “C,” approach. C, is a capacity rating coefficient
which is defined as the number of U.S. gpm of 60°F
water which will flow through the wide-open valve when
there is a pressure drop of one psi across the valve.

Foxboro uses the three following basic formulae for C,
calculation.

1. Li 'd-C—~QVi
. Liquids: C, = AP

TG
f
2. Gases*: C, = Q
1360 V AP(Py,
W v
3. Steam and Vapors*: C, =
63.3 AP
Where: QorW = flow rate (liquidin gpm, gases in
scth, vapors in Ib/h)
G = specific gravity (available inen-

gineering or valve handbooks)**
T¢ = flowing temperature in degrees
Rankine (°F + 460)

AP = pressuredropinpsi (P — Py}

P4 = upstream pressure at valve inlet
inpsia

P3 = downstream pressure at valve
discharge in psia

v = downstream specific volume in

cubic ftYlb {available in engineer-
ing or valve handbooks)
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Other Considerations

Under normal conditions, fluid passing through a valve
will undergo a pressure drop across the valve orifice.
This pressure drop can cause problems called
flashing*** and cavitation***. While these conditions
are too complicated te detail in this publication, you
should be aware that problems can occur. (Refer to the
hooks listed in the Bibliography.)

No matter how carefully the control system for the
process loop has been designed, a mismatched control
valve can cause the system to be unstable and difficult
to control effectively. Valve characteristics help com-
pensate for this. Two standard characteristics (linear and
equal percentage***) accommodate most requirements,
though characteristics can be customized for special
situations.

Rangeability, the ratio of maximum controllable flow
to minimum controllable flow, is stated for all valves.
However, this does not reflect real flow conditions. A
better guide is a second ratio, rated C,, to minimum
controllable C,;; this ratio should be less than the stated
rangeability of the valve. When the rangeability re-
quirements rule out a valve that would otherwise be
suitable for the application, it may be feasible to use
two control valves in sequence. (Sequencing two valves
to extend rangeability must be done according to a very
specific procedure to retain the necessary characteristic
and avoid bumping during transfer from one valve to
ancther,)

* There is an important limitation imposed on the value of P used for
vapor and gas sizing. It may never exceed one-half of the absclute inlet
pressure, Py, even though the valve will absorb up to 100 percent of
the inlet pressure. lithe pressure drop is greater than (1/2)Py, use (1/2)P4
for both AP and the downstream pressure, Pz' Remember to use this
adjusted downstream pressure (1/2)P, in determining the downstream
specific volume (v)under these conditions.

** For gases, specific gravity is molecular weight divided by 29.

#*+ Cavitation occurs in a valve when the pressure drop across the
orifice first results in the pressure being lowered below the liquid’s
vapor pressure, then recovering to above the vapor pressure. The
pressure recovery causes an implosion.

Flashing occurs when a fluid enters the valve as a liquid and exits
partially as a vapor.

Equal percentage characteristic means that, theoretically, for equal
increments in valve opening, an equal percent change in flow will
occur. In practice, the gain can and does vary from the theoretical.
(Tables available from Foxboro provide extensive data.) Generally,
equal percentage valves are used on applications with highly varying
pressure drop conditions such as those found in temperature control,
while linear characteristic valves (where flow is directly proportional
to valve travel at a constant pressure drop) are most often used in
flow, liquid level, and gas pressure control.




Both the stability and the responsiveness of the loop Valve selection depends on various aspects of the pro- .
are affected by process dynamics, and linearity and valve cess: fluid composition (e.g., corrosiveness, viscosity,
characteristics. Guidelines to these process dynamics any solids in i), line pressure, and process temperature.
{available elsewhere) can help you in selection of valve The valve with the widest application is the globe; it
characteristics. is also the most expensive. Table F and the valve de-

scriptions give basic application information. But first
become familiar with some valve terminclogy.

TABLE ¥ — Application Data for Valves

Globe Needle Ball Butterfly Saunders
Characteristic =% or linear =% or linear Approx. =% Approx. =% | Approx. linear
and (50:1) {approx. 35:1) (50:1) (30:1; {3:7 conventional
Rangeability 15:1 dual range)
Use on Siur- Very poor Very poor Reasonably Poor Very good
ries or Dirty good
Solids-Bearing
Fluids
Relative Cost High to very High Medium Lowest for Medium
high large sizes
Maintenance Good; easy Good; easy Good; Good Fair
Rating to work on toworkon disassembly
may be T
difficult .
Tight Shutoff Yes, if sin- Yes, if sin- Yes, if Yes, if Yes
gle soft seat gle soft seat lined lined
isused is used
Ratingasa Excellent Excellent Excellent, Good, if Poorto fair
Control Valve if charac- character- (generally used
teristic is istic is only when dirty
suitable suitable flow dictates)
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. Terminology

Figure 117 identifies the primary components of a single-
seat globe valve, the most commonly used type. Other
valve types are variations of this.

e GONNE T

4 PADUESS FLUID

SEAT RING PLUG ASSEMBLY

FIGURE 117 — Typical Single Seat Globe Valve Assembly

The process fluid enters the valve body and passes
through an opening in the seat ring created by the valve
plug, which is positioned by the stem movement in re-
sponse to the actuator. A single “soft” seat ring allows
the fully closed plug to create a leaktight seal for most
applications. A double-seat valve {with the second seat
ting at the top of the cage) is better for high-pressure
applications, but does not provide a tight seal.

The design of the valve plug identifies the type of valve:
within the globe-style valves, the plug can be balanced
or unbalanced, poppet (on/off} or V-port. A needle valve
is a smaller version of the globe, with a pointed plug
that looks much like a needle. Other valve styles have
slightly different components that perform the same func-
tions: a ball valve has a sphere (with a path through
it) that turns within the valve body; a butterfly valve has
a disk that turns on an axis within the valve body; and
a Saunders valve, sometimes called a diaphragm valve,
has a set of diaphragms instead of the plug and seat
ring.
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Valves

V1 STABILFLO Control Valves

The V1 Globe-Style Control Vaive is extremely versatile,
providing a variety of materials, interchangeable parts,
minimal hysteresis, and wide rangeability. It handles a
high capacity, yet has exceptionally tight shutoff. With
actuators, the V1 provides fast response with linear or
equal percentage valve characteristics.

Two versions are available: a stem-guided version with
unbalanced inner valve, single seat, and contoured plug;
and a cage-guided version with balanced inner valve,
single seat, and balanced plug.

Model V4A Parabolic Needle Low-Flow Control Valve

e g i

FIGURE 119 — Model V4A Parabolic Needle Low-Flow Control
Vaive

i

The stem-guided V4A Needle Valve is specifically de-
signed for low-flow service in laboratories and pilot
plants as well as industry. Despite the small size of the
valve, its rugged construction assures accuracy under
high process pressure conditions.



The pointed valve plug (needle) provides equal per-
centage characteristics through 35 to 1 rangeability (i.e.,
equal increments of stem travel produce equal percen-
tage increases in flow from full capacity to 1/35 of ful
capacity).

Medels V2000 and G2 Saunders Valves
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FIGURE 120 — Models V2000 and G2 Saunde

The V2000 and G2 Control Valves are used for low pres-
sure, hard-to-handle fluids and tight shutoff applications
involving corrosive or dirty fluids. Protective body linings
and plastic diaphragms can be provided for applications
ranging from chemical to sanitary to pulp stock and slur-
ries. The V2000 provides limited throttling control and
the G2 provides on/off control.

The design (Figure 121) was originally based on the open-
channel flowmeter weir to provide smooth passages for
fluids with suspended solids. The V2000 Valve com-
prises a two-piece compressor assembly that provides
independent control over two areas of the valve dia-
phragm. The first increments of stem travel raise only
the inner compressor from the weir, allowing flow

FINE THEOTTLING

FULL DPEN

FIGURE 121 — Operation of the V2000 and G2 Saunders Valves

thraugh a contoured opening in the center of the valve. .
The outer compressor raises only when further stem tra-

vel brings the inner compressor into contact with it and

both are raised as a unit, (In contrast, the G2 Valve one-

plece compressor allows only a single stage of open-

ing.)

Model V9000 Ball Control Valves

FIGURE 122 — Model V9000 Ball Control Valve

Model V9000 Ball Control Valves have a streamlined
flow passage with straight-through unobstructed design

for exceptional flow capacity. They can be applied to

a wide range of processes. They are ideal for pulp stock,

other nonabrasive slurries, and also heavy oils, chemi-

cals, and viscous fluids. Y9000 Ball Valves are highly
controliable with inherent equal percentage character-

istics and a 50 to 1 rangeability. Diaphragm actuators

{P50 or P110 Series, described in this section) are pro-

vided with all V9000 Ball Valves.

Ball valves in general provide bidirectional flow, high-

flow capacity, leaktight shutoff, and simple construction

with a minimum of parts. V9000 Ball Valves have the
additional advantages of positive, long-lasting shutoff,

reliable stem sealing to eliminate stem leakage, and

safety features like a blowout-proof stem and special
metal-to-metal sealing for application in processes with
flammable fluids. :

The ball valve (shown in Figure 123) has a cylindrical
hole through its center which lines up with the con-
necting piping in the fully open valve position. The valve
is fully closed when the ball rotates 90 degrees in re-
sponse to stem rotation, so that the cylindrical hole no
longer lines up with the connecting piping.




FIGURE 123 — Operation of the Y9000 Ball Valve from the Top (valve
stem would come toward viewer from ball)
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V3000 Series Butterfly Control Valves

Gk L W AR E i . i o

FIGURE 124 — Heavy-Duty V3000 Unlined Butterfly Valve (left) and
V3400 Lined Butterfly Valve (right)

The V3000 Series Butterfly Control Valves provide pre-
cise control of virtually all common liquids, vapors, and
gases through several vane designs, with the availability
of liners for different applications. The valves feature
high capacity (for line sizes up to 16 inches), rangeability
of up to 100 to 1, very low leakage, modified equal
percentage flow characteristics, and minimum hys-
teresis. A P50 or P110 Series Actuator (see descriptions
following) is supplied with each valve.

The V3000 Butterfly Vaive (shown in Figure 124} has
a unique vane design: it has teeth. This produces lower
torque than conventional designs for stable operation
with a smaller actuator, It also reduces noise, resists
cavitation, and increases rangeability. The V3000 Valve
provides throttling control.

The V3400 Butterfly Valve vane design provides bubble-
tight shutoff. The vane and valve body have metal-rein-
forced liners for resistance to blowout and distortion.
The V3400 Valve (shown in Figure 124) also provides
throttling control.

The V3500 Butterfly Valve has a flat, smooth, specially
lined vane that, in conjunction with the specialiy lined
body, is qualified for food service. It was designed to
optimize resistance to contamination and corrosion with
the bubble-tight shutoff of the V3400. The V3500 Valve
provides proportional control.

The V3600 Butterfly Vaive has the flat vane design of
the V3500 but with liners suited to corrosive or fibrous
fluid applications. It also has bubbie-tight shutoff and
provides throttling control.



Actuators 2A Cylinder Actuator with Power Positioner

20F/P50 and 30C/P110 Diaphragm Lever Actuators

FIGURE 126 — 2A Cylinder Actuator with Power Positioner ‘

FIGURE 125 — P50 Actuator (topworks) with 20F Lever System (110 Cylinders are used to actuate dampers, gates, shutters,
Actuator and 30C Lever System Is Slightly Larger} doors, and large control valves like the Saunders type.
Throttling action is provided by power positioners (the

The 20F/P50 and 30C/P110 Lever Actuator systems con- box and tubing shown in Figure 126), which convert a

vert a pneumatic input signal into mechanical motion standard pneumatic input signal to full supply on the

or force to actuate dampers, variable-speed drives, cylinder piston. The combination provides smooth, fast,
weight-loaded regulators, governors, rheostats, and friction-free operation. Many mounting configurations

other similar devices. They are lightweight for simplified are available. .
installation, with high-speed performance and reversible

action (either air-to-open or air-to-close). if throttling action is not needed and only piston motion

is desired, air can be piped directly to the cylinder.
The Types P50 and P110 are pneumatic spring dia-
phragm type actuators and are frequently used alone
mounted on a valve yoke to actuate the valve stem,

The Types 20F and 30C levers have six and nine holes,
respectively, to connect to the final control device being
driven. They are designed to produce maximum possible
diaphragm stroke. The lever systems are vinyl-coated
for resistance to industrial corrosive atmospheres, and
have low friction seals for minimum hysteresis.
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PART IV

AFTER THE SYSTEM

IS

INSTALLED

SECTION 11 — USING A LOOP DIAGRAM

So far in this publication, all instruments have been il-
lustrated with phatographs or drawings. Even the figures
in Section 1 showed actual process equipment. Fre-
quently, however, process control systems are shown
with loop diagrams. Their interconnected loops pravide
a kind of shorthand to show the relationships between
parts of a system. It is important to understand this short-
hand because the information is useful in understanding
loop functions and identifying loop components.

Loop diagrams may include engineering and construc-
tion details, connections, locations, energy sources, size
of vessel, shape of vessel, length of piping, size of piping,
and process information like the fluid or medium being
controlled. A common type of loop diagram is a process
and instrument diagram {P & [ diagram). It indicates the

{'Aga LOCALLY (FIELD}
\TAG,)  MOUNTED INSTRUMENT:

{ABg PANEL [CONTROL RQOM)
G MOUNTED {NSTRUMENT®

/ABE INSTRUMENT MOUNTED IN
gy CONTAROL ROOM BEHING

@ PANEL

RELAY WiITH
FUNCTION IN

' BOX; CAN BE
or o o
FIELD OR
CONTROL ROOM
MECHANICAL DEVICE.
ALTERANATIVE SYMBOL FOR
AELAY
AN
h

&

> LOGIC DEWGE

‘LETTERS ON TOP INDICATE FUNCTION,
LETTERS ON 8QTTOM (OPTIONAL) INDICATE PLANT TAG

flow of information throughout the system relative to
process vessels, piping, prime movers, and other
equipment.

—{ I} CRIFCE PLATE PROCESS PIPING

—FF—  DIAPHRAGM SEAL PNEUMATIC SIGNAL LINE

ELECTRI MGNAL LINE
T FILLED THERMAL SYSTEM RiC SIG
WITH THERMOWELL

These diagrams are generally supplied by the contractor,
plant designer, or someone at the plant. Although the

TAPILLARY TURBING (s, FOR
FILLED YHEAMAL SYSTEM OR !
MAPHRAGM SENSOF}

plant instrument engineer is usually responsible, tech-
nicians should have some knowledge of how to interpret
loop diagrams both for use in fault location (trou-
bleshooting) and in describing or designing instrument
loops.

To make instrument and equipment identification uni-
form, the Instrument Society of America (ISA) has
adopted a set of symbols. Their guidelines {detailed in
their publication $5.1) are generally used by Foxboro
and are shown in this publication where appropriate.

Devices and device functions can be expressed by a
single shape, by a shape plus an abbreviation (either a
letter or a symbol), or by combinations of shapes and
abbreviations. Typical I1SA symbols for instruments and
process equipment are shown in Figure 127. The table
following lists abbreviations and their usual meanings.
{Note that letters can have many meanings, depending
on their position in the tag, device function, or user
designation.} Figure 128 shows combinations repre-
senting multifunction instruments.

Other symbols used by the process industry may be found
in publications of various industry standards organiza-
tions {particularly the Scientific Apparatus Makers” As-
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THERMOCOUPLE
WITH THEAMOWELL

—@ TURBIME METER
,_@ VORTEX METER

ACTUATCOR WITH
POSITIONER [POSITIONER
15 NOT ALWAYS SHOWN|

DIFFERENTIAL
PRESSURE LEVEL
MEASUREMENT
TRANSMITTER

EF'"i S DAMRER OR LOUVER

] TURBINE GENERATOR

STEAM

FIGURE 127 — Typical ISA Symbols

GENERAL SYMBOL FOR
YALVE

ACTUATOR



sociation — SAMA). These vary somewhat from the ISA
standard, and it is suggested that you obtain any pub-
fications that might apply to your industry. Once you
become familiar with the symbols and abbreviations
that go in them, it will be easy to read loop diagrams.

A relatively simple loop — a temperature control loop
on a heat exchanger — is shown in both pictorial and
loop diagram forms in Figures 129a and 129b. A more
extensive, interactive process (combustion control in a
boiler) is illustrated in Figure 130.

FLOW RATIC CONTROLLER
WITH INPUTS FROM FLOW
TRANSMITTERS AND
OUTPUT TO ONE RECORDER
PEN

LEVEL TRANSMITTEA FOR
OPEN TANK. THAP BELOW
TANK., AND AIR PURGE
ON-LINE

TEMPERATURE TRANS.
MITTERS WITH QUTPUTS TO
MULTIRQINT RECORDER

COMBUSTIBLES
TR DUAL ANALYSIS INDICATING
( ) TRANSMITTER FOR

/ OXYGEN AND COMBUSTIBLES
\g CONCENTRATIONS

RUNNING-TIME
TOTALIZER CONNECTED
TO PUMP MOTOR

ON-OFF TEMPERATURE
CONTROLLER SENSING
AMBIENT TEMPERATURE

PRESSURE TRANSMITTER
WITH DIAPHRAGM SEAL
WITH OUTPUT TQ PRESSURE
RECORDER

MANUAL LOADING
STATION WITH INDICATION
OF FLOW INPUT FROM
TRANSMITTER AT ORIFICE
PLATE

FLOW CONTROL LQOP
WITH SQUARE-RQOQT
EXTRACTQR AND
BOARD-MOUNTED
FLOW CONTROLLER

CASCADE CONTROL -
FLOW CONTROLLER
SET BY LEVEL
CONTROLLER

FIGURE 128 — Typical Combinations of ISA Symbology
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STEAN (MANIPULATED VARIABLE}
-

HMEATED
WATER
(CONTROILED
VARIABLE

BUCKET TRAP

i CORTHO!LER
s CONGENSATE
20 psi
SUPPLY
COLD WATER

FIGURE 129a — Shell-and-Tube Heat Exchanger in Pictorial Form

MEASLRING
MEANS

(CONTROLLED
WARABLE)

FIGURE 129b — Shell-and-Tube Heat Exchanger in Loop Diagram
Form

sLow
FUIMENT

FIGURE 130 — ISA Symbology Describing an Interactive Control
Loop (Boiler Firing Control)




TABLE G — Meanings of ISA Abbreviations

Used in
Letter Circle* Relay Superscript Square/Diamond Elsewhere

A Analysis; Alarm Analog
AS Air Supply
B Burner, Combustion
C — Control
D —; Differential Digital Digital
didt Derivative
E Voltage {emi); Sensor Voltage
ES Electric Supply
F Flow Rate; Ratio {Fraction}
FF Flow Ratio
FQ | Fow Quantity
G —; Glass, Viewing Device
G5 Gas Supply
H Hand; High High; Hydraulic
HS Hydraulic Supply
| Current (electric); Indicate Current Interlock
1A Instrument Air
-0 On/Oif
J Power; Scan
K Time, Time Schedule; Time Rate- Proportional

of-Change, Control Station
L Level; Light, Low Low
M —; Momentary, Middle ar

Intermediate
N Number of analog inputs

orvalue of exponent

NS Nitrogen Supply
(8} —; Orifice (Restriction) Electromagnetic, Sonic
P Pressure, Vacuum; Point (Test) Pneumatic Purge or Flush

Connection
PA Plant Air
PD | Pressure Differential
Q Quantity; integrate, Totalize
R Radiation; Record Resistance (Elec.) Reset
REV Reverse action
) Speed, Frequency; Safety, Switch Solenoid
Sp Set Point
) Steam Supply
T Temperature; Transmit Time Trap
TD | Temperature Differential

Multivariable; Multifunction
\ Vibration, Machinery Analysis;

Valve/Damper/Louver
w Weight, Force; Well
WD | Weight/Force Differential
Ws Water Supply
X — X Axis Multiply, analog

inputvariable

Y Event, State or Presence;

Y Axis, Relay, Compute
Z Position, Dimension; Z Axis,

Driver/Actuate/Unclassified

Final Centrol Element
ZD | Gauging, Deviation
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TABLE G Continued
Used in

Symbol Circle* Relay Superscript Square/Diamond Elsewhere
b summing

2/n averaging

A difference

! integral

+ dividing

N square-rgot extraction
" exponential

fix) nonlinear or unspecified

function

(v time function

> high selecting

< low selecting

+ high limiting

+ low limiting

-k reverse proportional
- velocity lymiter

+

- bias

*

e convert

* When used in a circle, meanings before the semicolon generally appl

to succeeding letiers.

NOTE; Letters can be given meanings other than those shown here for

OM THE DRAWING.

v if the letter is in the first position, with meanings after the semicolon applying

users’ convenience, but ANY CHANGE IN MEANING MUST BE SPECIFIED
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SECTION 12 — MAINTENANCE AND REPAIR

What Instrument Maintenance Entails

The following tasks are generally considered to be part
of the function of a maintenance technician.

Preventive Maintenance: Comprises both every-
day upkeep and pericdic servicing

Emergency Service: work performed on a rush
basis when breakdowns occur requiring fault fo-
cation (sometimes called troubleshooting).

Commissioning or New Installation Checkout,
Startup, and Tuning: verifying system and instru-
ment operation, assisting during periods of critical
operation, and tuning or characterizing instruments
to suit process requirements.

Repair and Modification: bench work to correct
defects or rescale or recalibrate instruments; also
changing or updating the piping, wiring, location,
or anything else unique to individual instruments
or systems.

Each of these tasks occupies varying amounts of the
technician’s time and requires different procedures and
different types and degrees of skill. Each will be discussed
separately. Following this is a discussion of the physical
environment in which these tasks are performed.

Preventive Maintenance

Everyday Upkeep: chart changing, inking, cleaning,
and all other tasks involved in day-to-day instrument
operation. This is done primarily as directed by man-
ufacturers’ instructions.

Periodic Servicing: work performed on a regular basis
per instrument manufacturers’ recommendations as
amended by company policy (visual inspection, clean-
ing, leak checks, calibration and performance checks,
seal replacement, valve packing, etc.).

Emergency Service

This generally comprises three or four steps: 1) deter-
mine the problem area {e.g., system design, instrument
failure, or external influence); 2) correct problem on-
site or, if this is not possible, replace the faulty unit;

3) check out and restart the system; and 4) if the unit
was removed from the field and replaced with a new

one, take the unit back to the shop where the fault can
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be located and the instrument repaired and recalibrated
during a slack period or the unit can be returned to the
manufacturer. As with other types of maintenance tasks,
for emergency service the technician often depends on
documentation supplied by the manufacturer and pos-
sibly modified by the plant engineers to reflect special
applications,

One note is perhaps in order. Process control systems

are very expensive, so they are usually installed because
the systems they will be controlling are even more ex-
pensive, System downtime can cost hundreds of dollars
per minute, so it is important that emergency servicing
be done as efficiently as possible.

Since hundreds of malfunctions are possible within a
system, to isolate a problem you must understand the
way the system operates. This includes the type of
measurements, the way the different parts of the system
interrelate, and the instruments used in the particular
system. This information can be gathered from obser-
vation, referring to this publication and others, looking
at functional block diagrams for the system, and reading
the documentation available for the system.

The most logical approach to discovering the source

of a problem is to take the available documentation and
start eliminating potential sources of problems. For ex-
ample, if the controller outputs are incorrect, you would
want to check the air supply (if it is a pneumatic in-
strument) and the inputs. Examine the inputs by type
and plant area; manually check any suspect inputs. If
these are all right, check both the input and output por-
tions of the controller.

Commissioning (New Installation Checkout, Startup,
and Tuning)

Instruments should be installed and calibrated according
to manufacturers’ directions. Piping and wiring should
be done according to plant specifications, (There are
many helpful reference documents on good installation
practices published by trade organizations.) The process
is then checked out, the objective being to determine
whether the equipment is installed correctly and whether
the equipment as installed can achieve a balance be-
tween process supply and demand. Rarely can this bal-
ance be achieved without further adjustment. The loop
tuning that accomplishes this balance is covered in Sec-
tion 13.




Repair and Modification

The calibration of a pressure instrument is done by
comparing its input and output against standards. The
instrument is then adjusted to make it agree with the
standard. Success in calibration depends not only on
one’s ability to adjust the instrument, but also on the
quality of the standard.

Field standards must be reasonably convenient to use
and must satisfy the accuracy requirements for the in-
strument under calibration. A 2500 mm (100 in) water
column, for example, is extremely accurate but not
practical to set up in a plant. For practical reasons, most
field standards are test gauges.

A good quality test gauge will be designed, constructed,
and calibrated with care, so that it is accurate to within
+0.25 percent of span. This is adequate for field calibra-
tion of most of the pneumatic and mechanical equipment
described in this publication and even for most electronic
equipment. The test gauge should provide the standard
pressure regulator, scale, and manifold connections de-
scribed in “The Maintenance Shop” following.

Under some conditions, a manometer {an instrument
used to measure the pressure of gases or vapors) 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.

The Maintenance Shop

The dust, grit, iron filings, and chips of conductive mate-
rial found in corrosive, dust-laden atmospheres become
extremely harmful to an instrument when the protective
covers are removed for servicing. Magnets, circuit
boards, close-tolerance pivots, relays, and switch con-
tacts are easily damaged by tiny bits of foreign material.
Therefore, whenever possible, instruments should be
brought back to the repair shop for work.

Shop areas should be kept conspicuously clean, and
dust-producing jobs such as filing, sanding, and grinding
should be well isolated from the calibration and repair
area. As further protection, dust covers should always
be on except during actual work on instruments.

Test Equipment and Standards

Instruments are devices designed to act upon input in-
formation in a specified manner and to provide a pre-
dictable output. Inputs may represent temperature, pres-
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sure, vacuum, current, voltage, manual adjustments,
etc. Outputs may represent pen position, force, resis-
tance or millivoltage, pneumatic or electronic signals
suitable for transmission to other equipment, and sc on.
But no matter what function an instrument is to perform,
its desired reaction to a given set of circumstances is
known beforehand. Thus, a trained technician can read-
ily diagnose or adjust the instrument’s response by
regulating its input and observing the resulting output.
Such tests, known as instrument performance tests or
calibration checks, make use of the setup shown in block
diagram form in Figure 131,

feramoano ]

DUTPUT

0

FIGURE 131 — Block Diagram of Performance Test Setup

If, for example, the instrument being tested were a pres-
sure transmitter, the input source would be a source
of pressure, the input regulator would be a calibration
manifold capable of locking up the appropriate input
pressure as observed at the input test meter (such as a
deadweight tester or mercury manometer), and the in-
strument response would be read on the outnut test
meter.

Any sort of equipment will suffice for the input source .
and input regulator as long as it is capable of establishing

and holding the input signal at desired points throughout

the instrument’s operating range. For example, the pro-

cess itself is often used as an input source and regulator.

Input and output test meters, on the other hand, deter-

mine the accuracy basis of the performance test which,

in turn, determines instrument accuracy and thus process
performance.

Accuracy really boils down to the question: How much

error is acceptable and practical? Instruments and test
equipment are, therefore, rated by an allowable band .
of error generally expressed as a percentage of span or
full scale above and below the nominal value. if, for
example, the span of an instrument was 100 psi with
a range of 0 to 100 psi, a + 1 percent accuracy would
mean that for any value of input the output would be




0

no mare than 1 percent, or 1 psi, over or under what
it should be. For example, if the output should be 50
psi, the actual output would be no greater than 51 psi
and no less than 49 psi. Pneumatic instruments are usu-
aily rated at + 0.5 percent of span; electronic instruments
are often rated at +0.25 percent of span.

To today’s instrument technician, one or two special
purpose calibrators capable of receiving and transmitting
a standard transmission signal are adequate for testing
a majority of instruments in the plant. Following are
the standard transmission signals commonly used by
the instrument industry.

Pneumatic (Pressure) Electronic {Current)
310 15 psi (20to 100 kPa) 4t020mAdc
3to 27 psi 10to 50 mAdc

Since this publication has dealt with pneumatic instru-
ments, only the pneumatic signal calibration setup will
be discussed here.

The pneumatic standard signal requires only a source of
pressure {such as a hand pump or air supply}, an inexpen-
sive calibration manifold, and test gauges of suitable
range and accuracy.

The pneumatic calibration bench setup shown in Figure
132 can produce a pneumatic signal for the input test
meter shown in Figure 131.
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FIGURE 132 — Calibration Bench Setup
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Special tools needed for assembling, aligning, and cali-
brating specific instruments can be purchased from in-
strument manufacturers in kit form. One such kit avail-
able from Foxboro is shown in Figure 133.

Table H, showing Measuring Element Test Equipment
following, relates types of measurements to the test
equipment commonly used for each.

FIGURE 133 — Manufacturer’s Tool Kit




TABLE H — Measuring Element Test Equipment

Measurement Test Equipment
Input Variable Sensing Element Element Qutput | | Inpuf Equipment | Regulator | Input Test Standard
{(Measurement) | Type Variable (Source) Gauge
Pressure or Diaphragm Compressor, Calibration{ U-tube U-Tube
Vacuum Helical Motion Pressure Tanks, Manifold | Manometer | Manometer
Spiral Hydraulic Pump, Deadweight | Deadweight
Bellows or Deadweight Tester Tester
C-Tube Tester Test Gauges
Capsule Force
Differential Opposed Bellows
Pressure (Flow or Diaphragm Motion
Applications}) Differential Same as Pressure or Vacuum
Pressure Force
Transmitter
Flow Restrictors Diff. Pressure
Magnetic Flowmeter | emf Flow Laboratory Equipment
Vortex Flowmeter Frequency
Target Meter Force Special Weights
Float-and-Cable Motion Scale
Temperature Filled Systems Motion or Force || Temp. Baths, Dry
Ice, Elec. Electronic
Heaters, elc. Controls | Test Certified
Thermocouple emf Lab. Furnace As Thermometer | Thermometer
or Process Required
Resistance Bulbs Resistance Temp. Baths
Speed Tach. Gen. emf Var. Speed
Contact Frequency Motors,
Closure Synchronous
Torgue Pressure Motors
Level Air Purge Pressure Process Tank Level Contr.[Tank Height | Yardstick
Diaphragm Box Pressure Process Tank Level Contr.[Tank Height | Yardstick
Capacitance Probe | Capacity Process Tank Level Contr.[Tank Height | Yardstick
Buoyancy Force Weights
Pressure and Motion or See Pressure and Differential Pressure
Diff. Pressure Force
Float-and-Cable See Flow See Flow
Humidity Dew PointElement | Temperature See Temp — Resis, Sling Sling
Hair Element Motion — — Psychrometer | Psychrometer
ANALYTICAL
lon-Selective PrecisionmV
(pH, etc.) Electrodes emf Source — Known Laboratory Laboratory
ORP, Redox, etc.| Electrodes emf Sample Solutions Tests Standards
Conductivity Probe Resistance Resistance
Decade Box

82




The closed-loop control system attempts to achieve a
balance between supply and demand by comparing the
controlled variable to the set point and reguiating the
supply to an amount which will maintain the desired
balance. Tuning the controller adjusts it so it can achieve
that balance as quickly as possible. This is done when
the instrument is first put in service and, later, on a
periodic basis as part of preventive maintenance.

When tuning, remember that each controller is part of
a closed loop: all the parts of the loop are interactive,
so adjustments made at the controller must reflect the
behavior of other devices in that loop. The controller
response must be matched to that of the process. There
are several procedures for doing this, some mathemat-
ical, most using trial and error.

A simple, three-step method for tuning maost three-mode’

controllers* follows. (Batch controllers and once-through
processes are special cases discussed after the three-
mode and two-mode controllers.) This three-step pro-
cedure is based on a simple test to determine the natural
period of oscillation of the process.

Step 1: Set the integral time of the controller at its
maximum and the derivative time at its minimum,
thereby providing proportional-only control. Then re-
duce the proportional band until oscillation begins. Mea-
sure the pericd of this oscillation {(also called the natural
period) as the time between two successive crests or
valleys. (See Figure 134.)

PRCPORTHINA

CONTROLLED
VARIABLE -

FIGURE 134 — Period of Cscillation with Propartional-Only
Controller Aifter First Tuning Step

* Three-mode controller is another term for a proportional-plus-
integral-plus-derivative controller (discussed in Part | of this
publication).
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SECTION 13 — LOOP TUNING

Step 2: Set the derivative time at 0.15 times the natural
period, and the integral time at 0.4 times the natural
period. Observe the new period of oscillation; there
should be a 25 percent decrease (see Figure 135). If the
new pericd of oscillation is shorter than this, reduce
the derivative time; if the period is longer, increase the
integral time.

PROPPLUS - l — 5

INTEGRAl PLUS
DERY

CONTROLLEDR

VARIABLE

FIGURE 135 — Period of Oscillation for Correctly Tuned PID Controller
After Second Tuning Step

Step 3: Finally, readjust the proportional band to
achieve the desired degree of damping (the amount of
correction to a process upset which, when too much
ortoo little, shows up as either overshoot or sluggishness
respectively).

When adjusting a two-mode (proportionai-plus-integral)
controller, a slightly different method should be used
since integral mode introduces phase lag thatis not coun-
teracted by derivative. The procedure follows.

Step 1: Set the integral time of the two-mode controller
at its maximum and the derivative time at its minimum,
thereby providing proportional-only control, just as with
the three-mode controller. Then reduce the proportional
band until oscillation begins and measure this period
(see Figure 134).




Step 2: Set the integral time to the natural period. The
period of oscillation should increase about 40 percent
(ideally, 43 percent). If the period is longer than this,
increase the integral time. (See Figure 136.}

PROP -PLUS
NTEGRAL

CONTROLLED
VARIABLE

FHGURE 136 — Period of Oscillation for Correctly Tuned Pi Controlier
After Second Tuning Step

Step 3: Finally, adjust the proportional band until the

desired degree of damping is achieved. Adding integral
will always increase the proportional band required for
stable control.

84

Some consideration must be given to processes with
variable dynamic characteristics. Once-through pro-
cesses such as tubular heat exchangers exhibit a natural
period that varies inversely with flow. In such situations,
one combination of controller settings cannot be ideal
for all flow rates. Integral time should be set according
to the lowest anticipated flow rate, and derivative time
according to the highest.

Some batch controllers, because of their mechanical
arrangement, will become unstable if equal values of
integral and derivative time are used. Always keep their
integral time at least twice the derivative time.

Other methods of tuning include step-analysis (a method
of finding time constants} and frequency-response analy-
sis. These are beyond the scope of this publication. How-
ever, if you wish to explore these topics, refer to the
books listed in the Bibliography.




PARTV
APPENDICES

Appendix A — Glossary of Terms

NOTE: Boldface type indicates definitions from ANSI/ISA Standard 551.1-1979*. Italicized words
are defined in this Appendix. For definitions of advanced control or exclusively electronic or digital

terms, please refer to the ANSI/ISA standard.
A/M STATION — See Automatic/Manual Station.

ABSOLUTE PRESSURE — Pressure relative to a vacuum
{absolute zero, the ambient pressure of outer space).
When using U.5. customary units (e.g., psi), the pressure
measurement is assumed to be gauge pressure (compare
definitions) unless specified as absolute {e.g., psia), This
is done when ambient pressure (usually atmospheric
pressure, approximately 14.7 psi) must be taken into
account. NOTE: No distinction is made in the basic
metric (5} pressure measurement unit, kPa, between
absolute and gauge pressure. However, the identifying
phrase “absolute pressure” may be added.

ABSOLUTE PRESSURE TRANSMITTER — A differential
pressure transmitter with process pressure applied to
one side only; the other side of the sensor is evacuated
to provide a zero absolute pressure reference,

ACCURACY — In process instrumentation, degree of
conformity of an indicated value to a recognized
accepted standard value, or ideal value. It is usually
expressed as a percentage deviation (of span, reading,
or upper range value) from the standard or ideal value.
For example, force-balance transmitters generally have
an accuracy of +0.5 percent of span.

ACTUATE — Cause to change position in response to
a changing signal.

ACTUATOR — Hardware device which initiates
corrective action by adjusting the final control element
in response to a signal from the controlier. It converts
the controi system signal (air pressure or cusrent) into
mechanical motion. {When a feedback signal is
included, the device performing this function is called
a servomechanism.)

* Reprinted from ANSI/ISA-551.1-1979 with permission
of the copyright holder Instrument Society of America.
Complete copies of the standard are available from ISA,
67 Alexander Drive, P.O. Box 12277, Research Triangle
Park, NC 27709.
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AIR PURGE — A small, continuous flow of air over the
interior parts of an instrument to protect them from being
damaged due to dust, dirt, or fumes.

AIR SET — A device that filters and regulates the air
supply of a pneumatic instrument.

AIR-TO-CLOSE/AIR-TO-OPEN — Description of control
valve fail-safe action. Upon failure of air supply, an air-
to-close valve {sometimes called fail-open) will leck in
the open position so transmission will not be disturbed;
an air-tg-open (fail-closed) valve will fail in the closed
position, stopping flow.

'ALARM — 1) A device that responds to a sighal and

warns of failure, limits, or other specified conditions,
by means of some audible or other indication. 2) A device
with an audible or visible signal that indicates an
abnormal or out-of-limit condition in a plant or control
system. See also Annunciator.

AMBIENT PRESSURE — The pressure of the medium
surrounding a device,

AMBIENT TEMPERATURE — The temperature of the
medium surrounding a device. 1) It is assumed that the
device in question is not exposed to significant radiant
energy saurces, and 2) if the device generates heat, that
heat is considered to contribute to the temperature of
the medium surrounding the device.

AMPERE — The unit of measure of current.

AMPLIFICATION — The ratio of the change in an output
signal to the change in the input signal which produced
it.

AMPLIFIER — In process instrumentation, a device that
enables an inpuf signal to control power from a source
independent of the signal and thus be capable of
delivering an output that bears some relationship to,
and is generally greater than, the input signal.




AMPLITUDE — The difference between the extreme
upper and lower points of a cycle. For example, in
proportional control, the ideal value creates one-guarter
amplitude damping, in which each half cycle is one-half
the amplitude of the previous half cycle, thereby
reducing the cyvcling.

AMPLITUDE RATIO — The ratio of the magnitude of
a steady-state sinusoidal output relative to the input.

ANALOG — The contiruous and observable
representation of a variable reflecting any and all changes
in value. A system whose behavior is mathematically
analogous to that of some other system and therefore
has the same dynamic equations. In the way itis viewed,
analog appears like a movie, while digital (compare
definitions) appears like a series of snapshots.

ANNUNCIATOR — A visual or audible signalling device
which indicates conditions of associated circuits.

ANSI — American National Standards Institute.

ANTISURGE — A control system which protects a
compressor from operating in the surge region, where
it could become damaged by pulsations.

AUTO-SELECTOR CONTROL — A control system with
two or more interdependent inputs, of which one, the
lowest or highest, is selected to perform control by
manipulating a single valve.

AUTOMATIC CONTROL SYSTEM — A contral system
that operates without human intervention.

AUTOMATIC CONTROLLER — See Controlfer.

AUTOMATIC FEEDBACK CONTROL — See Feedback
Control.

AUTOMATIC/MANUAL STATION — A device which
enables an operator to select an automatic signal or a
manual signal as the input to a controlling element.
The automatic signal is normally the output of a
controller while the manual signal is the output of a
manually operated device. Sometimes called an auto/
manual station or A/M station,

BACKUP — An alternative means to maintain control
over the process in the event of a failure in the primary
control system; it can be analog or digital.

BALANCE — Matching manual mode output with
automatic mode output before switching between the
modes to provide “bumpless” transfer,

BATCH CONTROL — Automatic regulation of a
discontinuous process where the nature of the process
puts special demands on the control equipment.

BATCH PROCESS — A system in which the input and
output flows are intermittent and periodic, sometimes
called a discontinuous process; the converse of a
continuous process.

BATCH SWITCH — The mechanism on a batch

controller that actuates when the output goes beyond

a preset limit (over 100 percent or under 0 percent of

scale) to prevent the controller output from saturating

or “winding up.” -

BATCH UNIT — See Batch Switch.

BELL ELEMENT — A bell-shaped device containing a
diaphragm, used for accurate measurement of very low
ranges of differential pressure.

BIAS — A signal or a constant added to or subtracted
from an input signal to provide elevation or suppression.

BLOCK DIAGRAM — See P & | Diagram.

BOURDON TUBE — A mechanical pressure-measuring
device that is a curved or twisted metallic tube, flattened
in cross section. One end of the tube is closed, and the
fluid pressure to be measured is applied to the other
end. As the pressure is increased, the tube becomes more
nearly circular in cross section, and tends to straighten.
The motion of the free (closed) end of the tube is a
measure of the internal pressure. It may be made in any
one of a number of shapes, the most common being
the C tube, the spiral, and the helical.

BUBBLE TUBE — See Purge Bubbling.

BUMPLESS TRANSFER — What occurs when transfer
of control is made from the automatic to manual (or
manual to automatic) modes of a controller without
changing the output of the controller,

BUOYANCY TRANSMITTER — A measuring device that
uses the force exerted upon a sealed container (displacer)
to determine the level or density of the surrounding fluid.

C, — A capacity rating coefficient which is defined as
the number of USgpm of 60°F water which will flow -

through a valve at a specified opening with a pressure :
drop of 1 psi across the valve. ‘




CALIBRATE — To ascertain outputs of a device
corresponding to a series of values of the quantity which
the device is to measure, receive, or transmit. Data
s0 obtained are used to: 1) determine the locations at
which scale graduations are to be placed; 2) adjust the
output, to bring it to the desired value, within a specified
tolerance; 3) ascertain the error by comparing the
device output reading against a standard. Calibration
is the process of determining the accuracy of a device
by applying carefully quantified inputs to the device,
registering the output for each input, comparing the
measured output to a standard, and correcting the
device, if necessary, to make the output match the
standard.

CAPACITY — A measure of the maximum quantity of
energy or material which can be stored in a system.

CASCADFE CONTROL — Control in which the output
of one controller is the set point for another
controller.

CASE-COMPENSATED — When only the mechanism
of a temperature-measuring device is corrected for the
effects of ambient temperature. Compare to Fully
Compensated.

CAVITATION (in a valve) — Vaporization in a valve
when the pressure drop across it results in the pressure
falling below the liquid’s vapor pressure before
recovering to above the vapor pressure. The pressure
recovery causes an implosion.

CLOSED LOOP — A signal path which includes a
forward path, a feedback path and a summing point,
and forms a closed circuit. Compare to Open Loop.

COMMISSIONING — For a new installation, the process
of verifying system and instrument operation including
starting critical processes and tuning instruments as
needed to suit the process.

COMPUTER — A general term for a piece of equipment
that accepts one or more standard input sighals, modifies
and/or combines them in some predetermined
mathematical way, and transmits the resultant output
to a receiver. Computers can range from small, dedicated
(i.e., single-purpose) units like the ones discussed in
this publication to large units that supervise many loops
and use the information to prepare reports.

CONDUCTIVITY (Electrolytic) — An analytical
measurement of the activity (or concentration) of ions
present in a fluid.
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CONFORMITY — Of a curve, the closeness to which
it approximates a specified curve (e.g., logarithmic,
parabolic, cubic, etc.). NOTES: 1) Itis usually measured
in terms of non-conformity and expressed as conformity
{e.g., the maximum deviation between an average curve
and a specified curve). 2) As a performance
specification, it is assumed to mean independent
conformity (the maximum deviation of the calibration
curve [the average of upscale and downscale values]
from a specified characteristic curve [a graph which
shows the ideal values at steady state] so positioned
as to minimize the maximum deviation), unless
otherwise specified.

CONSISTENCY — As used in the Pulp & Paper Industry,
a percentage by weight of dry fibrous material in any
combination of stock {fibrous material plus additives)
in water.

CONTINUQUS PROCESS — A process in which, for
an extended period of time, uninterrupted flows of fluids
enter and products leave a system; the converse of a
hatch process. Compare to Discontinuous Process.

CONTROL ACTION — Of a centroller or of a
controlling system , the nature of the change of the
output eifected by the input. See Direct Action and
Reverse Action for the relationship between input and
output. See also Control Mode.

CONTROL LOOP — A group of interconnected
instruments which measures the process variable,
compares that value to a predetermined desired value,
and applies to the process variable any change necessary
to make the process value match the desired value. See
also Open Loop and Closed Loop.

CONTROL MODE — A specific type of control action.
See separate definitions of Proportional Control, Integral
Control, Derivative Control, Pl Contrel, PID Control,
Batch Control, Auto-Selector Control, Ratio Control,
Cascade Control, Feedforward Control, and Differential
Gap Control types of control action.

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 pre-
scribed value of a variable.

CONTROL VALVE — A final controlling element,
through which fluid passes, which adjusts the size of
flow passage as directed by a signal from a controller
to modify the rate of flow of the fluid.



CONTROLLED VARIABLE — A directly controlled
variable in a control loop is the variable the value of
which is sensed to originate a feedback signal. An
indirectly controlled variable is one which does not
originate a feedback sigmal but which is related to, and
influenced by, the directly controlled variable. The
level, quantity, or other condition in the process which
is to be directly measured and controlled. The amount
of energy or material coming out of a process. Compare
to Manipulated Variable.

CONTROLLER — A device which operates
automatically to regulate a controlled variable. This
maintains a selected variable within prescribed limits.

CONTROLLING SYSTEM — That portion of a feedback
control system which compares a controlled variable
to a set point and adjusts a manipufated variable as a
function of the difference. It includes the reference input
elements, summing point, forward and final controlling
elements, and feedback elements including sensor.

CONVERTER — See Signal Converter.

CURRENT (Electric) — The measure of energy flow
between points of unequal voltage {compare definitions)
in amperes (A). The most common range of transmission
signal for electrical process control instruments is 4 to
20 mA dc.

CYCLING — A periodic change in the controlled
variable, usually resulting in equal excursions above
and below the control point; oscillation.

DAMPING — (noun) The progressive reduction or
suppression of oscillation in a device or system.
Damping affects the time required for a system to
stabilize after an abrupt process upset; a system adjusted
to respond as fast as possible without overshooting is
said to be “critically damped,” one that overshoots is
“underdamped,” and one that is slower than critical is
“averdamped.” Damping can be affected by properties
of the measured medium (e.g., viscosity or magnetism).

DEAD BAND — In process instrumentation, the range
through which an input signal may be varied, upon
reversal of direction, without initiating observable
change in output signal. Dead band is usually expressed
in percent of span.

DEAD TIME — The interval of time between initiation
of an input change or stimulus and the start of the
resulting observable response.

DEMAND — The requirement made by the control
systemn or the operator on the process. Compare to Load.

DENSITY — The unit of measurement properly called
mass per unit volume. It is important in process plants
as an inference of composition, of concentration of
chemicals in a solution, or of concentration of solids
in suspension.

DERIVATIVE CONTROL ACTION — In process
instrumentation, control action in which the output is
proportional to the rate of change of the input,

DEVIATION — Any departure from a desired value
or expected value or patterm. Compare to Error.

DIAGNOSTIC MAINTENANCE — See Fault Location. ~

DIFFERENTIAL GAP CONTROL — Control in which
the output of a controiler remains at a maximum or
minimum value until the controlled variable crosses a
band or gap, causing the output to reverse. The
controlled variable must then cross the gap in the
opposite direction before the oulput is restored to its
original condition.

DIFFERENTIAL PRESSURE {(d/p} — Measurement of ane
pressure with respect to anather pressure. A typical
example is measuring the pressures of a flowing fluid
on each side of an obstruction in a closed pipe. See

also Head, Primary Element, Secondary Device. .
DIGITAL — Representation of system variables by a

limited number of discrete values. Compare to Analog.

DIRECT ACTION — An increasing input to an instrument
producing an increasing output. Compare to Reverse
Action.

DIRECTLY CONTROLLED VARIABLE — See Controlled
Variable.

DISCONTINUQUS PROCESS — Any process in which
part of the system does and should shut down completely
for a period of time hefore resuming operation. Compare
to Continuous Process. -

DISPLACER — See Buoyancy Transmitter.

DRIFT — An undesired change in output over a period
of time, which change is unrelated to the input,
environment, or load.

DRY LEG — A long process connection to a differential
pressure transmitter filled with gas. In liquid level
measurement, the transmitter is near the bottom of the
tank with one process connection open to the liquid;
the other process connection is open to the gas above
the liquid at the top of the tank. Compare to Wet Leg.




DUAL CONTROLLER — A device that can record and
control two independent variables with two control
mechanisms.

DUPLEX CONTROLLER — A device that can record
and control one variable with two control mechanisms.

DUST-IGNITION-PROOF — A term used to express
the safety of a product for use in specific industrial
atmospheres.

DYNAMIC — Referring to something (response,
calculations) that changes as a function of time. Compare
ta Static and Steady-State.

DYNAMIC COMPENSATOR — A device provided to
counteract sources of error due to changing operating
conditions. A device consisting of lead, lag, impulse,
and/or dead time functions, provided ta balance control
action against the dynamic response of the process being
controlled.

ELECTROMOTIVE FORCE {emf) — An electrical signal
generated in a closed circuit of two dissimilar metals
when their junctions are at different temperatures
{thermocouple construction).

ELEVATED-ZERO RANGE — A range in which the zero
value of the measured variable, measured signal, etc.
is greater than the lower range value. Note: The zero
may be between the lower and upper range values, at
the upper range value, or above the upper range value.
Examples of a 100 psi range with elevated zero are —50
to +50 pst, —100 to 0 psi, and —150 to — 50 psi,
respectively. Compare to Suppressed-Zero Range.

emf — See Electromotive Force.

ENVIRONMENTAL AREA — A basic qualified location
in a plant with specified environmental conditions
dependent on severity. Note: Environmental areas
include air conditioned areas; centrol room areas,
heated and/or cooled; sheltered areas (process
facilities); outdoor areas (remote field sites).

EQUAL PERCENTAGE CHARACTERISTIC — In theory,
for equal increments of valve opening, an equal percent
change in flow will occur.

EQUILIBRIUM — The condition of a system when all
inputs and outputs (supply and demand) have stabilized
and are in balance.
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ERROR — In process instrumentation, the algebraic
difference between the indication and the ideal value
of the measured signal. Note: a positive error denotes
that the indication of the instrument is greater than
the ideal value. It is often expressed as a percentage
of span or upper range value. Error has several aspects
which process control instrumentation corrects:
direction, magnitude, duration, and rate of change.
Compare to Deviation.

EVACUATED VESSEL — A closed tank from which all
gas has been removed.

EXOTHERMIC — Characterized by evolution of heat.

EXPLOSION-PROOF — A term used to qualify the safety
of a product for use in specific industrial atmospheres.

FAULT LOCATION — The process of diagnosing,
locating, and correcting malfunctions.

FEEDBACK SIiCGNAL — In process instrumentation, the
return signal which results from a measurement of the
directly controlled variable,

FEEDBACK CONTROL — Control in which a measured
variable is compared to its desired value to produce
an actuating error signal which is acted upon in such
a way as to reduce the magnitude of the error.

FEEDFORWARD CONTROL (Predictive Control) —
Control in which information concerning one or more
conditions that can disturb the conirolled variable is
converted, outside of any feedback loop, into corrective
action to minimize deviations of the controlled variabie.
Note: The use of feedforward control does not change
system stability because it is not part of the feedback
loop which determines the stability characteristics.

FIELD-MOUNTED — An instrument mounted in the
plant rather than in the control room -— e.g., a sensor
mounted on a pipe or near one.

FILLED THERMAL SYSTEM - An assembly consisting
of a bulb, capillary tube, and Bourdon tube (or derived
form of direct-measuring element), containing a
temperature-responsive gas or liquid.

FINAL CONTROL ELEMENT (Final Controlling Element)
— The forward controlling element which directly
changes the value of the manipulated variable.
Component of a control system {such as a valve) which
directly changes the value of the manipulated variable.




FLANGE — A rim integral to an instrument used for
mounting it to a tank or to a pipe with flanges on it.

FLAPPER-NOZZLE — The basic error detection assembly
in pneumatic controllers and transmitters.

FLASHING — Vaporization of volatile liquids by either
heat or vacuum. What occurs when a fluid enters a valve
as a liquid and exits as a vapor.

FLOWMETER — A device that measures the rate of
flow or quantity of a moving fluid in an open or closed
conduit. It usually consists of both a primary and a
secondary device.

FLUID — Anything capable of flowing; a substance
tending to flow or conform to the outline of its container.
Liquid, gas, or steam.

FORCE-BALANCE MECHANISM — A method of
transforming a direct measurement to a signal. A force
produced by a sensor creates an imbalance which is
amplified and converted to a restoring or balancing farce
which is related to the output signal.

FULLY COMPENSATED — When both the motion
mechanism and the capillary of a temperature-measuring
device are corrected for the effects of ambient
temperature. Compare to Case-Compensated.

GAIN (Magnitude Ratio) — For a linear system or
element, the ratio of the magnitude (amplitude) of a
steady-state sinusoidal output relative to the causal
input; the length of a phasor from the origin to a point
of the transfer locus in a complex plane. In non-linear
systems, gains are often amplitude-dependent. The ratio
of change in output divided by the change in input that
caused it. The gain of a loop is the product of the gains
of all the elements in the loop.

GALVANOMETRIC — Capable of detecting or
measuring a small electric current by movements of a
magnetic needle or of a coil in a magnetic field.

GAUGE (GAGE) PRESSURE — Measurement of cne
pressure with respect to ambient atmospheric pressure.
It does not correct for atmospheric pressure, which
changes with elevation. Compare to Absolute Pressure.

HAIR HYGROMETER — A direct-measuring instrument
indicating relative humidity which has a sensing element
fabricated from specially treated human hairs that change
in length with humidity.

HEAD {Hydrostatic Head) — Pressure resulting from .
gravitational forces on liquids; measured in terms of the
depth below a surface of the liquid.

HEAD METER — A differential pressure transmitter for
measuring liquid level.

HEAT — Energy flowing between bodies of different
temperatures.

HIGH-SELECTOR — A device that compares two values
of input and allows the higher value to be the output.
Compare to Low-Selector. -

HUMIDITY — The amount of moisture in gases
expressed as relative humidity, absolute humidity, or
dew point.

HYDRAULIC RESONANCE — Waves that develop in
a tank due to turbulence and differential pressure that
interfere with accurate measurement of the level in the
tank.

HYSTERESIS — That property of an element evidenced
by the dependence of the value of the output, for a
given excursion of the input, upon the history of prior
excursions and the direction of the current traverse. .
Note: it is usually determined by subtracting the value
of dead band from the maximum measured separation
between upscale going and downscale going indications
of the measured variable (during a full range traverse,
unless otherwise specified) after fransients have
decayed. Some small reversal of output may be expected
for any small reversal of input; this distinguishes
hysteresis from dead band. The difference between
upscale and downscale results in instrument response
when subjected to the same input approached from the
opposite direction. A nonlinearity usually attributed to
flexibility and loose fits in linkage and to backlash in
gear trains.

I/P — Abbreviation representing current-to-pneumatic
signal conversion.

IDEAL VALUE — The value of the indication, output,
or ultimately controlled variable of an idealized device
or system. It is assumed that an ideal value can always
be defined even though it may be impossible to
achieve,

IMMISCIBLE — Incapable of being mixed to attain
homogeneity. ,

IMPULSE FUNCTION — A form of /ead action having .
zero steady-state gain.




INDICATOR — A measuring instrument in which only
the present value of the measured variable is visually
indicated. A device which displays information;
technically, it takes information that is in a form which
cannot be directly interpreted by humans and converts
it into a form which can be directly interpreted by
humans.

INDIRECTLY CONTROLLED VARIABLE — See
Controlled Variable.

INPUT SIGNAL — A signal applied to a device, element,
or system. 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, controlling, recording, or
computing function.

INSTRUMENTATION — A collection of instruments
or their application for the purpose of observation,
measurement or control,

INTEGRAL CONTROL (previously called Reset) —
Controf action in which the output is proportional to
the time integral of the input; i.e., the rate of change
of output is proportional to the input. Integral control
is used most often in combination with proportional
control.

INTEGRAL TIME {previously called Reset Time) — The
time required to produce a change in controller cutput
equal to the change in error input. The proportionality
constant in the equation relating the rate of change of
controller output to the error for integral contral.

INTEGRAL WINDUP (previously called Reset Windup)
— The overcharging, in the presence of a cantinuous
error, of the integral capacitor (bellows, in a pneumatic
controller) which must discharge through a long time
constant and which prevents a quick return to the desired
control point.

INTEGRATOR — A form of computer that sums the flow
of a fluid over time through the instrument and provides
a digital readout of the current sum.

INTRINSIC SAFETY — A term applied to electrical
equipment and wiring that have been made incapable
of releasing sufficient electrical or thermal energy —
even under abnormal conditions — to cause ignition

| of a specific hazardous atmospheric mix in its most easily

ignited concentration.

ISA — The Instrument Society of America.

LAG — Any delay from instantaneously complete
response to an input signal. It causes the output of a
device to fall behind its input signal, exhibiting a phase
fag which increases with increasing frequency.

LAMINAR FLOW — Flow in which a generally viscous,
slow-moving fluid separates into layers that do not mix.

LAPLACE OPERATOR — An algebraic substitute for the
differential operator {d/dt) or time derivative in a
differential equation.

LEAD — Action which causes the output of a device
ta advance ahead of its input signal, exhibiting a phase
lead and gain which increase with increasing frequency
of the input signal.

LINEAR — A straight-line relationship between one
variable and another. When used to describe the output
of an instrument, it means that the output is proportional
to the input. In a valve, it is the characteristic where
flow is directly proportional to valve travel. Compare
to Nonlinear.

LINEARITY — The closeness to which a curve
approximates a straight line. It relates to a calibration
curve (the average of upscale and downscale readings)
and is usually expressed as the deviation between the
curve and a straight line.

LIVE ZERO — A signal representing an input of zero
value coming from the process {e.g., 3 psi from an
instrument with a 3 to 15 psi output) as contrasted with
a signal representing no input at all (e.g., C psi).

LOAD (Process Load) — The level of material, force,
torque, energy, power, or other variable applied to or
removed from a process. Compare to Demand.

LOAD CHANGE — A disturbance in /load which moves
the controlied variable and causes the controller to
reposition its output to restore zero deviation, without
any change in set point.

LOAD RESPONSE — The way in which a controlled
process behaves after a change in the process load
introduces an error into the system.

LOCALLY MOUNTED — Applies to an instrument
mounted next to the process it is measuring.

LOOP — See both Closed Loop and Open Loop.




LOOP DIAGRAM — A representation of the various
parts of a control loop, showing interconnected
elements.

LOOP TUNING — Adjusting the instrumentation in the
loop (primarily the controller) so that the process can
achieve a balance between supply and demand as
quickly and efficiently as possible.

LOW-SELECTOR — A device that compares two values
of input and allows the lower value to be the output.
Compare to High-Selector.

LOWER RANGE VALUE — The lowest value of the
measured variable that a device is adjusted to measure.
For example, if a calibrated range is 0 to 100 psi, O psi
is the lower range value,

mA dc — See Current.
MAGNITUDE RATIO — See Gain.

MANIPULATED VARIABLE — A quantity or condition
which is varied as a function of the actuating error signal
so as to change the value of the directly controlled
variable.

MANUAL CONTROL — A mode of control in which
the controller output is adjusted by the operator (the
adjustment can be made directly at the controller or
remotely). Usually provided as backup in case the
automatic mode of control fails for any reason.

MEASURED SIGNAL — The electrical, mechanical,
pneumatic or other variable applied to the input of a
device, It is the analog of the measured variable
produced by a transducer (when such is used). For
example, in a flowmefer the measured signal may be
a differential pressure which is the analog of the rate
of flow through the orifice.

MEASURED VARIABLE — A quantity, property, or
condition which is measured, for example, temperature,
pressure, rate of flow, level, or speed.

MEASUREMENT — The present value of a variable such
as flow rate, pressure, level, or temperature.

MULTICAPACITY PROCESS — A process consisting of
several storage elements connected in series such as a
distilation column containing several equilibrium stages
or trays,

NEWTONIAN FLUID — A fluid wherein the ratio of
flow to force applied is constant. The basic reference
condition for all flowmeters. NOTE: all gases and most
liquids are Newtonian fluids.

NOISE — An unwanted component of a signal or .
variable. It causes a fluctuation in a signal that tends

to obscure its information content. For example, flow

is considered noisy since turbulence creates high-

frequency variations in addition to the flow-rate

variations. See also Radio-Frequency Interference.

NOMINAL VALUE — The value assigned for the purpose
of convenient designation but existing in name only;
the stated or specified value as opposed to the actual
value.

NON-NEWTONIAN FLUID — A fluid whose viscosity
is not constant and, therefore, the pattern of its vefocity
profile is not predictable.

NONLINEAR — A relationship between two or more
variables which cannot be described as a straight line.
When used to describe the output of an instrument, it
means that the output is of a different magnitude than
the input (e.g., a square-root relationship). Compare
to Linear.

NORMAL OPERATION CONDITIONS — The range

of environmental circumstances {e.g., ambient pressure,
ambient temperature, electromagnetic fields,

gravitational force, inclination, power supply variation, .
radiation, shock, vibration) within which an instrument

is designed to operate. Documentation for an instrument

usually indicates the operating limits (the extremes

allowable) within which it can maintain a specified

degree of accuracy.

OFFSET — The steady-state deviation when the set point
is fixed. Offset develops in a control loop having no
integral action, when the controller output must move
to a value other than its bias point to balance the process
load.

ON/OFF CONTROL — A mode of control in which the
output (usually expressed in terms of valve position) is
either fully on (the valve fully open} or fully off {the valve
fully closed).

OPEN-CHANNEL DEVICE — Primarily used for handling
water and waste, it is a flow-measuring device
comprising a primary device called a weir or a flume
{a plate with a notch in it or a restriction in a channel,
respectively) and a secondary device (see definition) to
produce a signal related to flow rate.

OPEN LOOP — A signal path without feedback.

OPEN TANK — A vessel open to ambient air. Compare .
to Fvacuated Vessel.




OPTICAL {(Radiation) PYROMETER — Device which
utilizes an optical system to focus energy radiated from
a body onto a sensing system. It is used to measure high
temperatures where contact with the object is
impossible.

OPTIMIZATION (Optimizing Control} — Control that
automatically seeks and maintains the most
advantageous value of a specified variable, rather than
maintaining it at one set value.

ORIFICE PLATE — The most common primary device

for measuring fluid flow; a circular disk with a hole in
it (several shapes and placements of the hole are possible)
inserted in a pipe between two flanges.

ORP — Abbreviation for oxidation-reduction potential.
A type of analytical measurement that determines the
oxidizing or reducing state of a chemical reaction; it
applies to any chemical reaction in which electrons are
transferred.

OSCILLATION — See Cycling.

OUTPUT SIGNAL — The signal provided by an
instrument; for example, the signal that the controfler
delivers to the valve operator is the controller output.

OUTPUT SATURATION — The condition where the
output of a device has reached its maximum or minimum
possible value.

OVERRANGE — Any excess value of the input signal
above its upper range value or below its fower range
value, The overrange limit is the maximum input that
can be applied to a device without causing damage
ot permanent change in performance,

OVERRANGE CAPABILITY — The ability of an
instrument to handle infrequently occurring signals
beyond its specified range.

OVERSHOOT — To exceed the desired or steady-state
value when attempting to correct for an input; the
amount by which the output exceeds the desired value,

P & I DIAGRAM — A drawing of a plant showing, in
symbolic form, all piping and instrumentation.

P/l — Abbreviation representing pneumatic-to-current
signal conversion.

PERIOD — The interval of time required for a cyclic
motion or phenomenon to compiete a cycle,
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pH — An analytical measurement of the activity of
hydrogen ions in a solution; a measure of the degree
of acidity or alkalinity of an aqueous solution.

PHASE LAG — A delay between the input and output
of a device expressed in the portion of a complete
sinusoidal cycle as it passes through the device,

PI CONTROL (Praportional-plus-Integral Control) —
Control action in which the output is proportional to
a linear combination of the input and the time integral
of the input.

PID CONTROL {Proportional-plus-Integral-plus-
Derivative Contral) — Contirol action in which the
output is the linear combination of the inpuf, the time
integral of the input, and the time rate-of-change of
the input (i.e., the linear combination of the effects of
proportional, integral, and derivative control modes).

PNEUMATIC SIGNAL AMPLIFIER — See Relfay.

POSITION-TYPE MECHANISM — A series of linkages
connecting a direct sensor to an indicator, transmitter,
or recorder, Also called motion mechanism.

POSITIONER — A device used to position an actuator
with regard to a signal. The positioner compares the
input signal with a mechanical feedback link from the
actuator, then produces the force necessary to move
the actuator output until the mechanical output position
feedback corresponds with the pneumatic signal value.

PRESSURE — Force exerted over a surface divided by
its area. It can be specified as ambient pressure (the
pressure of the medium surrounding a device),
maximum working pressure or MWP (the maximum
total pressure permissible in a device under any
circumstances during operation, at a specified
temperature — the designed safe limit for regular use),
operating pressure (the actual pressure at which a device
operates under normal conditions), process pressure
(the pressure at a specified point in the process
medium), rupture pressure (the pressure, determined
by a test, at which a device will burst), static pressure
{the steady-state pressure applied to a device; in the
case of a differential pressure device, the process
pressure applied equally to both connections), or surge
pressure (the operating pressure plus the increment
above operating pressure to which a device may be
subjected for a very short time during pump starts, valve
closings, etc.).
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PRESSURFE SEAL — A mechanical device that isolates
a corrosive or viscous product, or product that tends
to solidify, from the measuring element. 1t has a
diaphragm which contacts the product directly and
tubing filled with fluid on the other side of the diaphragm
which conveys the diaphragm pressure to the indicator
or transmitter.

PRESSURIZED VESSEL — A closed vessel which may
operate at pressures above atmospheric,

PRIMARY ELEMENT — The system element that
quantitatively converts the measured variable energy
into a form suitable for measurement. Note: for
transmitters not used with external primary elements,
such as magnetic flowmeters, the sensing portion is the
primary element.

PROCESS — (verb) To subject to a special process or
treatment (as in the course of manufacture). {noun) The
equipment for which supply and demand must be
balanced — the system under control, excluding the
equipment that does the controlling. See Process
Control.

PROCESS CONTROL — The regulation or manipulation
of variables influencing the conduct of a process in
such a way as to obtain a product of desired quality
and quantity in an efficient manner.

PROCESS LOAD — See Load.

PROCESS UPSET — Any type of disturbance that causes
a control variable to depart from set point.

PROCESS-WETTED MATERIALS — Any part of a sensor
or other instrument which comes in direct contact with
the process fluid. Frequently, these materials require
special characteristics (such as corrosion resistance)
which are not needed by the rest of the instrument.

PROPORTIONAL BAND — The change in input
required to produce a full range change in the output
of a controffer due to proportional control action. The
reciprocal of gain expressed as a percentage.

PROPORTIONAL CONTROL — Contrel action in which
there is a continuous linear relation between the oufput
and the inpet.

PURGE BUBBLING — A form of pressure measurement
which measures the pressure required to force a gas into
a liquid at a point beneath the surface (changes in level
cause the air pressure in the bubble tube to increase
or decrease).

case of electromagnetic interference from radio
transmitters causing a spurious effect in the circuits
or elements of a device.

RADIO-FREQUENCY INTERFERENCE {RFI) — A special .

RANGE — The region between the limits within which
a quantity is measured, received, or transmitted,
expressed by stating the lower and upper range values.
Note: Unless otherwise modified, input range is implied.
See Elevated-Zero Range and Suppressed-Zero Range.

RANGEABILITY — The ratio of maximum controllable

flow (usually the upper scale value) of an instrument

to minimum controllable flow (e.g., 10:1 or 50:1}); it ’
is a way of expressing the ability of an instrument to
accommodate a wide variety of conditions. Rangeability

is particularly important for valves.

RATE ACTION — See Derivative Controf.

RATIO CONTROL — A control mode which maintains
an easily controlled variable in a preset ratio to a second,
often wildly fluctuating, variable for purposes of
maintaining satisfactory control.

REDOX {Reduction-Oxidation Potential} — See ORP.

RELAY (Pneumatic Amplifier)— A device which converts ‘
a small change in the input signal to a large change in

the output signal. Typically, a 7 kPa (1 psi} change in

input will produce approximately an 80 kPa (12 psi)

change in output.

RELIABILITY — The probability that a device will
perform its objective adequately, for the period of time
specified, under the operating conditions specified.

REPEATABILITY — The closeness of agreement among

a number of consecutive measurements of the output

for the same value of the input under the same operating
conditions, approaching from the same direction, for

full range traverses. It does not include hysteresis. The

ability of an instrument to produce exactly the same

result every time it is subjected to the same conditions. -
Usually expressed in percent of span.

REPEATER — A mechanical means of transferring a
pressure measurement made by a process-contacted
diaphragm through a length of piping to one side of a
differential pressure sensor. Generally used in closed
tank, dry Jeg applications for the upper tank
measurement, the repeater’s diaphragm protects the dry

leg from fluids that might solidify or corrode. .

RESET CONTROL — See Integral Control.




. RESET WINDUP — See Integral Windup.

RESISTANCE (Fluid) — A restriction to flow that accounts
for the dissipation of energy and limits flow. Forexample,
flow from a water faucet is limited by the resistance of
the faucet, which is a function of the size of the opening.

RESISTANCE TEMPERATURE DETECTOR (RTD) — A
sensor consisting of wire which changes its resistance
as a function of temperature. The resistance-temperature
relationship is well-established so that a specific
resistance can be interpreted as a predictable
measurement of temperature.

RESPONSE TIME — The interval required for an tnput
to result in a change in output under normal operating
conditions. Compare to Time Response.

REVERSE ACTION — An increasing input to an
instrument producing a decreasing output. Compare to
Direct Action.

RFI — See Radio-Frequency Interference.
ROTAMETER — See Variable Area Meter.
RTD — See Resistance Temperature Detector.

SAMA — The Scientific Apparatus Makers’ Association.

SECONDARY DEVICE — A device that converts the
effect produced by a primary element into a standard
signal.

SELECTIVE CONTROL — See Auto-Selector Control.

SET POINT — An input variable which sets the desired
value of the controlled variable. It may be manually
set, automatically set, or programmed, and it is
expressed in the same units as the controlled variable.
Sometimes called the reference point.

51— The comman abbreviation for Systéme International
d"Unités (International System of Units), which is being
accepted and implemented by industries worldwide.
Its implementation is overseen by the International
Organization for Standardization (ISO) to ensure
consistency of use.

SIGNAL - In process instrumentation, a physical
variable, one or more parameters of which carry
information about another variable {(which the signal
represents). Information in the form of a transmission
medium {pneumatic pressure, electric current, or
mechanical position) that is conveyed from one control
loop component to another,
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SIGNAL CONVERTER — A fransducer which converts
one transmission signal to another.

SPAN — The algebraic difierence between the upper
and lower range values. For example, a range of 0 to
150°C has a 150°C span. The example is the span of a
zero-based range; the lower range value may be above
or below zero. See also Range, Elevated-Zero Range,
and Suppressed-Zero Range.

SPAN ADJUSTMENT — Means provided in an
instrument te change the slope of the input-output
curve. For example, if the output of a transmitter (for a
specified level of input) is supposed to be 0 to 100 psi
but actually is 0 to 105 psi, the instrument can be
adjusted to produce the desired range. Compare to Zero
Adjustment,

SPECIFIC GRAVITY — The quantification of relative
density of a fluid. The ratio of the density of a liquid
at a particular temperature to the density of water at a
particular temperature. Also the molecular weight of a
gas divided by the molecular weight of air.

SQUARE-ROOT EXTRACTOR — A device whose output
is the sguare root of its input signal, both expressed over
the range of 0 to 1.0.

STABILITY — The property of a system for which any
bounded {limited) input signal resuits in a bounded
output signal.

STATIC — Referring to something (primarily behavior}
which is either not a function of time or which takes
place over a sufficient length of time that dynamic
changes are of minor importance. Compare to Dynamic.

STEADY-STATE — A characteristic of a condition, such
as value, rate, periodicity, or amplitude, exhibiting only
negligible change over an arbitrary long period of time.
It may describe a condition in which some
characteristics are sfatic, others dynamic. The net {long-
term} output of a device at soime point after it has
responded to a disturbance by a temporary change in
the input. Compare to Dynamiic.

STEP CHANGE — A change from one level to another
in virtually zero time.

SUPERVISORY CONTROL — Control in which the
control loops operate independently subject to
intermittent corrective action such as set-point changes
from an external source.




SUPPRESSED-ZERO RANGE — A range in which the
zero value of the measured variable is less than the
lower range value. (Zero does not appear on the scale.)
An example of a 100 psi range that is suppressed would
be 20 to 120 psi. Compare to Flevated-Zero Range.

SYSTEM — Without modifiers, the term “system”
generally encompasses all components, including
process, measurement, control, operation, and final
actuation, which provide deliberate guidance or
manipulation to achieve a prescribed value of a variable.
With modifiers, terms like “controlled system,”
"controlling system,” "directly controlled system,” and
“indirectly controlled system,” refer to specific parts of
the overall system.

TC — See Thermocouple.

TACHOMETER — A device which senses rotary motion,
usually of a shaft, and produces a signal proportional
to the rotary speed.

TARGET FLOWMETER — A flow-sensing transmitter
which combines a primary device (a solid disk suspended
in a pipe — called a target) and a secondary device.
As flow passes around the disk, the force exerted by
the flowing fluid on the disk produces a flow-related
(square) signal.

TEMPERATURE — The change in the quantifiable degree
of hotness or coldness of a system. It can be further
specified as ambient temperature (the temperature of
the medium surrounding a device) or process
temperature (the temperature of the process medium
at the sensing element).

THERMISTOR — A temperature-measuring device,
similar to a resistance temperature detector, made of
heat-treated metallic oxide.

THERMOCOUPLE (TC) — A device for measuring
temperature in which two electrical conductors of
dissimilar metals {as copper and iron} are joined at the
point where heat is to be applied and the free ends are
connected to an electrical measuring instrument (as an
ammeter) which by registering the amount of
thermoelectric current being produced at the juncture
of the dissimilar conductors indicates the temperature
at that point.

THERMOWELL {Thermometer Well) — Long, thin metal
case into which a temperature sensor fits to protect the
sensor from direct exposure to process conditions that
might damage it (e.g., corrosive materials, fluids with
suspended abrasive solids, high temperatures, locations
exposed to direct sunlight). Some can also be used in
sanitary processes.
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THREE-MODE CONTROL — See PID Control.

THROTTLING CONTROL — See Proportional
Control.

TIME CONSTANT — The value T in an exponential
response term A exp (—UT) or in one of the transform
factors 1 + sT, 1 + joT, 141 + sT), 1/(1 + jloD
where:

s = complex variable

t = time

T = time constant

j=v"—1

w = angular velocity, radians per unit
time.

Note: For the output of a first-order system forced by
a step or an impulse, T is the time required to complete
63.2% of the total rise or decay; at any instant during
the process, T is the quotient of the instantaneous rate
of change divided into the change still to be completed.
In higher order systems, there is a time constant for
each of the first-order components of the process.

TIME RESPONSE — An output expressed as a function
of time, resulting from the application of a specified
input under specified operating conditions. Compare
to Response Time.

TOTALIZER —- A device which accumulates incremental
measurements of flow, providing an indication of total
flow to that point.

TRANSDUCER — An element or device which receives
information in the form of one quantity and converts
it to information in the form of the same or another
quantity. For example, a thermocouple converts
temperature into millivoltage. Note: This is a general
term and definition and as used here applies to specific
classes of devices such as primary element, signal
transducer {converter), and transmitter.

TRANSIENT — The behavior of a variable during
transition between two steady-states.

TROUBLESHOOTING — See Fault Location.

TUNING — Adjusting a controller to respond as desired
to a specific process.

TURBULENT FLOW — Flow in which a not very viscous,
generally fast-moving fluid moves tn an agitated,
complex, and random way.

TWO-POSITION CONTROL — See On/Off Control.

=



UPPER RANGE VALUE — The highest value of the
measured variable that a device is adjusted to measure.
For example, if a calibrated range is 0 to 100 psi, 100
psi is the upper range value.

VALVE POSITIONER — See Positioner.

VALVE STROKE — The distance the valve stem moves
between the fully open and fully closed positions of a
valve.

VARIABLE-AREA METER (Rotameter) — One of the few
instruments that measures flow rate directly, by the
placement of a float denser than the fluid it is to measure
in a tapered tube, whose position relates directly
(linearly) to flow.

VELOCITY PROFILE — A flow velocity pattern created
in a pipe by the combined factors of fluid viscosity,
texture of the pipe walls, and flow speed; it is important
in determining the suitability of a flowmeter for a specific
application. (Theoretically, if there were no viscosity
and the pipe walls were perfectly smooth, the fluid would
travel at the same speed at all points across a cross section
of the pipe. In practice, any fluid travels a littie slower
at the pipe walls due to friction than in the middle of
the pipe, creating a roughly parabolic pattern.)

VISCOSITY — The resistance of a fluid to flowing.
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VOLTAGE — Electrical potential or potential difference
expressed in volts,

WET LEG — A long process connection filled with liquid.
Compare to Dry Leg.

ZERO — The point which represents no variable being
transmitted (0 percent of the upper range value).
Frequently, the lower range value is at zero {for example,
a range of 0 to 100 psi). See Elevated-Zero Range,
Suppressed-Zero Range, and Zero Adjustment.

ZERC ADJUSTMENT — Means provided in an
instrument to produce a parallel shift of the input-
output curve, For example, if the output of a transmitter
{for a specified level of input) is suppcsed to be 0 to
100 psi but actually is 2 to 102 psi, the instrument can
be adjusted to produce the desired output. Compare
to Span Adjustment.

ZERO ELEVATION — For an elevated-zero range, the
amount the measured variable zero is above the lower
range valye. 1t may be expressed either in units of the
measured variable or in percent of span.

ZERO SUPPRESSION — For a suppressed-zero range,
the amount the measured variable zero is below the
lower range value. It may be expressed either in units
of the measured variable or in percent of span.
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APPENDIX B — Units and Conversion Factors

The International System of Units (Sl, for Systéme
International d’Unités) is rapidly becoming the most
commonly used in the world. it derives nearly all
quantities needed in all technologies from only seven
base units: the metre (m), for length; the kilogram (kg),
for mass (what is usually called weight); the second {s),
for time; the ampere (A}, for electric current; the Kelvin
(K), for thermodynamic temperature; the mole (mol),
for amount of substance; and the candela (cd), for
luminous intensity, There are also two supplementary
units, the radian (rad), for plane angle, and the steradian
(sr), for solid angle. More information on the properties
of these units and their conversion factors can be found
in documents published by ISO and others, listed in
the Bibliography of this publication.

Of course, other units have been used in metric practice.
However, the only proper St units are those derived from
the units listed above. The characteristic of being able
to produce all needed quantities from base and
supplementary units is called “coherence.” Far example,
area is measured as length times length (square
metres),

To take maximum advantage of the Sl system, only base,
supplementary, or derived Sl units should be used. The
appropriate units for quantities commonly used in
pneumatic process control are listed in Table |, along
with the base or supplementary units from which they
are derived. Other unit derivations can be found in trade
standards listed in the Bibliography.

As a logical system, Sl units use terms and symbols to
abbreviate numbers and show relationships between
any number and its unit. For example, 1 000 000 {one
million) metres is expressed as one megametre or one
Mm. The mest common terms and symbols are listed
in Table Ii.

One problem with any system is the accuracy with which
it can or should be applied. Any digit that is used to
indicate accuracy is significant. For example, 4.001 201
has seven significant digits; all that may be required is
4.001 or even 4. In Table IV — Canversion Factors,
where possible, five significant figures have been used.
This represents an acceptabie degree of accuracy for
most process control situations.

To assist in preserving the advantage of Sl as a coherent
system, it is advisable to minimize the use of units from
cther systems. Throughout this document the preferred
term for expressing each category of units has been
marked with an asterisk.
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It is also desirable not to mix unit symbols with unit
names or abbreviations (including the name “per” and
its symbol, “/*). Some examples of proper and improper
usage are listed below.

PROPER USAGE IMPROPER USAGE
joules per kilogram joules/kilogram
Jtkg joules/kg
kilometres per second kilometres/second
km/s km/second

litres per minute litres/minute

L/min L/m (because “m”

alone means “metre”)

All units in the following tables are listed in alphabeticai
order and are cross-referenced to commonly used units
in both the U.S. customary and metric systems. Notes
useful to understanding the units and their categories
have been included in Table 1l — Categories of Units.

In some units, the preferred form may pose too great a
magnitude for all applications. For example, while
kilogram is the proper term for mass, a very smail amount
is more easily expressed in terms of grams. Similarly,
kilowatts are usually used instead of watts and kilopas-
cals instead of pascals. The expression of speed (which
ts an aspect of velocity, discussed later) takes this concept
a little further; the proper term is metres per second,
but common usage expresses traffic speeds as kilometres
per hour in SI countries.

Pressure and mass are two particularly appropriate ex-
amples, since each is affected {at least very slightly) by
gravity. For example, many pressure and differential
pressure instruments use forms of springs as measuring
elements, which measure force directly; these are called
“gravity-independent.” However, the pressure standards
used to calibrate the springs, such as dead-weight testers
which measure the force of gravity on a column of mer-
cury or other substance of fixed mass, are often “gravity-
dependent.” Preumatic systems cancel the effect of grav-
ity when the same type of pressure standard is used for
both input and output. Electronic systems have a gravity-
independent output {current or voltage). They must have
either a gravity-independent input or be calibrated in
a way that accommodates the local gravitational force
(either by incorporating a correction factor or by
calibrating the pressure instrument at the location where
it will be used).




The unit category mass has other problems. The U.S.
customary systemn of units has long used the same term
— pounds — to mean both units of mass (the invariant
quantity of matter in a body) and weight (the force of
gravity on that mass, which varies with location). The
variations in the effect of gravity over the surface of the
Earth are slight. However, since the U.S. customary sys-
tem does not account for them, it poses an inherent prob-
lem when a high degree of accuracy is required or when
related facilities are at widely dispersed locations.

Complicating the prablem is the fact that force units
(which more closely reflect weight) often incorporate

Notes ;

The following is general information about the unit
categories and helpful hints for working with individual
units.

ABSOLUTE VISCOSITY: Also called “dynamic viscosity”
or just “viscosity.”

ACCELERATION: 1. “Metres per second squared” (the
term preferred in S1 guidelines) is also called “metres
per second per second.”

2. The acceleration of gravity is about 10 m/s?.

ANGULAR VELOCITY: 1. The S| unit for this is defined
in terms of a supplemental unit, the radian: rad/s.

2. The terms “revolutions per minute” and “revolutions
per second” are properly abbreviated “r/min” and “r/s,”
respectively, rather than “rpm” and “rps.”

3. This category is also called rotational frequency,
primarily in specifications on rotating machinery, when
the revolution per second and revolution per minute
are widely used as units.

AREA: 1. The term “hectare” (abbreviated “ha”) is used
as an alternative name for square hectometre and is
restricted to the measurement of large land areas.
Agricultural engineers use the term to relate machines
to field sizes.

2. The square metre is also called “centare.”

3. Although the centimetre {cm) is rarely used to indicate
length {metre or millimetre is preferred), the square
centimetre (cm?) is often used to indicate area because
the interval between the square metre {m?) and square
millimetre (mm?2) is so great (1 000 0CO to 1).

mass terminology (for example, pounds-force or .
kilograms-force). Even pressure units sometimes use

mass terminoclogy (e.g., pounds per square inch). The
S| system provides the means to incorporate the effect
of gravity, establish a common terminology, and dis-
tinguish pure mass from force (mass accelerated over
a distance}, pressure (force per unit area), density (mass
per unit volume), and flow (mass per unit time}. Even
energy, power, and torque units are partially derived
from mass, but mass is not a significant enough factor
for the mass vs. force issue to be of concern. Refer to
the table of proper Sl units to see how they all relate.

About Units

ENERGY: 1. This unit category includes “quantity of

heat” and “work.”

2. The use of the calorie was discontinued by Sl on
January 1, 1978.

3. The kilowatt-hour and variations thereon (e.g., '
MW-h, GW-h), although not proper $! units (the joule .
is the proper one), are in widespread use for

measurement of electric energy.

4. The units based on the electronvolt (eV, keV, MeV,

and GeV) are also improperly but widely used in atomic
and nuclear physics and in accelerator technology (the
joule should be used).

5. The joule is equivalent to one watt-second.

FORCE: 1. The use of the kilogram-force {once widely
used in Europe) was discontinued by Sl on January 1,
1978.

2. The kilogram-force is also called “kilopond.”

KINEMATIC VISCOSITY: The S unit, the square metre

per second {m?%/s), is equivalent to the English unit Stoke

(5t} and the Sl unit square millimetre per second -
(mméfs) is equivalent to the English unit centiStoke

{cSt).
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.LENGTH: 1. The smaller units in this category {like the
metre and millimetre) are easy to learn because they
can be related to items contacted every day. For
example, a U. S. dime is about one millimetre thick,

a U. 5. quarter is about 25 millimetres wide, and the
height of most home doorways is about twe metres.
However, the kilometre is harder to visualize and is
therefore easier to learn by memorization. Following

is a list of common values.

miles or mph km or km/h
10 16
25 40
50 80
55 90
62 | 100
75 120
100 160

2. The millimetre is used all over the world on industrial
engineering drawings.

3. The use of centimetre is generally restricted to body
measurements, clothing sizes, and textile weights.

4. The micrometre {sometimes called “micron”) is the
preferred unit to express surface finish.

MASS: 1. The kilogram and gram will generally replace
the use of the pound and ounce, respectively.

2. Two aspirin, an American dollar bill, and one paper
clip each weigh about one gram.

3. A kilogram is the weight of one litre of water.

4. The alternate name of “tonne” is “metric ton.” A tonne
is equal to one megagram.

5. A load-supporting rating (e.g., floor load) should be
expressed in kilograms.

6. This unit category is also called “weight.”

MASS PER UNIT TIME: This unit category is also called
“flow” and “mass flow.”

MASS PER UNIT VOLUME: 1. This unit category is alsc
called “density,” “mass density,” and “mass capacity.”
2. One part per million is equal to one milligram per
litre or one gram per cubic metre, referenced as “by

weight in water” at a specified temperature.

PLANE ANGLES: 1. The radian, a supplementary Si unit,
is the proper unit for this categary. The decimalized
degree (defined as [pi+ 180C] rad) is not proper but is
widely used. Although the minute and the second are
still widely accepted, their use is discouraged because
they require an extra conversion step.

2. The plane angle is also called just “angle.”
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POWER: 1. There are several types of horsepower. The
one usually assumed is electric horsepower (unless
otherwise stated).

2. Boiler horsepower is primarily used to rate the size
of small industrial boilers.

3. The use of the calorie was discontinued by Sl on
January 1, 1978,

4. Power is also called “heat flow rate” and “radiant
flux.”

PRESSURE: 1. Although the pascal is the proper $1 unit
for pressure, the kilopascal (kPa}) is recognized for use
in all fields except high vacuum measurement of absolute
pressure, for which the pascal may be more
convenient,

2. The kPa is used for measurement of both gauge and
absolute pressure (gauge pressure is absolute pressure
minus ambient pressure [ambient pressure is usually
atmospheric pressure]). However, when absolute
pressure is intended, the unit kPa should be followed
by the word “absolute.”

3. The bar is a convenient multiple of the pascal, the
proper Sl term for pressure (1 bar = 10° Pa}, but its
use is discouraged. The millibar is and will continue
to be widely used in meteorology; however, the
kilopascal should be used in presenting meteorological
data to the public and for other pressure applications.
4. The mmHg is also called “torr.” (The torr was once
widely used in Europe but its use, as well as use of the
kilogram-force per square centimetre, was discontinued
by Sl on January 1, 1978.)

5. This unit category is also called “stress” and “force
per unit area.”

SOLID ANGLE: The steradian is a supplementary St
unit.

TEMPERATURE: 1. Technically, this unit is called
*thermodynamic temperature.”

2. The proper Sl unit for this category is the Kelvin, NOT
the degree Kelvin. For example, a temperature would
be correctly expressed as 283K or, less properly but more
commonly, as 10°C (though not 10C). But be careful
not to confuse the abbreviation for Kelvin with the
designation for 1000, as in a 10K chm resistor.

3. Degrees Celsius was called Degrees Centigrade and
it is the most commonly encountered form of temperature
measurement.

4. One degree Celsius as a temperature interval is equal
to one Kelvin unit.

5. Kelvin is the absolute temperature scale in the metric
{Celsius) system.

6. Degrees Rankine is the absolute temperature scale
in the English (Fahrenheit) system.




TIME: 1. The second is the proper Sl unit of time.
However, a coherent system of time measurement is
not practical {e.g., a solar day cannot be conveniently
divided into kiloseconds). Therefore, the noncoherent
system now in use with minutes, hours, days, and years
will continue to be used indefinitely.

2. Time units can be defined as mean or sidereal: mean
time closely approximates actual star movement but is
modified slightly to provide regularity of measurement;
sidereal units are based on actual movement of stars
but do not break down into neat units (e.g., a sidereal
day is 23 hours, 56 minutes, and 4.09 seconds long
— expressed in mean time).

3. Note that the S| symbol for “year” is “a.”

TORQUE: 1. The units in this category are
mathematically the same as those in the category
“bending moment,” although the application of the units
is different.

2. Torque is also called “moment of force.”

3. The preferred unit for this category, the N-m, is the
same as the definition for the energy unit joule {] = N-m),
but the two should not be used interchangeably since
they have different applications.

4, The use of the unit kilogram-force times metres was
discontinued by Si on January 1, 1978.

VELOCITY: 1. The best way to learn the commonly used
velocity measurement kilometres per hour (although
metres per second is the proper unit) is by memorizing
comparable values. {Refer to the kilometres-to-miles list
under “LENGTH.”)

2. This unit category includes “speed.” {Velocity, a
vector, is magnitude plus direction while speed, a scalar,
is magnitude only.)
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YOLUME: 1. Although litres are frequently used as a
substitute for quarts, at least in the U. S., it is not
technically correct to do so. According to Sl guidelines,
the cubic metre should be used instead. However, the
fitre will probably continue to be used for measurement
of displacement of an internal combustion engine and
for the volume of space in a refrigerator or the trunk
of a car, )

2. A litre is equivalent to a cube 10 cm on each side
{a cubic decimetre).

3. A millilitre is equivalent to a cubic centimetre.

4, The symbal for litre has been a lower case |, but is
changing to upper case L to avoid confusion with the
number one (1).

5. Water and gas supplies for homes and factories —
in fact, almost anything now measured in cubic feet
— will be measured in cubic metres, the proper Sl
unit.

6. Automotive fuel consumption is expressed in countries
using the metric system as litres per 100 kilometres or
kilometres per litre rather than miles per gallon. A
conversion estimate from mpg to L/100 km s achieved
by dividing 235 by the mpg (e.g., if you normally get
20 mpg, you will get approximately 12 L/100 km); to
go from mpg to km/L, divide the mpg by 2.35 (e.g.,
20 mpg = 8.5 km/L).

7. This unit category is also called “capacity.”

VOLUME PER UNIT TIME: This unit category is also
called “instantanecus volume velocity” or just “volume
velocity.” The unit category “mass per unit time” also
includes flow.




|

TABLE I — Proper 51 Units

SYMBOL
OF UNIT EXPRESSED
DERIVED AS BASE OR SUP--
QUANTITY NAME OF UNIT UNIT PLEMENTARY UNITS
Absolute Viscosity Pascal Second Pa-s Paxs
Acceleration Metre Per m/s?
Second Squared
Angular Velocity Radian Per Second rad/s
Area Square Metre m?
Energy Joule J N-m (kg X m? X 52
Force Newton N kg x m X 572
Kinematic Viscosity Square Metres m?/s
Per Second
Length Metre m
Mass Kilogram kg
Mass Per Unit Time Kilogram Per Second kg/s
Mass Per Unit Volume Kilograms Per kg/m?
Cubic Metre
Plane Angle Radians rad mxm’
Power Watt w Js (kg % m 2 x 573
Pressure Pascal Pa N/m? (kg x m™ X s2)
Solid Angle Steradian sr m? % m~?
Temperature Kelvin K
Celsius °C K=273.15
Time Second 5
Torque Newton-Metre N-m kg/s® X m
Velocity Metres Per Second m/s
Volume Cubic Metres m3
Volume Per Unit Time Cubic Metres m?/s
Per Second
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TABLE Il — Mu

[tiplication Factors

MULTIPLICATION FACTQ PREFIX SYMBOL

1000000000000 = 10! tera T
1000000000 = 107 giga G
1000000 = 10° mega M
1000 = 103 kilo k
100 = 102 hecto h

10 = 10! deca da
01 = 107! deci d
001 = 1072 centi c

0.001 = 1073 milli m

0.000001 = 10”0 micro "
0.000000001 = 102 nano n
0.000000000001 = 10”12 pico p

TThese prefixes should be avoided where
possible.

NOTE: In some cases, a prefix symbol is the
same as a unit symbol, so it is important to look
at the position of each symbol in the term to
determine its meaning. For example, in ms the
“m"” means “milli” (millisecond), but in km the
“m” means “metre” (kilometre). Also to avoid
confusion, it is important that ho more than one
prefix be used when forming the decimal mul-
tiple or submultiple of a derived unit. For ex-
ample, mpm should be expressed as nm. Refer
ta Table | — Categories of Units for appropriate
abbreviations.

Anather general rule is to use S| prefixes to
indicate order of magnitude and eliminate
nonsignificant digits and leading zeroes, This
also provides a convenient conversational al-
ternative to the powers-of-ten notation preferred

in computation. For example,

12300 mm becomes12.3m
12.3x 103 m becomes 12.3 km
0.001 230 pA becomes 1.23 nA

Another point illustrated by the numbers
above is the place-holding value of the comma.
Outside the United States the comma is some-
times used instead of the decimal point{e.g., the
American 0.00123 would be written 0,00123).
To avoid confusion, recommended interna-
tional practice uses a space instead of a comma
when dividing numbers into groups of three di-
gits (a decimal point is still used to indicate a
break between numbers greater than one and
numbers less than one). This applies to group-
ings of numbers on either side of zero. For exam-

ple, 12,300.001230 could be written as
12 300.001 230.
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TABLE lll — Categories of Units

For more information on the S| system, particularly the units not being covered by this text, refer to the industry standards
represented by these numbers: 15O 1000 (incorporated in 1SO Standards Handbook 2), ANSI Z210.1-1976, IEEE Standard
268-1976, ASTM E 380-76.

UNITSYMBOL

a

acre

atm

bars

bars absolute
bbl

Btu

Btu/h

Btu/min

cal
cth

cfm
cfs

cm
cm?
cm?
cm¥/s

cmHgat 0°C
cm/s

cP

cSt

dwt

dynes

ft

ftz

fts

&3

ftH,O at 60°F
ft-Ibf

ft-Ibfrh
ft-Ibf/min

ft-Ibfss
ft/min

fts
ft/s?

UNIT (CATEGORY)

year (time}

acres (area)

atmospheres (pressure)

bars (pressure)

bars absolute {pressure)

barrels (volume)

British thermal units {energy)

British thermal units per hour
(power)

British thermal units per minute
{power)

calories (energy)

cubic feet per hour (volume per unit
time)

cubic feet per minute (volume per
unittime)

cubic feet per second (volume per
unit time)

centimetres (length)

square centimetres (area)

cubic centimetres (volume)

cubic centimetres per second
(volume per unittime)

centimetres of mercury {pressure)

centimetres per second (velocity)

centipoises (absolute viscosity)

centistokes (kinematic viscosity)

pennyweights (mass)

dynes (force)

feet (length)

square feet {area)

square feet per second (kinematic
viscosity)

cubic feet {(volume)

feet of water (pressure)

foot-pounds-force {(energy)

foot-pounds-farce per hour (power)

foot-pounds-force per minute
{power)

foot-pounds-force per second
{power)

feet per minute (velocity)

feet per second (velocity)

feet per second squared
{acceleration)

grams (mass)

* Indicates proper Sl unit.
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UNITSYMBOL

gl
glom?
gm’

gal, Imp.
gal, U.S,
gr

ha

hp

hp-h

in

in®/min

inH,0 at 60°F
inHgat0°C

J*

K‘k

kPa

keal

kcal/min

kg*

kg/h

kg/m3*
kg/min

kg/s*

kgf
kgf x m

kgffcm?

km
km/h
kn
kw
kw-h
L

L/s

Iborlb, av.
ib, troy
ib/imp. gal

UNIT (CATEGORY)

grams per litre (mass per unit
volume)

grams per cubic centimetre (mass
per unitvolume)

grams per cubic metre (mass per
unitvolume)

imperial gallons (volume)

U.S. gallons (volume)

grains (mass)

hectares (area)

horsepower (power)

horsepower-hours (energy)

inches {length}

square inches (area)

cubic inches (volume)

cubic inches per minute (volume
perunittime)

inches of water (pressure)

inches of mercury (pressure}

Joules (energy)

Kelvin (temperature)

kilopascals (pressure}

kilocalories (energy)

kilocalories per minute {(power)

kilograms (mass)

kilograms per hour {mass per unit
time)

kilograms per cubic metre (mass per
unit volume)

kilograms per minute (mass per unit
time)

kilograms per second (mass per unit
time)

kilograms-force (force)

kilograms-force times metre
(torque)

kilograms-force per square
centimetre {pressure)

kilometres (length}

kilometres per hour (velocity)

knots (velocity)

kilowatts (power)

kilowatt-hours (energy)

litres (volume)

litres per second {(volume per unit
time)

avoirdupois pounds (mass}

troy pounds {mass})

pounds per Imperial gallon (mass
per unitvolume)
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UNITSYMBOL
Ib/U.S. gal

bt
Ib/ft-s

Ibsh
Ibfin?

Ib/imin
Ib/s

Ibf
Ibf x ft
|bf-s/ft?

m*

mz*
m¥s
3
m*/h

m*/min
m3/s*

m/min
m/s*
mis2*

mi

mi?

mi, nautical
mbar

million U.S. gpd

mm
mmHgat0°C
MPa

mph

MW

N*

N:m*

UNIT (CATEGORY)

pounds per U.S. gallon (mass per
unit volume)

pounds per cubic foot {mass per unit
volume)

pounds per foct second (absolute
viscosity)

pounds per hour {mass per unit time)

pounds per cubic inch (mass per
unit volume)

pounds per minute {mass per unit
time)

pounds per second (mass per unit
time}

pounds-force (force)

pounds-force times feet (torque)

pound-force-seconds per square
foot {absolute viscosity)

metres (length)

square metres {area)

square metres per second
(kinematic viscosity)

cubic metre {volume)

cubic metres per hour (volume per
unittime}

cubic metres per minute (volume per
unittime)

cubic metres per second (volume per
unittime)

metres per minute (velocity)

metres per second (velocity)

metres per second squared
{(acceleration)

land miles (length)

square miles (area)

nautical miles (length)

millibars {pressure)

million U.S. gallons per day (volume
per unit time)

millimetres (length)

miflimetres of mercury {pressure)

megapascals (pressure)

miles per hour (velocity)

megawatts (power)

Newtons (force)

Newton-metres (torque)

UNIT SYMBOL
07, av.

oz, Imp. fluid
oz, troy

oz, U.S. fluid
oz/in’®

P

Pa*
Pa-s*
ppm

psi
psia

pt

qt

rad
radss*
r/min

r/s

shortton
sr

St

t

ton

U.S. gph

U.S. gpm
U.S. gps

W*
W-h
yd
um

"
I

o

°fs
oc*
°F
°R

UNIT (CATEGORY) .

avoirdupois ounces (mass}

Imperial fluid ounces (volume)

troy ounces (mass})

U.S. fluid ounces (volume)

ounces per cubic inch (mass per unit
volume)

poises (absolute viscosity)

Pascal (pressure)

Pascal second (absolute viscosity)

parts per million (mass per unit
volume)

pounds-force per square inch
(pressure)

pounds-force per square inch,
absolute (pressure)

pint (volume)

quart (volume)

radians {plane angle)

radians per second {angular velocity)

revolutions per minute (angular
velocity)

revolutions per second (angular
velocity)

short tons (mass)

steradians (solid angle}

stokes (kinematic viscosity) .

metric tons (mass}

long tons (mass)

U.S. gallons per hour (volume per
unittime)

U.S. gallons per minute (volume per
unittime)

U.S. gallons per second (volume per
unittime)

Watts (power)

Watt-hours (energy)

yards (length)

micrometres (length)

seconds {plane angle) .

minutes (plane angle)

degrees (plane angle}

degrees per second (angular velocity)

degrees Celsius (temperature)

degrees Fahrenheit (temperature)

degrees Rankine (temperature)




TABLE IV — Conversion Factors

HOW TO USE THIS TABLE: Find the unit you want 1o convert from listed in capital letters at the left-hand margin and multiply it by the number
indicated o arrive at the unitlisted 1o the right of tha number. Where appropriate, additional information has been provided.

EXAMPLE:

BRITISH THERMAL UNITS

International Table Btu

(energy)

et ™ ey e .,
unitconverting from

e e
qualifying information abbreviation  unitcategory
e

x 1.0585 x 10° =
conver- | x 2.928 x 104 = kW-h unit converting to
sion x 3.928 x 10 = hp-h * indicates proper Sl
factors | x 0.252 = keal unit

X 7.780 x 107 = ft-Ibf

information refer to the appropriate handbook.

Additional { NOTE: There are several definitions of Btu, differing only past the third significant digit. I four or more significant digits are needed,

DERIVING UNITS: Many categories have several units related by a
power of ten (8.g., Pa and kPa) or by a factor of 60 (e.g., ft/s, f/min,
and fh). Generally, conversion factors are provided for only the prop-
er Sl unit or the unit most easy to use. There are saveral shortcuts
toderiving units natlisted; following is one reliable method.

Suppose you have a volums per unit time of 1 ¢fh and you want to
express that in m?s. Look up Cubic Feet Per Hour and read, “Divide
by 60 and refer to Cubic Feet Per Minute.” Look up Cubic Feet Per
Minute and find the conversion factor to m%/s (cfm x 4.7195 x 104
= m¥s). String these together and get

-4
{1 cth) x %’—5—10— — 0.000007 865833 or 7.8658 x 10-°m%s.

Suppose you have a volume per unit time of 1 m?s and you want to
express that in cfh. Look up Cubic Metres Per Second and find that
the closest conversion factor for cfhis cfm

(m%s x 2.1188 x 10® = cfm). Then look up Cubic Fest Per Minute

and find the conversion factor to cfh (ctm x 60 = cfh). 8tring these
togethet and get

(1m3s) » (2.1188 x 10% x 60 = 127 1340r1.2713 x 10°.

SCIENTIFIC NOTATION: Remember when using a calculator that
positive powers move the decimal point to the right ofthe 1 (e.g., 10°
= 1000.0) and negative powers move the decimal point to the left of
the 1 (e.g., 102 = 0.0010}.

PRESSURE UNITS: Where density is specified or implied, itis based
ontha following:

Density of water at 60°F = 62.3707 Ib/H®

Density of mercury at0°C = 13.5955g/cm®.

MAGNITUDE OF FIGURES: Where practical, conversion factors
over 10% ot under 10 have not been included. (Factors have been
included for all proper Sl units no matter what the multiple.) However,
avoid mixing prefixes within one document or equation (e.g., don'tuse
kPa, Pa, and MPatcgether).

ACRES, U.S. Survey (area)

= 4.0469 x 10° = m*

% 43560 x 10* = 12

x 1.5625 x 10° = m

x 0.4047 = ha
ATMOSPHERES, Standard at Sea Level Pressure — atm (prassura)
*x 1.0132 x 10° = Pa*

x 14.696 = psia

x 780 x 10° = mmHgat0°C

x 208.921 = inHgat0°C

X 40716 x 107 = inHOat60°F
x 33.930 = ftH,0 at60°F

x 1.0132 = barsabsoiute

x 10332 = kgficrn? absolute

NOTE: Where a qualifying temperature is noted, the values for this unit vary
with tamperature.

BARRELS, Petrolaum — bbl (volume)

x 0,1590 =

x 9702 x 10° = in?

X 56146 = f?

X 42 = gal,U.S.

x 34.972 = gal, Imp.

x 15888 x 107 =L

BARS (prassure)

x 105 o = Pa*

X 14,504 = psi

x 75006 x 102 = mmHgat0°C
x 29.530 = inHgat0°’C
x 4.0184 x 10° = inHx0O at60°F
x 33486 = ftHz0 at 60°F
x 0.9863% = atm

x 10° = mbar

x 1.0197 = kgticm?

NOTE: Whete a qualifying temperature is noted, the values for this unit vary
with termperature.

BRITISH THEAMAL UNITS, International Table— Btu {energy)

% 1.054 x 10° = J

x 2929 x 10° = kW-h
x 3928 x 10 = hp-h
x 0.252 = keal

x 7.780 x 10? ft-lIbf

NOTE: There are definitions of Biu other than the Interational Tabie, but they
differ only past the third decimal place. If four or more decimal places are
needed, refer to the appropriate handbook,

BTU PER HOUR, Internationai Table — Btu/h (power)
w"

x 0.293 =

x 1.667 x 102 = Btu/min
x 3.93 x 10% = hp

x 4,20 x 107 = kcal/min
¥ 12.981 = fi-Ibf/min

NOTE: See note under Btu.

BTU PER MINUTE, International Table-— Btu/min {power)
NOTE: Multiply by 60 and refer to Btu Per Hour.

CALORIES, International Table — cal (energy)
NOTE: Divide by 1000 and refer to Kilocalories.

CENTARES —- ca (area}
NOTE: Refer to Square Metres”.

CENTIMETRES — ¢m (length)
NOTE: Divide by 100 and refer to Metres.”

CENTIMETRES OF MERCURY, at 0°C — cmHg {(pressure)
NOTE: Multiply by 10 and refer to Millimetres of Mercury.

CENTIMETRES PER SECOND — cmi/s (velocity)
NOTE: Divide by 100 and refer to Metres Per Second.

*Indicates proper Sl unit



CENTIPOISES — cP (absolute viscosity)
NOTE: Divide by 100 and refer to Poises.

CENTISTOKES — ¢St (kinematic viscosity)
NOTE: Divide by 100 and refer to Stokes.

CUBIC CENTIMETRES — cm? {volume)
10®

x = m
x 6.1024 x 1072 = in?

x 3.5315 x 10° = 1

x 3.3814 x 1072 = 0z,U. S.fluid
* 3.5195 x 102 = 0z, Imp. fluig

® 2.6417 x 10 = gal,U.S.

X 21997 x 10 = gal, Imp.

x 103 =1L

x 21134 % 1072 = pt

x 1.0567 x 102 = qt

CUBIC CENTIMETRES PER SECOND — em fs (volume per unit time)
x 108 = m¥s"

X 3.6614 = in%min

x 21189 = 107 = ¢fm

= 103 = Llrs

x 1.6850 x 102 = U.S.gpm

X 22824 x 10° = milionU.S.gpd
CUBIC FEET — fts[volume}

x 2832 x 10°? = m*>

x 1.728 x 10° = in®

x 95751 x 102 = oz, U.S. fiuid
x 9.9661 x 10° = oz, Imp. fluid

X 7.4805 = gal,U.8.

X 6.229 = gal, Imp.

X 28317 =L

> 01781 = bol

CUBIC FEET PER HOUR - cth (volume perunit time)
NOTE: Divide by 60 and refer to Cubic Feet Per Minute.

CUBIC FEET PER MINUTE — ¢im (volurne per unittime)

x 47195 x 10+ = m¥s’

X 1.6980 = m3fh

X 1728 x 10° = in¥min

x 1.867 x 102 = cts

x 60 = cfh

x 0.4719 = L5s

% 7.4805 = l.S.gpm

x 1.0772 x 102 = millienU. 8. gpd

CUBIC FEET PER SECOND - cfs {volurne per unit time}
NOTE: Muttiply by 60 and refer to Cubic Feet Per Minute.

CUBIC INCHES — in? (valume)

X 1.6387 x 10% = m>

X 5.787 x 107 =

x 0.5541 = oz, U. 8. fluid
x 05767 = oz, Imp. fluid
* 4329 x 10° = galU.S.

x 3605 x 10° = gal, imp.

x 1639 x 107 =L

CUBIC INCHES PEF! MINUTE —in%min (volume per unit time)

X 27312 x 107 = mis*

= B5.787 x 10* = cfm

® 27312 % 10* = Us

% 4.3290 x 107% = U.S gpm

* CUBIC METRES — m® (volume}

x 61024 x 10° = in*

x 35.315 =

x 33814 « 10* = 0z,U.8. fluid
x 35195 x 10* = oz, Imp. fluid
x 2.6417 x 107 = gal,U.8.

x 21997 x 102 = gal, Imp.

x 108 =L

x 6.2898 = bbl

CUBIC METRES PER HOUR — m%h (volume per unittime)
NOTE: Divide by 3600 and refer to Cubic Metres Fer Second *

CUBIC METRES PER MINUTE — m™/min (volume per unit time)
NOTE: Divide by 60 and refer to Cubic Metres Per Second.* -

“Indicates proper S| unit

" CUBICMETRES PER SECOND —m®s (valume perunittime}

= 60 = m%min
% 3.600 x 10° = m*h

x 10% = om¥s

x 21189 x 10° = ¢fm

x 107 = s :
*x 15.850 x 10° = U.S.gpm
% 22.824 = millionU. S.gpd
DEGREES, Angular -—° {plane angles)

x 1745 x 102 = rad’

x B0 = ‘,angular

x 3600 = 10° = " angular

* DEGREES CELSIUS - °C {temperature)

(C < 9/58) + 32 = °F

C + 27315 = K

{C x 9/5) + 491.67 = °R

NOTE: Ses also TABLE V — Temperature Conversions

DEGREES CENTIGRADE — see Degrees Celsius (flemperature)

DEGREES FAHRENHEIT — °F (lamparature)
“c*

(F - 32)1.8
(F + 459.67)/1.8 - K
F + 45967 - R .

NOTE: See also TABLE V — Temperatura Conversions

DEGREES KELVIN— see Kelvin (lemperatura)

DEGREES RANKINE —°R (ternperalure)
(R/1.8) — 273.15 °C
R — 459.69

F
R1.8 K

]

DEGREES PER SECOND Angular—°/s (angular velocity)
x 17453 x 102 rad/s*

x 01667 r/min (rpm)
DYNES (force) .
x 10°% = N*

x 1.0197 x 10°® = kgf

x 2.2481 x 10°® = Ibf
FEET —ft {length)

x 0.3048 = m'

x 12 = in

® 0.3333 = yd

%X 1.894 x 19 = mi,statutg
x 1.6458 x 10 = mi, nautical

FEET OF WATER, at 60°F —#tH,0 {pressure)

* 2.9863 x 10° = Pa*

X 0.4331 = psi

X 22.39% = mmHgat0°C

x 0.8818 = inHgat0°C

x 12 = inHO at 60°F

x 29473 x 1072 = atm

X 2.9863 x 102 = bar .
x 3.0452 x 102 = kgfiem?

NOTE: Where a qualifying tamperature is noted, the values for this unit vary
with termperature.

FEETPER MINUTE ft/min (velocity)

* 5.0B00 x 10? = mis"
X 1.8288 x 107 = kmt
x 1.1384 x 107? = mph
x 1.6667 x 102 = fis
x 9.8750 x 107 = kn

FEET PER SECOND — Vs (velocity)
NOTE: Multiply by 60 and refer to Feet Per Minute.

FEET PER SECOND SQUARED—fi/52 {acceleration)

x 0.3048 = m/g?
FOOT-POUNDS-FORCE —fit-Ibf (energy)

x 1.3558 =

x 37662 x 107 = kWh
x 1.285 x 10° = B

% 5.0505 x 107 = hp-h
% 3.238 x 107 = kecal

107




xxxxxxxxxxg

FOOT-POUNDS-FORCE PER HOUR —fi-Ibt/h (power)
NOTE: Divide by 60 and refer to Foot-Pounds-Force Per Minute

2.2597
7.716
3.030
3.2405
60
1.667

B A S A 4

x 102
x 102
x 10°%
x 107

x 102

FOOT-POUNDS- FDFICE PER MINUTE — ft-Ibt/min (power)
w

Btu/h
hp
keal/min
ft-Ibth
ft-Ibt/s

FOOT-POUNDS-FORCE PER SECOND —fi-Ibi/s (power)
NOTE: Multiply by 60 and refer to Foot-Pounds-Force Par Minute.

GALLCNS,

4.546
2.774
£.1805
1.637
160
1.2009
4.546
2.859

WOMOMOMOMOM M X

3.7854
23
01237
128
1.3323
0.8327
3.7854
8

4
2.3810

LLONS,

Imperial — gal (volume)

x 1072 = m¥>

x 102 = in*
=

x 10? = o0z, U.5.fluid
= 0z, Imp. fluid
= gal,U.S.
=L

x 102 = bbl

U. 5. — gal (voluma})

x 1072 = m*

x 107 = in®
=
= oz, . 3.1luid

x 102 = oz, Imp. tuid
= gal,Imp.
=L
= pt
= q

x 102 = bbl

GALLONS PEA HOUR, U. 8, — U, 8. gph (volume per unittime)
NOTE: Divide by 60 andrefer to Gallons Per Minute, U. 5.

GALLONS PERMINUTE, U. S.—U. S, gpm(volume per unit time)

x 63090 x 10°% = m¥s"

®» 231 x 107 = in®/min

% 0.1337 = c¢fm

x 60 = U.8.gph

x 1667 x 102 = U.S.gps

x 8309 x 102 = Us

X 1.4400 x 102 = milionU.S.gpd

GALLONS PERA SECOND, U. S.—U. S. gps (volume per unittime)
NOTE: Multiply by 60 and refer to Gallons Per Minute, U.S.

GRAINS, AVOIrdUpDIS or Troy —gr (mass)

X 6480 x 10°
x 6480 x 102
x 22857 x 10
x 20833 x 10?
x 14286 x 104
x 1.7361 x 10
x 4.1667 x 107?
GRAMS —g{mass)
x 10°
% 35274 x 10°
x 32151 x 107
x 22046 x 10°
» x 2.6792 x 10°
x 15.432
x 0.6430

GRAMS PER CUBIC CENTIMETRE—

|b, froy
dwt

[ TN | I A
=
g
-

kg"

0z, av.
oz, troy
tb, av.
b, troy
ar

dwt

LI A T I T

g/cm® (mass per unit volume)

NOTE: Divide by 1000 and refer to Kilograms Par Cubic Metra.*

GRAMS PER CUBIC METRE — g/m® (mass per unit voluma)
NOTE: Divide by 1000 and refer to Kilograms Per Cubic Metra”

GRAMS PER LITRE {g/L) —
volume)

HECTARES — ha{area)
x 10*

x 3.861
x 24711

x 102

9.8095 x 10°
3.3446 x 104
13.1548

1407 x 107
43411 x 10°%

X XXX

see Kilograms Per Cubic Metre (mass per unit

m2.
mi?
acre

nnw

HORSEPOWER, Boiler — builer hp (puwar)

.x

Btulh

hp (mechanical)
keal/min
ft-Ibf/min

L T T O

108

HORSEPQWER, Machanical— hp (power)

x 102
x 102

x 10*

x 7.457
2.543
10.694
3.30

1.0139
x 7.68018 x 107

X K Hx X

o n

I
I
Blulh |
kealimin ;
fi-4bt/min |
metric hp ;
boiler hp J

|

NOTE: In most conversions, this is the type of horsepower assumed unless

otherwise stated.

HORSEPOWER, Metric — maetric hp (power} 1

x 7.3550 x 107
x 251 x 10°
% 0.9863
x 1058

HORSEPOWER-HOURS —hp-h {energ
x 2.6845 x 10°

0.7457

2546 x 10°

6416 x 107

1.8 x 10°

INCHES —in (lenglh)
x 254 x

X
X
x.
X

% 8.3333 x 102
x 27778 x 102
x 15783 x 10%

nnuHu

=

T n.<

Blulh
hp {(mechanical)
keal/min

g2z"
b=

f-ibf

"

m
ft
yd

mi, statute

INCHES OF MERCURY, at 0°C — mHg {pressure}

% 3.3864 x 10°
0.4912

254

13.608

1.1340

3.3421 x 102
3.3864 x 102
3.4532 x 1072

XX X X X X x

LI T O T

Pa*

psi

mmHg at0°C
inHzO at60°F
ftHO at 60°F
atm

bar

kgticm?

NOQTE: Whera a qualifying temperature is noted, the values for this unit vary with

temperature.

INCHES OF WATER, at 60°F —inH,0 (pressure)
107

X 24886 x = Pa*

x 36094 x 102 = psi

x 1.8666 = mmHgat0°C
X 7.3486 x 102 = inHgat{°C
x 8333 x 1072 = ftH,Dat60°F
X 24560 x 107 = atm

x 2.4886 x 10° = bar

x 28877 % 10% = koliem?

NOTE: Where a qualifying temperature is noted, the values for this unit vary with

temperature.

*JOULES~—J [energy)
x 2778
® 9485
x 3725
X 2.390
x 0.7376

10‘
107
10

® X X

KELVIN—K {temperature}
K~ 273.15

1.8K — 459.67

1.8K

KILOCALORIES, International Table —
x 4184 x 10°

11622 x 10°

3.9683

16586 x 10°

3.0860 x 10%

10°

xH XXX

LI I (|

I T T A

kW-h
Btu
hp-h
kcal
ft-Ibf

hp-h
ft-Ibf
cal

KILOCALORIES PER MINUTE, Internatlona! Table — kcal/min {power)

x 69.733

X 2.3810 x 10°
x 93514 x 1072
x 3.0880 x 10°

*Indicates proper S1 unit

Bwh

hp
ft-Ibf/min




* KILOGRAMS — kg (mass)

= 10% -9

x 35.274 = 0Z av.
» 32,151 = 0z lroy
x 22046 = Ib,av.
x 2.6792 = Ib,froy
% 1.6432 x 10° = gr

x 6.4301 x 107 = dwt

*x 9.8420 x 107 = longton
x 11023 x 103 = shortton
x 109 =t

* KILOGRAMS PER CUBIC METRE — kgim®{mass perunit valumne)

x 10°% = g/m?

x 107 = gicm

x 36127 x 10° = Ibin®

% B.3454 x 10° = b S.gal

% 1.0022 x 102 = [bilmp. gal

x 9.9908 x 10° = ppminHzOat60°F

KILOGRAMS PER HOUR — kg/h {mass per unittime}
NOTE: Divide by 3600 and refer to Kilograms Per Second”

KILOGRAMS PER MINUTE — kg/min {mass per unittime)
NOTE: Divide by 60 and refer to Kilograms Per Second.”

* KILOGRAMS PER SEGCOND — kg/s {mass per unit time)

x 1.3228 x 10° = Ib/min
x 60 = kg/min
x 3.600 x 10° = kg/h
KILOGARAMS-FORCE —kgt (force)

x 9.8067 = N*

x 2.2046 = Ibf

x 9.8067 x 10°% = dynes

KILOGRAMS-FORGE PER SQUARE CENTIMETRE — kgficm? (pressure)

x 9.8067 x 10° = Pa*

x 14.223 = psi

x 7.3556 x 10° = mmHgato°c
x 28.959 = inHgatt°C
x 3.9406 = 10° = inHzOat60°F
x 32.838 = ftHOa160°F
x 0.9678 = atm

x 0.9807. = bar

NOTE: Where a gualifying termperature is noted, the values for this unit vary
withtemperature.

KILOGRAMS-FORCE TIMES METRES — kgf x m (torque}
x 88067 = N-m~*
x 7.2330 = Ibf x ft

KILOMETRES —km (length)
NOTE: Multiply by 1000 and refer to Metres”

KILOMETRES PER HOUR — km/h (velocity)

x 02778 = m/s*
x 06214 = mph
x 54.681 = ft/min
x 0.5400 = kn

KILOPASCALS — kPa (pressurs)
NOTE: Multiply by 1000 and reter to Pascals.”

KILOPONDS — see Kilograms-force {force)

KILOWATTS — kW (power)
NOTE: Multiply by 1000 and refer to Watts.*

KILOWATT-HOURS — kW-h (energy)

x 3600 x 10° = J*
x 10?2 = W-h
x 34095 x 10° = B
x +.3410 = hp-h
x 85918 x 107 = kecal
x 26552 x 10° = ft-Ibf
KNOTS, International — kn {velocity)

x 0.5144 = m/s*
x 1852 = km/h
®x 11508 = mph
x 10127 x 107 = {t/min

*indicates proper Sl unit

LITRES —L (volume)

x 102 = m*

x 61.024 = in?

% 35315 x10° =1

x 33.814 = 02,U. 5. 1luid
x 35.195 = oz, Imp.fluid
% 0.2642 = galU.S.

% 0.2200 = gal,imp.

x 6.2898 x 107 = bbl

LITRESPEHSECOND Us{volumepefumulm)
x 102 m¥s*

x 3.6614 x 10 = malmm

x 21189 = ¢fm

% 15.850 = U.5.gpm

wx 2.2824 x 102 = millionl). 8. gpd

MEGAPASCALS —MPa (pressure)
NOTE: Multiply by 1 000 000 and reter to Pascals.”

MEGAWATTS —MW (power)
NOTE: Multiply by 1 000 000 and refer to Watts."

*METRES — m {langth)

* 10° = um
x 10° = mm

x 102 = cm

x 107 = km

x 39.370 = in

x 3.2808 =t

% 1.0936 = yd

x 62137 x 10 = mi,slatute
x 5.3996 x 107 = mi, nautical

METRES PER MINUTE — m/min (velocity) .
NOTE: Divide by 60 and refer to Metres Per Second.

*METRES PER SECOND — m/s {velocity)

x 60 = m/min
x 107 = cm/s
x 386 = kmh
X 2.2369 = mph

x 1.9685 x 107 = ft/min
* 1.9438 = Kkn

* METRES PER SECOND SOUARED — m.fs (acceleration)
= 3.881 = f/s?

METRIC TONS — see Tonnes (mass)

MICROMETRES — pm (length)
x 10006 x 10° = m"

MICRONS — see Micrometres (length)

MiILES, Statute — mi (length)

x 16093 x 10° =m

x 6.3360 x 10° = in

x 5280 x 10° = ft

x 1,760 x 10° = yd

x 0.8690 = mi, nautical
MILES, International Nautical — mi (length)

x 1852 x 10° = m"

x 72813 x 10* = in

x 60761 x 10° = ft

x 20254 x 10° = yd

% 1.1508 = mi,statute

MILES PER HOUR, Statute — mph {velocity)

x 0.4470 = m/s"
» 1.8093 = km/h
x 88 = ft/min
»* (0.8690 = kn
MILLIBARS — mbar (pressure)

x 102 = bars

MILLILITRES — sea Cubic Centimetres (volumae)

MILLIMETRES —mm {length)
NOTE: Divide by 1000 and refer to Metres.*




MILLIMETRES OF MERCURY, at 0°C — mmHg (pressure) *PASCALS —Pa (pressure)
= Pa’

x 1.3332 = 107 = x 102 = kPa

x 1.9337 x 1072 = psi x 10°€ = MPa

x 0.10 = cmHgatd°C % 14504 x 10™ = psi ‘
x 3.8370 x 102 = inHgat0°C x 7.5008 = 10° = mmHgat0°C i
x 0.5357 = inHOat60°F x 28530 = 10" = inHgato’C :
X 4.4644 x 1072 ~ fiH,0 at80°F x 40186 = 10? = inHOat60°F

X 1.3158 x 103 - alm x 3.3488 = 10 = #HQat60°F

x 1.3332 x 10?* -~ bar x 98692 = 10° = atm |
x 1.3595 x 10°° = kghiem® x 10°® = bar 1
NOTE: Whare a qualifying temperature is noted, the values for this unit vary x 10197 x 10° = kgficm® ‘
with temperature. x 10 = dynasicm?

NOTE: Where a qualifying temperature is noted, the values for this unit vary
withtemperalure.

MILLION GALLONSPER DAY, L. S.—million U. S. gpd {volurme per unit lime)

x 43813 x 102 = m¥s*
X 1.6042 x 10° = in*min PENNYWEIGHTS — dwt (mass)
x 92.834 = cfm % 15852 = 1073 = kg*
x 43.813 = s % 15582 =g
X 69444 x10? = U, 5.gpm x 54857 x 107 = oz,av.
x 500 x 102 = oz, lroy
MINUTES, Angular — ' {plane angles} x 34286 x 10° = Ib,av.
X 2.9089 x 10 = rad* = 4,167 = 10% = Ib,froy
X 1.667 x 10°% = ° angular x 24 = gr
x 60 = ", angular
PINTS, Fluid — pt {volume}
" NEWTONS — N {forca) x 47316 x 10 — m*
x 0.1020 = kgt X 28.875 = in®
x* 0.2248 = Ibf x 1.671 x 10°% = i
x 105 = dynes * 16 = oz,U.8.fluid
» 16.653 = oz, imp. fluid ;
* NEWTON-METRES — N-m {torque) x 0.125 = galU.S. ]
x 0.1020 = kgfxm x 0.1041 = gal,Imp. |
x 07376 = Ibfxf x 04732 =1L i
» 05 = gt
OUNCES, Avoirdugois—av. 0z (Mass)
X 2.8350 x 10 = kg" POISES —P (absolute viscosity)
X 28.350 =g x 0.1000 = Pa-s*
= 0.9115 = oz, troy X 100 = cP
x 0.0625 = |b,av. x 2.0885 x 10° = Ibf-sift?
x 7585 x 1072 = Ib troy x 0.0672 = Ibfts
x 4375 x 107 = gr
* 18.229 = dwt POUNDS, Avoirdupois —Ib (mass)
x 0.4536 = kg*
OUNCES, Fluid, Imperial —oz (voluma) X 45359 x 107 =g
x 28412 = 10° = m* x 16 = Qz,av.
x 1.7339 = in® x 14.583 = oz,troy
x 1.0034 x 103 = # % 12153 = Ib,troy
% 0.9608 = o0z,U.S.fluid x 700 X 1P =g
x 7.5080 x 1079 = gahU.S. X 23167 x 107 = dwt
% B6.25 x 102 = gal, Imp. % 5,00 x 10 = shortton
x 28412 x 102 =L x 4.464 x 10 = |ongton
x 4536 x 107 =1
OUNCES, Fluid, U. S.— oz (volume)
x 29574 x 10° = m* POUNDS, Troy —Ib (mass)
x 1.8047 = in? % 03732 = kg
®x 1.0444 x 107 - # x 3732 x 10° =g
x 1.0408 = oz, |mp.fluid x 12 = 0z,troy
x 7.81258 x 107 = galU.S x 13.166 = DZ,av.
* 85053 x 10 = gal,Imp. x 08229 = |b,av.
% 2.9573 x 102 =L x 5760 x 10° = gr
% 240 * 107 = dwt
% 4.1143 x 10 = shortton
OUNCES, Troy — troy 0z {mass) x 36735 x 107 = longton
x 3.1103 x 10°F = kg" x 37324 x 107 =1
x 31.103 =g
x 1.0871 = oz,av. POUNDS PER CUBIC FOOT — Ib/#t* (mass per unit volume)
x 83333 x 102 = Ib,troy x 16.018 = kg/im™
= 6.857 x 102 = Iy, av. x 5787 x 10 = Ibin?
x 480 x 107 = gr x 0.1337 = |b/AJ.S.gal
x 20 = dwt x D.1605% = Ib/mp. gal

PARTS PER MILLION, by weight (mass) in water at 60°F — ppm or ppm
in HaO at80°F (mass per unit volume)

% 1.6033 x 10*

ppminH0 at60°F

POUNDS PER CUBIC INCH — Ib/in® {mass per unitvoluma)

x 9.9908 x 10 = kg/m* x 27680 x 10* = kg/m*
x 36094 x 10® = Ibin? x 1728 x 10° = I
= 8.3377 x 10° = Ib/U.S.gal « 231 x 102 = IbAJ.S.gal
x 1.0013 x 103 = Ib/imp. gal x 2774 x 10° = Ib/Imp.gal
x 27705 x 107 = ppminH,O at60°F
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POUNDS PER HOUR — (b/h (mass per unit time)
NOTE: Divide by 60 and refer to Pounds Per Minute.

POUNDS PER IMPERIAL GALLON — Ib/gal (mass par unit volume)

x 98.776
% 3.6047 x 1073
% 0.8327
% 9.9868 x 10*

= Kg/m>

= IbAn?

= . 5. gal

= ppminHz0 at80°F

POUNDS PER MINUTE — Ib/min (mass per unmlme)

x 7.5599 x 10°
X 1.667 x 107
x 60

POUNDS PER SECOND — Ib/s (mass per unittime)
NOTE: Multiply by 60 and refer to Pourkds Per Minute.

POUNDS PERU. S GALLON —Ib/gal {mass perumt volume)
ki

x 1.1983 x 10°

x 4.3200 x 103
X 1.2010

x 11994 x 10°

POUNDS-FORCE — Ib# (force)
x 4.4482

x 0.4536

x 44482 x 10°

Iblln
Ib/imp. gal
ppm inH,0 at 60°F

[T

N
kgt
dynes

POUNDS-FORCE TIMES FEET —Ibf x ft{torque)

x 1.3558 = N-m*

x 0.1383 = kgt x m
POUNDS-FORCE PER SQUARE INCH »-psn {pressure)
x 6895 x 10° Pa*

x 51.715 = mmHgat0°’C
x 2.036 = inHgat0°C
x 27.705 = inH0 atB60°F
x 2.3088 = ftH,0at80°F
x 6.8048 x 107 = atm

% 6.895 x 107 = bar

x 7.031 x 102 = kgfiem?®

NOTE: Where a qualifying temperature is noted, the values for this unit vary

with temperature.

QUARTS, Fluid —qt {volume}
X 9.4635 x 10

57.75

3342 x 102

32

33.31

0.25

0.2082

0.9464

X KX X X XX

" RADIANS —rad (plane angles)
X 57.296

X 3.4377 x 10°

X 2.0626 = 10°

mﬂn

in?

LS

oz, U. 5. fluid
oz, Imp. fluid
gal,U.S.
gal, Imp.

L

{1 S T (R A

. angular
‘, angular
*, angular

*RADIANS PER SECOND ~—rad/s (angular velocity)
*fs

x 57.206
X 9.5483

= r/min(rpm}

REVOLUTIONS PER MINUTE —r/min (angular velocity)

® 01047
x 6
x 1.667 x 1072

rad/s"
°fs
s

NOTE: A common varniation of the short form of this category is rpm.

REVOLUTIONS PER SECOND — /s (angular velocity)
NOTE: Multiply by 60 and refer to Revolutions Par Minuta.

SECONDS, Angular— " {plane angles)

% 48481 x 10
x 2778 x 10*
x 1667 x 102

rad*

°, angular
' angular

SQUARE CENTIMETRES — ¢m? (area)
NOTE: Divide by 10 000 and refer to Square Metres.*

“Indicates proper Sl unit

SQUARE FEET —1t? (area)

x 9.2903 x 10?
x 144  x 102
% 3.5870 x 10®
x 22857 = 10°
x 928 x 10°

SQUARE INCHES —in? (area)
X B.4516 x 10*
X 6944 x 102

‘SQUAFIEMETRES m? (area)
10*

15650 x 10°

10.764

24711 x 10

10

i

XX KK XX

SQUARE MILES — mi® {area)
x 25900 x 10°
x 640 x 102
x 25900 x 102

STOKES — St (kinematic viscosity)

x 10
*x 1.076 x 102
x 107

TONNES — t (mass)
= 10°

x 22046 x 10°
x 2679 x 10°
x 0.9842

x 1.1023

TONS —longton (mass)
% 1016 x 10°

x 2240 = 10°

x 2722 x 10°

x 1.120

x 1.016

TONS —ton ot short ton (mass)
x 9.072 x 10°

x 2 x 10°

x 24306 x 10°

x 0.8929

x 0.9072

LI

oo

oo

[ I

[T (R T '

[ I

acre

mZA

acre
ha

m2is*
f/s
¢St

kg*

b, av.
Ib, troy
long ton
shortton

Ib, av.
Ib, troy
shortton

kg"

Ib, av.
Ib, troy
long ton

TORR — see Millimetres of Mercury (pressure)

'WAT!'S W (power)
x 107

x 10°%

x 3414

x 1.3410 x 102
X 1.432 x 102
% 44,2357

WATT-HOURS — W-h (energy)

{1 T

kW

Mw
Btuh

hp
kcal/min
ft-Ibf/min

NOTE: Divide by 1000 and reter to Kilowatt-hours.

YARDS -—yd {length}
x 09144

x 36

x 3

x 5682 x 10°
= 4.9837 x 10¢

[ (I R

m*
in

ft

mi, statute
mi, nautical
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Fahrenheit and Celsius (Centigrade)

TABLE V — Temperature Conversions

C * F C * F c . F C * F C * F
—273.15 —459.67 —172 138 10.4 51 1238 43 1Mo 230 266 s10 950
—268 —450 —167 2 354 1.1 52 1254 49 120 248 271 520 968
—262 —440 —16t 3 374 11.7 $3 1274 54 130 266 277 530 986
—257 --430 —154 4 392 12,2 54 129.2 60 140 284 282 540 1004
—251 —420 —150 5 410 12.8 55 1310 46 15 302 288 550 1022
—244 —410 —l44 6 428 13.3 56 1328 71 160 320 293 550 1040
-—240 —400 —13.9 7 444 139 57 1344 77 70 338 299 570 1058
—234 —3%0 —I133 8 464 144 58 136.4 82 180 354 304 580 1076
—329 ~380 —128 9 482 t5.0 59 1382 83 190 374 Ao 590 1094
—223 —370 —12.2 10 500 156 80 1400 93 200 392 e 600 1112
—214 —360 —11.7 11 518 16.1 &1 1418 99 210 410 an 610 1130
—212 —350 —110 11 534 167 62 1436 327 620 1148
—207 ~340 —10.6 13 554 17.2 63 1454 332 630 1146
—201 —330 —100 14 57.2 178 64 1472 338 630 1134
—194 ~320 —94 15  5%.0 183 65 1490 343 650 1202
—190 —310 —B9 16 608 18.9 66 1508 100 212 413 349 660 1220
—184 —~300 —83 17 626 19.4 67 1526 354 670 1238
—179 —~290 —78 18 644 200 68 1544 350 680 1256
—173 ~280 —7.2 19 662 206 49 1562 366 690 1274
—169 —~273 —4594] -—467 20 680 2.1 70 1580 371 700 1292
—168 —270 —454 —61 21 69.8 217 71 15%.8 377 710 1310
—162 —260 —436 —56 22 716 222 72 1616 104 220 428 382 720 1328
—157 —~250 —418 —50 23 734 228 73 1634 110 230 448 388 730 1344
—15 —240 —400 —44 24 752 233 74 1652 116 240 464 393 740 1344
—146 —230 —382 —39 25 770 239 75 1470 121 250 482 39¢ 750 1382
—140 —220 =364 —33 26 788 244 76 1488 127 260 500 404 760 1400
—134 —210 —348 —2.8 27 804 250 77 170.6 132 270 S1B 410 770 1418
—129 —200 —328 —22 28 B24 2546 78 1724 138 280 536 414 780 1438
—123 ~190 —310 —1.7 29 842 26.1 79 1747 143 290 554 421 790 1454
—118 —180 —292 —1) 30 880 267 80 1760 149 300 572 427 800 1472
—112 —~170 —274 —046 I 878 27.2 gt 17748 154 310 5%0 432 810 1490
—107  —160 —258 0 32 896 278 B2 179.4 160 320 608 438 820 1508
—101 —150 —238 06 33 914 28.3 83 181.4 166 330 626 443 830 1526

—956 —140 —220 11 34 932 289 84 183.2 171 340 644 449 840 1544
—90.0 —130 —202 17 35 950 29.4 85 185.0 177 350 662 454 850 1562
—844 —120 —184 22 3% 968 200 86 1848 182 380 480 440 B60 1580
—789 ~—~110 —166 28 37 9846 306 87  1BB.S 188 370 498 444 870 1598
—733  —100 —148 33 38 1004 kI 88 1904 193 380 716 471 880 1616
—67.8 —9%0 —130 39 39 1022 Nz B9 1922 199 390 734 477 890 1634
—622 —80 —112 44 a0 1040 322 90 1940 204 400 752 482 900 1652
—567 —70 —54 50 41 1058 328 91 1958 210 410 770 488 910 1670
—51.1 —&0 —7¢ 56 42 107.6 333 92 1976 216 420 788 493 920 1688
—456  —50 —58 61 43 109.4 339 93 1994 221 430 806 499 930 1704
—400 —40 —40 &7 44 1112 344 94 2012 227 440 824 504 940 1724
—34.4 =20 —22 7.2 45 1130 350 95 2030 232 450 842 510 950 1742
—249 ~20 —4 78 486 1148 356 96 2048 238 480 860 516 960 1760
—233 —10 14 B3 47 11648 36.1 97 2064 243 470 878 in 970 1778
—17.8 ] 32 89 48 1104 367 98 2084 249 480  B9S 527 980 1796
9.4 49 1202 37.2 99 2102 254 490 914 532 990 1814
100 50 1220 378 100 2120 260 500 932 518 1000 1832
INTERPOLATION VALUES
*In the center column, find the temperature to be con-
veried. The equivalent temperature is in the left column, if c * F C * F
converting to Celsius, and in the right column, if converting to —

Fahrenheit. Q.56 1 1.8 333 [} 10.8
1.11 2 3.6 1.89 7 12.6
1.67 3 5.4 4,44 s 14.4
2,22 4 7.2 5.00 9 16.2
278 5 9.0 5.56 10 18.0
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C * F C * F C * F C * F
543 1010 1850 821 1510 2750 1099 2010 3650 1377 2519 4550
549 1020 1848 827 1520 2758 1104 2020 3648 1382 2520 4548
554 1030 1884 832 1530 2784 110 2030 3686 1388 2530 4586
560 1040 1904 838 1540 2804 1Mé 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 45640
577 1070 1958 854 1570 2858 1132 2070 3758 1410 2570 4458
582 1080 1976 840 1580 2876 1138 2080 3776 1416 2580 44676
588 1090 1994 8644 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
404 1120 2048 882 1620 2948 1160 2120 3848 1438 2620 4748
610 1130 20464 888 1630 2966 1144 2130 38646 1443 2630 4754
616 1140 2084 893 1640 2684 1N 2140 3884 1449 2640 4784
421 1150 2102 a9e 1850 3002 177 2150 3902 1454 2650 4802
627 1160 2120 904 1660 3020 1182 2160 3920 1460 2660 4820
632 1170 2138 210 1870 3038 1188 2170 3938 1466 2670 4838
638 1180 2156 FAT) 1680 3056 1193 2180 3956 1471 2680 4856
443 1190 2174 921 16%0 3074 1199 2190 3974 1477 2690 4874
649 1200 2192 927 1700 3092 1204 2200 3992 1482 2700 4892
654 1210 2210 932 1710 310 1210 2210 4010 1488 2710 4910
660 1220 2228 938 1720 3128 1216 2220 4028 1493 2720 4928
664 1230 2246 943 1730 3146 1221 2230 4046 1499 2730 4944
671 1240 2264 949 1740 31564 1227 2240 4064 1504 2740 4944
677 1250 2282 954 1750 3182 1232 2250 4082 1510 2750 4982
682 1260 2300 960 1760 3200 1238 2260 4100 1514 2760 5000
488 1270 2318 966 1770 3218 1243 2270 4113 1521 2770 5018
693 1280 2336 971 1780 31234 1249 2280 4134 1527 2780 5036
699 1290 2354 977 1790 3254 1254 2290 4154 1532 2790 5054
704 1300 2372 982 1800 3272 1280 2300 4172 1538 2800 5072
710 1310 2390 988 1810 3290 1264 2310 4190 1543 2810 5090
716 1320 2408 993 1820 3308 1271 2320 4208 1549 2820 5108
72 1330 2426 299 1830 3324 1277 2330 4226 1554 2830 5126
727 1340 2444 1004 1840 3044 1282 2340 4244 1560 2840 5144
732 1350 2442 1010 1850 3342 1288 2350 4262 1566 2850 5162
738 1360 2480 1014 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 4314 1582 2880 5216
754 13%0 2534 1032 1390 3434 1310 2390 4334 1588 2890 5234
760 1400 2552 1038 1900 3452 1316 2400 4352 1593 2900 5252
756 1410 2570 1043 1910 470 1321 2410 4370 1599 2910 5270
771 1420 2588 1049 1920 3488 1327 2420 4388 1604 2920 5288
777 1430 2606 1054 1930 3504 1332 2430 4406 1810 2930 5304
782 1440 2624 1060 1940 3524 1338 2440 4424 1816 2940 5324
768 1450 2642 1046 1950 3542 1342 2450 4442 1821 2950 5342
793 1460 2660 1071 1940 3540 1349 2460 4440 1627 2960 5360
799 1470 2478 1077 1970 3578 1354 2470 4478 1632 2970 5378
804 1480 2694 1082 1980 3596 1360 2430 4496 1638 2980 5196
810 1490 2714 1088 1990 3414 1366 2490 4514 1643 2990 5414
816 1500 2732 1093 2000 3632 1371 2500 4532 1649 3000 5432
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Basic Process Control Information
(General Applications)

* Instrumentation for Process Measurement and Control
(Third Edition), by Norman A. Anderson (1980)
(a detailed survey of various types of control systems,
the range of electronic, pneumatic, and analytical
instruments used in a control system, control loop
adjustment and analysis, and process computers)

* Process-Controf Systems (Second Edition), by F.G.

Shinskey
(explains the elements of a process control loop
and how they contribute to stability and ease of
regulation; other topics include nonlinear
characteristics and contributions of additional loops
and adaptive, decoupling, and feedforward
controls)

* “Basic Control Data,” one of a series of short

publications by F.G. Shinskey (Foxboro Publication

413-1)
(articles on preumatic transmission distances,
avoiding reset integral windup in cascade systems,
rules for adjusting controllers, interaction between
controller settings, an index of controllability,
automatic selection of manipulated variables, self-
regulation, and external reset)

* “Control Loop Interaction,” one of a series of short
publications by F.G. Shinskey (Foxboro Publication
413-3)
{articles on interaction between control loops and
muitiple-output systems)

* “Basic Concepts, Terminology and Techniques for
Process Control,” an article by Lewis M. Gordon,
published in Chemical Engineering Magazine (Foxboro
Publication 623)

* “Feedback Control Modes,” an article by Lewis M.
Gordon, published in Chemical Engineering Magazine
{(Foxboro Publication 623}

* “Feadhack Methods for Process Control Systems,” an
article by Thomas J. Myron, Jr., published in Chemical
Engineering Magazine (Foxboro Publication 623)

* “Direct-Synthesis and Adaptive Controls,” an article
by Paul C. Badavas, published in Chemical Engineering
Magazine {Foxboro Publication 623)
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* “How to Use Feedback Loops to Meet Process
Conditions,” an article by Thomas C. Kurth, published
in Chemical Engineering Magazine (Foxboro Publication
623)

Advanced Process Control Topics
(General Applications)

* Energy Conservation Through Control, by F.G.

Shinskey
{discusses: the thermodynamic aspects of energy
conservation; minimizing power lost while
exercising control aver processes; compressor and
refrigeration controls; applying energy-converting
controls to the mass-transfer operations of
evaporation, drying, and distillation; modifying
heating, ventilating, and air-conditioning systems
controls)

* pH and pION Control in Process and Waste Streams,

by F.G. Shinskey
(discusses ion-measuring systems including the
relationship between measured pH and the
concentration of acids and bases, other measurable
ions, and oxidation-reduction potential; also
describes how to achieve control over ionic species,
how to build a controllable plant, and how to
estimate the plant’s performance)

* Controlling Multivariable Processes, by F.G.
Shinskey
(for people wanting to develop greater skills in
control-system design)

* «Specific Control Problems,” one of a series of short
publications by F.G. Shinskey (Foxboro Publication
413-2)
(articles on sampled-data control, processes with
variable periods, adaptive control, end-point control
of batch processes, and batch reactor control
systems)

* These books and articles were written by experts at Foxboro and
are available through your Foxboro sales representative, For other
references, contact your local library or trade association.

Your Foxboro sales representative can recommend other publications
and technical articles to suit your specific needs.
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* “Controlling Unstable Processes,” one of a series of
short publications by F.G. Shinskey (Foxboro Publication
413-4)
{articles on positive feedback and control, fimit
cycles and expanding cycles, diagnosing contro)
problems, and controls for four unstable processes
— the steam jet, a heat exchanger, parallel heat
exchangers, and the exothermic reactor)

Specialized Process Control Topics
(Specific Applications)

* An Introduction to Paper Industry Instrumentation,
by ].R. Lavigne
{basic considerations for instruments and contro!
in pulp and paper processes; computers are
introduced)

* Instrumentation Applications for the Pulp and Paper
Industry, by ).R. Lavigne
(applying the basic knowledge of Lavigne’s An
Introduction to Paper Industry Instrumentation; also
how to increase operating efficiency through quality
improvement)

* Distillation Control for Productivity and Energy

Conservation, by F.G. Shinskey
{incentives for improving control and the constraints
to be encountered along the way; how to evaluate
the effects of control, absorption, stripping, and
aeolotropic distillation; control of reboilers and
condensers; product quality control; loop and
decoupling interaction; and optimization)

* Instrumentation & Control in Water Supply and
Wastewater Disposal, by R.H. Babcock
(answers a variety of difficult technical questions)

* “Humidity and Dryer Control,” one of a series of short
publications by F.G. Shinskey (Foxboro Publication
413-6)
(articles on humidity/dew point/wet-bulb
temperature and three types of dryers — batch,
continuous adiabatic, and steam-tube}

* “pH Control Problems,” one of a series of short
publications by F.G. Shinskey (Foxboro Publication
413-7)
(articles on nonlinear control for pH, the importance
of mixing in pH control, leakage problems with pH
electrodes, the dynamic response of potentiometric
electrodes, and difficulties of pH contral)

Instrumentation .

* Flow Measurement Engineering Handbook, by
Richard Miller
{explains, theoretically and practically, all types of
flowmeters now in use and how to select them for
your application; translates the latest ISO and ANSI
standards into practical U.S. and Sl unit engineering
equations developed to accommodate modern
calculators; discusses fluid properties, accuracy
calculations, and common influence
parameters}

—

* “Control Valve Engineering Handbook,” Foxboro
Publication 237
{application information and copious tables) &

* “Fow and Level Control,” one of a series of short
publications by F.G. Shinskey (Foxboro Publication
413-5)
(articles on analog blending systems, accuracy and
rangeability of head flowmeters, estimating systems
accuracy, characterizers for flumes and weirs, and
liquid level control)

publications by F.G. Shinskey (Foxboro Publication
413-8)
{articles on when you have the wrong valve
characteristic, sequencing valves for wide range,
when to use valve positioners, and dynamic
response of valve motors)

* “Control Valves and Motors,” one of a series of short.

After the System Is Installed

“Instrumentation Symbols and Identification,” ISA
Standard $5.1, updated in 1985

(the standard for the process industries in the United €
States)
* “Tuning Process Controllers,” an article by Thomas -
B. Kinney, published in Chemicai Engineering
Magazine

(Foxboro Publication 623)

* These books and articles were written by experts at Foxboro and
are available through your Foxboro sales representative. For other
references, contact your local library or trade association. .
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. Appendices

v

150 Standards Handbook 2
{units of measurement, International Organization
of Standardization)

Guidelines for Writers of SI Metric Standards and Other
Documents, American National Metric Council
(a great deal of practical information on using the
SI system including topics such as “Thinking
Metric,” rounding, working with uncertainties, and
case histories on implementing an 51 system)

Metric Practice, American National Standard ANSI
7210.1-1976 (also known as ASTM E 380-76 and IEEE
Std. 268-1976)
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SI Units and Recommendations for the Use of Their
Multiples and of Certain Other Units, International
Standard 1SCG 1000
{background data on the Sl system and detailed lists
of every recognized S| unit by application)..

* Units and Conversion Tables for Process Control,
Foxboro Publication 73
(engineering data such as Properties of Steam and
Saturated Water, Liquid Gravity Tables and Weight
Factors, Stainless Steel Composition)

* These books and articles were written by experts at Foxboro and
are available through your Foxboro sales representative. For other
references, contact your local library or trade association.
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