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ABOUT ENERGY TECHNOLOGY MODULES T . ’

\

The modulés were developed hy TERC-SW for use in two-year postsecondary technica]
1nst1tut10ns to prepare techn1c1ans for employment and are useful in industry for up- -.

dat1ng employees in company Spon;ored training programs The principles, téchniques,

o

and sk1lls taught in the modules, based.on tasks that energy technicians perform, were

'obtaIned,from*a nationw1de adv1sory cann1ttee of emp}oyers of energy technicians. Each
" modite was wr1tten by a technical expert and approved by representatives from industry.

-~ .
-

A module céntains the following ‘elements:

. N
wﬁ i
. .

Introduction, whitn Ioentifies the topic and often 1ncludes a rat1ona1e for
studyng the material.

Prerequisites, wh1ch identify the mater1a1 a student should be fam111ar
with before studying'the madule. =

b;ect1ve wnict clearly 1dent1fy what the student i< expected to know for sat-
isfactory module completion. The obJect1ves stated in terms of action-oriented

-

. —— .+ --behaviers,, inclyde such action words as operate, measure, calculate, identify
and define, rather than words with many interpretations, such as know, under-
stand, learn and appreciate.

Subject Matter, which presents the Background theory ahd techniques supportive
to the objectives of the fiodule. Subject matter is written with the.technical

student in mind. ’ s

xercises, which provide practical problems to which the student can apply this
new kngwledge.

-

Laboratory Materials, which identify the equipment required to complete the

. laboratery procedure. .

Laboratory Procedures, which is the experiment section, or "hands-on" portion of
the module (including step-by-step instruction) designed to reinforce student

o

learning. '

: Data Tables, which are included in most modules for <he first year {(or basic)
courses to help the student learn how to callect and organize data.

. g .
References, which are included as suggestions forhsupplementary reading/
. viewing for the student,. , ‘

»Glossary, which defines and explains terms or words used within the module

that are uncommon, technical, or anticipated as being unfamiliar to the stu-
""’-t v »
dent
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- INTRODUCTION

‘

Automatic control was once env1s1oned primarily as a means of (\duc1ng
production cost by increasing product1on rates with fewer people, The con-
tinuous unattended control of 1arge marufacturing facilities is common, and
has become a design criterion in the deve]opment of new installations. With
production cost continually being curta11ed by the ut111zat1on of instrument
. applications, the necessity to protect a fragile env1ronment from polluting
substances has resulted”in the development of measurement and -control in-
strumentation sysfems that seemed impossible to implement previously. Pres-
ent]y, a new cr1ter1on is constantly being considered, in every facet of 11fe4
in our industrial soc1ety. That cr1ter19n is energy conservation, TH?'con-
cept of energy conservation and managemgpt is paramount®in every phase in
the development and operation of processé;} Instrumentation measurement and
control has played - and is playing - an important role in the ®ield of
energy conservation., ' " , (

The purpose of this modu]e s to present and discuss the pr1oc1p1es of
measurement and control. The means by which a process is automat1ca11y
‘monitored and controlled will be discussed, as well as the dynam1c process
conditjons yhat affect procesé controllability.

*PREREQUISITES

The student should have a basic understanding of algebra and physiqs:

.

;L | - OBJECTIVES
. — R \ ~ {

Upon completion ‘of this module, the student should-be able to*
Define the- following terms:
a. Prbcess. ‘ %

b. Process control. .

A
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- E] .
. ’ ,»4‘
. :‘ : c. Open-loop control. . | -
v d. C]osed-]oob'contro1.‘ ) q .

4 _e.  Feedback. T . ‘ ; ﬂ v

‘ f. Error signal. n co T o 3 :j “_
B g. . Closed-loop Eontroi components: ? RS f ‘

. ) ) _ Measuring mgansn C '
‘ Controlling means. ., T )

Final control element. '- :

2. List the*advantages and 1imitat5qns%bfighe following: ) - '
- a. Open-loop control. ol 7
-——.b. Closed-loop control. e Y
. ® R ‘o
- 3.  State the process requirements for closed-loop control. <
4, List four types of processegiand give their dynamic characteristics. .
) e - « “ v
~ ,
’ : . o
= c . . .
& ! -o»
¢ ‘:_ ‘
y o > r~
AY ) ( -4
—_t
- . .
¢ G )
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_SUBJECT MATTER

INS}RUMENTATION AND CONTROL: THE CONCEPT

Goods and services are produced in ‘response .to needs and desires. wﬁen

a need or desire has been recognized, the resulting item or service can be

. produced only if three factors are present. There must be an idea or con-
cept of what the final product will be and how it w111 solve the need or de-
s1re that.generated ]t. The raw materials, energy, and knowledge that will
comBose the final product must be available. And, there must be a method
that will combine the knowledge, enefgy, and raw materials into the final
products— This method is ca]]ed a process.

A pfocess may be as s1mp1e a filling a tank with water, or 1t may be as
complicated as the production of a synthetic fiber or the launching of a
space shuttle. Whatéver the process, there must be a means of measuring the
‘degree of success or failure.toward the production of the final product.
Further, it s Qot sutficient to’measuire the degree of success or failure,
there. must be a°way for corrective action to be taken to ensure the best

- possible final products By 11nk1ng measurement with correct1ve action, con-
,trol systems are created. , :
The.bas1c concepts of measurement-and control are utilized in a ;imple
process as illudtrated in the following example.
) A small community has has great difficulty in maintain-
ing a constant pressure in their water system and has decided
, to correct this problém. The first step in the solution to
their prob]em 1s to" erect a water tank on a hill at the edge

" . of town. The water tank is construcf%d with an dinlet’ from‘L“\\;

e
mary water main. It is known that if the level of the water
in the*tank is ma1nta1ned at-a constant depth the" pressure at
the outlet-will remain steady.
The process is to maintain the level .in-.the water tank at a spec1f1c place;
this is called the set point or control point. There are many types of
variables that will affect. the water level of the tank; each of these vari-

ables efﬁ be given a special title that will be used from\{his.pbint on.

’

~
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* Precess var1ab1e - the variable.that 1s compared aga1nst the set point

directly., In the example of the water tank, the process var1ab1e is

> <

> the actual water level:that will be compared directly w1th the desired

water 1eve1, or sét po1nt

N -

e Man1pu1ated variable - the variab]e that can be changed at will in Such
a way as to d1rect1y affect the process var1ab1e. In the example of
the water tank, the manipuTated variable is the inlet, water flow rate
that can be changed by open1ng or clos1ng a valve. ¢

- Disturbance variable - any var1ab1e that- adversely affects the process
variable and cannot be controlled. Mn the case of ‘the water tank, the
d1sturbance var1ab1e is the rate at which water is drawn from the tank

-~

In the example of the water tank measurement enters the p1cture when
we compare the process variable (actual water level) to the.set point (de-
sired water level). The pracess will be’ controlled when the information
provided by the measurements i's used -to stabilize the process variable at |
the set point; this can be achieved in two ways - open-loop control or .
closed-loop control. ’ ' ' ‘

OPEN-LOOP CONTROL

0f the two éystems of control, the oper- 1oop'controT's§stem has the
fewest rnumber of components and requires the most‘human 1nvo]vement. F%gure

1 illustrates the water tank using an open- 1oop control system. Just how

this type of contrdf’system works can be seen by returning to the example.

! After the water tank -was erected the town council became 5
involved in a dispute ,over how to stab111ze the water level
at the set po1nt. Most Felt that the inlet water f]ow cou]d
be adjusted to the average consumption rate of the prev1ous - ,‘
year, with per1od1c checks- by a mainter@Mce “person. By this

time it was late autumn and the amount of water being drawn

Loz 2

by the residents was at a very low level; thus, there,was L
‘more water being sdpplied to the tank than'was being drawn
fromv1t and it began to overflow. The maintenance person
B} c]osed the 1n1et valve and the level began to®drop. The next

- - . L]
’

s, ’ - [

- B . bt
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‘day, another ma)ntenance person returned to check theé tank

apd,{gund tHat the level was at_ the des1red point so the in-
let valve'was not bpened at. all. On the third day; Ehe main-
tenance person found that the actua] water level“was well be-
. low the des1red 1eve1 and opened the inlet valve to Jet some
: watgr in. This process continued ‘on for a month, during
whith time the tank overf]bwed twice and went Comp]ete]y dry

w

_once, In add1t1on to those three occasions, water pressure

. sti11 fluctuated from one day to the next. :

°
.

. ¢ Q . The example of the
bEﬁﬂE?LEVEL water ‘tank points out the,
' _basic-operation .and the
basic faults of the open- >
loop control éystemﬂ Mea- -
.surements are made on "a
pen1od1c bas1s and correc-
t1ve\actLon is- initiated

on the’ba§is_of'those mea-
‘surements, independeént of 1
what is happening with tHe -

propess at that time. Thes
mantpu]ated*variéb]e (in-"
. Tet water f]ow rate) was
Figure 1. Qpen:1oop control system.' adJusted w1thout regard to
. Tt ' " wht the process variabte
(actual Mater'leve1) was do1ng thh ‘respect to the set pe1nt ‘(desired water |
level). When there' js a s1tuat1on where the need- for the final product -
' called the demand : f]uctuates frequently, the open=- 1ooprcontrol system
. usua]]y is found to be 1nadequate. The obJect1ve of any conLrgi/system is
to.ma1nta1n a contr“TTed ‘'variable (brocess var1ab1e) at a-desired vafﬁe or
) cond1t1on (set point}. 'In Figure 1, the.process var1ab1e (actuaJ_water
level) was maﬁntained at ?he set podnt by 6pen?ng or ETU§?ng the tnput valve-

to manipulate the rate of jnlet water flow. If the rate of water flowing
. , B ° . '

‘

'
¢
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. S *
into the tank is equal to the water flowing out of the tank, the level w111 «
ey be stab]e. This is- gg]]ed ma1nta1n1ng a balance between the supp1y and the
demand. Sppply i§ flow in, and demand (or 1/ad is flow out. Thus ‘the ob-” .
" jective of any control system is to make supply equal to demand. As demon- " )
strated in the above examp]é, this is‘not a simple matter because the demand
was not constant and'xhe maintenance people were never successful at reposi-
tioning the control valve on the inlet for every change that occurred with .
the load. . : Coe T x
While the opén-loop control system is simple, the lack of compensatioq
- based upon load changes makes its use in most industria1¢hpplications‘Unde-
sirable. Operation of the system could be great}y enhanced if the supply ta * *
the process were~dependent upon the process variables When this is<achieved

a cJosed;loép control system results. ‘_ -

CLOSED-LOOP CONTROL - ‘

A closed:]oop'contro1-;ystem i; responsive to changes in process vari-
ations. This type-of system is most commort in the automatic control of pro-
cesses. Respgnse to changes in the procegs variations is achieyeq through

« ' the use of what is known as feedback. F;edback is information based upon
,measurement between the procesg variable and the  set point that causes a
change in “the manipulated variable to take place in such a way that supply
. is balanced aqa1nst demand.. Figure 2 demonstrates the components of a
] " closéd-loop.systém in block diagram form.
~— ) .~

X . . 13

<

.
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) ) ) DISTORBANCE
-
ngr?albl_ ‘ . VARIABLES q ) ’
SON , .
ELEMENT MANIPULATED
VARJABLE PROCESSED
RAW N MEASURING
MATERIAL) SUPPLY PROCESS Y| Means [DEMAND> )MATERIAL(
OR. . N OR
ENERGY ENERGY
. , ’

RIE:

T T CONTROLLER ™ SIGNAL REPRESENTING THE
CONTROLLER MEASUFRED VALUE OF THE
~. PROCESS VARIABLE
. QuUTPUT CONTROL =<,
c SIGNAL .
( ONTROL ) SIGNAL | .
" b N r"‘""ﬂ [
I GENERATQR
! I SIGNAL REPRESENTING
- ‘ - THE DESIRED VALUE OF
i

bgs‘nc operations.

THE PROCESS VARIABLE
{ SET POINTY

Figure 2. Qomponerlts of a closed-loop system.

-

The closed-Toop system depicted in Figure 2_ performs the foltowing four -

The instrument that performs this func-’

1, Measures the process var1ab1e.
tion is commonLy called a transmltter, measumng means, or the primary.
element. * . N - .
o2. Computes the error signal (differencg between set poi-nt and process
variable), which is the function of the error detector.
3. Uses the error siéna’l to generate a control signal to operate the final
control element. . S * v oc
4, Reguiates the manipulated variable via the final, control element to

can return to our eiampie of the water tank and Figure'3.}

. ' 1, .
drive the value of the process variable toward the set-point value.
’ 4

To further explain the operation of a closed-loop control system, we'
The town council meets at the cllose of the month. B ~

Through examination of the r’eﬁzords concerning water pressure’

versus time and the large nufmber of complaints, it is obviou§

that the open-loop control is a failure. After some discus-

sion, it is decided that the town will install a t]ysed-]oop . < !
o : ' - S
L , . IC-01/Page 7 '
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- control system. A simple float-controlled valve is installed
in the aank at’ the iplet. -

’ Figure 3 is a simpiified drawing of the closed-loop COntn81 system
gmp]oyed by the towﬁ‘qouncif of the example. The float acts as the measur-'
' ' ing means. The lever at-
tached to the float™3nd a
pivot on the in]effﬂqpé" '
acts to trq'§@it the “con-
*trol signal" to the final °
control element. Our
final ‘control element is a°’
spring-loaded valve that
\\\is_dorha41y open. The
controller, containing the
error detector and control
« signal generator, is the
. ‘ f]oat-and-]éver assembly.
Figure 3. Example closed-loop'control system. ° To understand the bperq-

’ . ‘tion of this “and mest
closed-loop systems, let us inspect operation of this systeé\ETEpiby-step,
We will assume -thdt the system starts out with the process variable stable
at the set point. At this beginning point there is a no-load condition; no
water is f]‘hing out of the tank. : .

1. ﬁA person or A4 group bf Peop]e open.theié water faucets and créate a de~
mand for Water from the tank; a dfsturQince variable is introduced to
> the ‘system (Figure 4a). ~

jaSS

2.  The process vérigb]e (actual water’1eve1) begins to' change (droﬁ)‘car-'
rying’ the float with it and causing the lever that has kept the va]vgqh
(fingl control.element)‘p1dsed to move -and begin to open the-va]we5

~ (Figure 4b). . o - '

79 Demand iﬁhrégsés, causing the valve on the inlet to open more,'thu; in-

IS

]

creasing the in]etfwater flow (manipulated variable).

»
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). . .
4. “When inlet water flow increases to the point at which the ‘supply equals .

“the demand, the process variable (actual water! Tevel) stabilizes below
NP

..

) thevset point. )
.5 Demand decreases<)allowjng the process variable to ch@nge toward the

~ set point. "The float will rise with the level and act to slow down the
-rate of ftow into the tank by decreasing the amount of opening in the .
s .
valve, (Figure 4c). .
) U s > \ T N ‘
' ¢ * VALVE GLOSED : s ' : et -
< . % . \ ; SurrLY \ .
c . NO WATER IN o N warerm N
- faocEss | ‘ = SET POINT , 1 l‘\\ ——
. EEER TR SET POINT srocess| * \\i SET POINT
% R 2 VARIABLE TR 3300000080 . .
’ ) SIS . ) :
- ANO 2 -‘TW T OEMAND R
, 4a 4b,- )
} NG . o VALVE PARTLY orw\\ ‘ - S
., S T WATER IN K 7
v A . e . pROCESS A SET POINT )
. amasiE 3 i .
. f L N '
) 3 5 ‘ J‘I«.-.. ) OEMAND ..«
. - ) 3 40, . s .
' Figure 4. ‘Control-loop operation. o . "
¢ ‘ . ’ . ., .0
otice that the manipulated variable acts-in a way opposite to the <7

oy

direct of the process variable. When the process variable is going down
ﬁhe manipu]afed vapiable goes up, 1.6., wager level drops and- inlet flow -
rate -increases. - - ' : )

, Thus, prqcess—cohtro]‘systems'éan be simply defined as "a group of coﬁ:}ak
ponents that maintain a desired result by. requlating input<® "The desired .
ot result-may be a specific level, tempérétdre; flow, pres§Ure, voltage, pH,

\ - 'dﬁnsiix, YisEosity, qj one of maqy pth?r.poﬁsible parameters. The procesé- . \(.
_controj system can’ regulate or control the input in the process by a number - .
< G:Qf means. The most common final control elements are valves, dampers, link- 7
ages, and var%able'electrical components such as rgsistors, capaéitors, and
chokes. When measurement is cont%nuous,and@is Tinked to'cgntrol of the
fina]fcontrol,e]qmenfﬂ we have,cloéedalo?ﬁegdhtrol -;alsg/ﬁgown‘as ah?qma 14

.

control or autpmatic feedback control. . . co. C
V(f‘ .'\ et . N .Y . " _
’ N ? ’ e e ‘ ) ) T ) )
. S g - . Te-0i/pdge 9
. .oon o ' ' . . - ,
. Q- . o S 1_5 ‘,_ : ' . .
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Many system opefﬁ?fﬁ@ character1st1cs must be cons1dered in the design
*

or qperat1on of a controlé&ystem. Components within the system must be
matched with the dynamic characteristics of the process. This procedure

- °

must, at all times, ensure the’safe and efficient operation oflthe“process.
When a control system operates in a manner that is unsafe to people and/or
equ1pment or when it is operated inefficiently,’ then we say that the system
has failed. = . -

A properly designed éon£}01 system, open-loqp or‘é]osed-]oop, must make
the process fail- safe. In the c1rcumstances resulting from a loss of in-
strument operation or “instrument control signa]s, fail-safe means that the
process will be ‘maintained at - or returned to - a safe condition.

OPERATION OF THE FINAL“CONTROL ELEMEﬁT AﬂD FAIL-SAFE CONDITIONS

- In the des1ﬁn of a]] process control systems there must be concern for
fail-safe-operation from the beginning. . Ln the example, if you were to de-
sigh the process control for the water tank would you decide to cause the © .
level to fail high or fail low? If a hazardous condition exists when .the
level is, too high,"it should fail low. .If a hazardous cond1t1on arises when’
the 1eve1 1s too low, the level should fail high.

-~ One examp]e of the operation of the final control element component
found in mang.c]osed -loop systems is worth exam1nat1on. The_fina] coﬁtro[
e1ement in th1s examplé is a d1aphragm-operated spr1ng opposed, reciprocat-
ing control wa]ve. A sealed pneumatic signal, 3 to 15 pounds per square
inch\gage (psib), causes the valve to move frgm pne.egtreme position to the
other. ‘ ' . . ’ .

o v

In the air-tb:open valve, the valve is closed with any:air pressure
that is less than or equal to 3 psig. As pressure 1ncreases the valve opqn-
ing w111 increase to its maximum at the upper pressure 11m1t of 15 ps1g.

When the valve is controlling the flow of mater1a1 or energy inte a
sysﬁem ‘that shou}d fail low, the vaTve shou]d fail in the closed position
and. be an a1r-to open valve. ﬁou should use an air-to-close valve if the

systememustgfajl open, thereby caus1ng the: system to fail high. .
The fail- safe feature of processes may seem to be'of little 1mportance

-when it goes not matter whether the-process fails h1gh or Tow. This-is of
"mgnor concérn, however, in most temperature and pressure processes uhene'a.

» . - o .o
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\tro]]er.

thermal run-away or over-pressure situation could prodiuce catastrophic
results. A ;

&Y

_(’ : CONTROLLER ACTION C

Process control]ers either generate an increase in output signal when
the process variab]e fncreases, or caLse the output signal to decrease when
the process var1ab1e increases. By a\§qmp1e adjustment or switch selection, -

most'pfocess controllers can provide either output selection. When an in-

. crease in process measurement causes an increase in the controller output,

the»contro]]er is direct-acting. #

‘A reverSe- act1ng controller causes the output to decrease when the pro-
cess var1ab1e increases. ' The valfe. operation is selected for a feedback
control system to provide fail-safe operation. The controller action is
sg]ected Eo provide negative feedback; the manipulated variable acts to

oppose the action of the process variable.

VALVE AND CON ROLLER SELECTION v ' ~

Sq ose. a need existed for & valve and contro]]er act1on to contro] a

¢losed ecause of a Joss of- s1gna1 *this requires an air-to -open valve.

When the'\szzlgizggggses, the valve must close. This requ1res a- decrease in
signal from ntroller. Eor a decrease in controller output to yield an
increase in the process var1ab1e, the controller must-be a reverse-acting

controller.’

level to fail full,
crease ih level requiring the valve to close req

If, howeyer, thq qontro]]er action' desired 1s‘for the tank
the valve must fail open and\bséair-to-c1ose.

uires a direct-acting con- |
"The $elected valve operation and contro]lei\a;tion are important .

An in-

and must be -considered when designing equipment for control,systems.

i by

°
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VALVE OR FINAL CONTROL - ELEMENT

s WATER TANK . :
7 , SET POINT
WATER INTO TANK : )
OR PROCESS SUPPLY ¢
 J
7 . CONTROLLER

CONTROLLED WATER LEVEL] ‘
WHICH 1§ THE PROCESS LEVEL MEASUREMENT

- THE TRANSMITTER

WATER OUT

LOAD ON THE Pnocess)'—"’

N

~Fi

(DEMAND OR

gure 5.

" OR PRIMARY ELEMENT

— T

Closed-loop control system.

: ~
In selecting -process equipmént, consider the process in Figure 6.

This

P is another level process that differs from that, in Figure 5.

‘In Figure 6,

the control valve regulates the flow out of the tank to maintain a level.
By using ‘the reasoning established in the prev1ou§ d1scuss1on, -valve

operation and control]er act1on can be selected. ) *
. ) R ’ )
y . . .
) UNCONTROLLED FLOW - -
N SET POINT
LT
M 2 -
v .
JRE ——d
" DISTURBANGE ’
VARIABLES —>
':-—).
t
W;ﬁw
e ]
. L CONTROLLED 'FLOW - MANIPULATED VARIABLE
. . -
/ Figure 6. Level process with flow out_as_the manipulated variable. -3
-~
tr o -
< R 2 s
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T,

"o,

For~the_ level to fail low, the valve must be air-to-close and the con-
troller must be re72?§zt32ting. " When the level is to fail high, the valve®
must fail closed (or air-tQ-open) and the controller must be direct-acting.
The selection of valve operation and controller action is summarized in

Table 1 for the processes jn Figures 5 and 6.

LVE OPERATION AND CONTROLLER ACTION
processes in Figures-5 and 6).

TABLE 1.
(for t

Process in Figure 8 Process in Figure 6

Fail Empty | Fail Full Fail Empty | Fail Full
Valve Operation - Air-to-open ‘ﬁir-to-close Air-to-close | Air-to-open
Controller Action Reverse Direct Reverse Direct

PROCESS DYNAMICS - CAPACITY VERSUS CAPACITANCE

Now that the principle of automatic feedback.control has beep estab-
lished, it is 1mportant‘to cons1der the process and 1nspect the relationship
between process 1nput and output. The process can be represented as a black
box in a bJLck diagram (as in Figure 7). The process performs a transfer
funttion between input and output. A transfer function is the ‘mathematical
\' ' relationship between the input. and

the output df a control system.
The‘input is a sppp]y of energy

o - and/or material from the control .
INPUT " OUTPUT valve positioned by the control-
> ler. The output, in this explana-
“tion, is considéred to be the pro-
cess measurement on the scaler
Figure 7. Block diagram of a process. output signal from the measuripg
R . means. "
»  When the input to a process changes, the contrelter must add energy

and/or material to the process at a rate to which the process “can respond.
In the lexample of the water tank, 1f the valve controlling the 1nput water

flow is opened too much or for too long a time, the 1&vel will overshoot the

A

- s , N
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f the valve is\§pened too little or not long enough, the level

‘set point.
'will not reach\the set point.: The manner in which‘the process responds to a
load change and supply change determines the rate at which energy and/or
material must be é\d d to the process. Coe /
Consider the contrql of a simple process like the speed contro] of an
automobile. On a stra1§ﬁf}\Jeve1 section of hlghWay, when the acce]erator
is held in one position, the speed of the automobile will be ma1nta1ned. ‘
The f]oﬁ of gasoline into the carburetor (energy being added to the process)
is at a Epnstant rate exactly equal to that required to maintain speed. The
automobile is neither accelerating nor decelerating. However, when the load
’on the process is increased by an incline in the highway, the autdmobile
will slow down. -
) To maintain @ constant speed, fuel flowing to the carburetor must [in- '
creaée at a rate to which the automobile can respond. This rate depen(s
upon the transfer function of the process. A big truck with a heavy load
résponds ta a large amount of energy provided by a large engine that has the
-ability to regulate large amounts of fuel flow. The same fuel flow wou]&
cause a high'acce1erationer5te for a compact automobile. Likewise, indus-
trial processes react differently to various load and supply changes. .
For processes with different transfer functions or reaction rates, con-
s1der\$he level processes in Figure 8.
In Figure 8, both level tanks have the same capac1ty ‘or can retain the
same amount of material in gallons (or any des1red unit of measurement).
For the purpose of level measurement, which is usua]]y in linear units -
feet, 1nches, and s0 forth - the dynamic character1st1cs of the processes
.F1gure 8a and F1gure 8b are comp]eteJy d1fferent. The term "capacitance" is

used to describe the dynamic propert1es of the process. whi1e«Q§pacfty is a-

measurement of volume, capatitance ig-a measure of length and vo ufe. The
unit of capacitance measurement in this jrrstance, is: ;gnqgff«
. =7 777 Foot
o “ , Gallon L
i - —/a&-)@“/ﬁ ,’%VQ%
- . - — eI 3
, . 4
- o~
5 S " i -
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This unit relates level .(1ength)"to'volum‘e. It can ée' seen that the process
in Figure 8a has greater-capacitance than tﬁat ‘of Figure 8b.

s
v

LEVEU- CONTROL VALVE : /_J <

. »

LEVEL- CONTROL . VALVE

‘ LEVEL ' CONTROL
FLOW N i . LEVEL ! ' -
R CONTROL
! ’
Ny SET ' POINT
= X - ' LEVEL
A ] TRANSMITTER
LEVEL ' .
- TRANSMITTER — S —>
: ‘ FLOW oOuT
FLOW OUuT —> 3 —>
a h s, . ? .s
) . Ca. With high capacitance . b, With low capacitance -

Figure 8. Level processes. )

-

s The process response to a load change is important when considering
capacit ce in "control systems. For a g1ven d\sturbance variable, -the high-
capacit nce process undergoes a gredter change than the 1ower—capac1tance
process f F1gure 8b, though the capac1t1es of Figures 8a and 8b ane 9qua1
The rela 1onsh1p between instrument selection, adjustment, sand process dy—
- namics’will be studied in Module IC,OS?."Instruments for Mechahical Measure-

ment." ' - . . ]
" The most common t‘ypes of processes contr‘oﬂed by fgedback control ap-
phcatwns are the fo]]owﬂ(‘ ‘ . .
+ Liquid 1ege1 . | )
¢+ Fluid flow.. - : . e )
» Pressure. -, g ) .
: + Temperature. ‘ * : .
. . , o <
¢ . ’ : ‘ e
, } A é g .- N . , s
’ A IC-01/Page 15
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Procgsses 1nvo]v1ng 11qu1d 1eve] haveubeen ‘discussed prior to t

point 1n the module. The 11qu1d 1eve1 proceSs is easy to explaip~and under-

stand, and the student most 11ke1y ha Bliari t. Control of

the liquid-level process is norma]]y eas1er—to obta1n in comparison -to other

processes. . ¢ : .
The ease with which contro1 @t the 1iquid 1eve3 is obtained is due to .

‘many factors, they are: contro] at ﬁxtremely c]ose tolerances is rarely

needed, the process is norma]]y very 11near, measus;ments are easily made, .

and the response time and reaction rates are favorab]e. These characteris-

tics will be elaborated on in Module 10»02 "Instruments for Fluid Measure-

ment: Pressure and Level." ‘~¥' 2 A
Control of fluid flow is the mo!t common process. n previods discus=

sion of 1eve1'contro1 flow of material into and out of the various tanks

was.regu1ated to control level; actual flow quant1t1es were not controlled. y

The first-consideration in‘controlJing'a process is measurement of the vari-

o able to be controlled. A]thoudﬁ flow quantity was not measured,,it was the
-~ ., mahipulated variable. Flow is the manipulated variable used fo control most
processes. Even when not controlled to*éxact'quantities as a manipufated
variable, the precise control ‘of flow is necessary An many app11cat1ons. A
- flow process-is shown in Figure 9. : ' : -~
' , . oo : The flow process in
- &
' ) . . o Figure 9 ut111zes the same '\
: ’ S . principle as level Pro-
FLOW ,C?NTROLLER - Sg POINT . 45 -
’ . e T cesses. - The process mea-*
FLOW  MEASUREMENT N\ . "+ surement is provided by the
TRANGMITTER - , S
. ) ) . measur1ng transm1tter, ‘which
) . Eﬁ?°"®$ﬂ?“°L genérates a s19na1 propor-
- ' . tional to flow and transmits %
Ca ~25
X a signal to the controller.
% FLAD FLOW ——— . , o~ -~ & v, - -
: 8, The controller compares the
‘ .” o v - signal representing’the flow ,
, e v .Fiqgre 9, uFfow"control'process.' v 'ﬂoantity to the reference -
oL N . Z(or set poirt) valve. Then )

the contro]Ler generates a s1gna1 that is a funct1on of the’ error's1gna1 and

- . . -

Page 16/1C-01,, . . - .-
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? transmits a signal to;the.éon%ro1,va1ve, ghich requlates the flow quantity /
to the: desired value. . ‘ . -

. The contro] of pressure is, not as common in most process applications
as liquid 1eve1 and fluid f]ow, but is important in some_ app11cat1ons. The
pressure gpntro] process of Figure 10 has the same fundamenta] contro] char-
acteris;1c as other control processes. The student should be able to 1den-

~ 7 tify the control components and describe the control principles and opera-. .
tion of this s&steﬁ; it s similar.to flow and level processes previously

. described. . : o ;
t, ' PRESSURE~ - . -
’ CONTROL VALVE ‘| . e'
' \ ' SET POINT PRESSURE - CONTROL
. - . PRESSURE MEASUREMENT
REGULATED . ..
. MATERIAL ® INTO
THE VESSEL N ) .
- 9 . )
LAY -

PRESSURE VESSEL com'aox.l.sé AT DESIRED Paessuae

A EEMH*) o

) o ‘ PROCESS LOAD OR DlSTURBANCE VARIABLES !

»

P cos Figure 10, PreSSUre-control process. .
\ , : ‘ . . , Q ‘ 1)
The process in Figure 11 coutro1s temperature by regulating thj flow of

steam through the heat .exchanger. Th1s process though” operating on the . "

-

R4
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same princip]e of feedbach

as those previously de-

scribed,. has. a significantly

‘different dynamic chakacter-

istic. This characteristic
is the ability to store -
energy. When the control

valve changes the “steam ‘Flow N

into the heat.exchanger, the

Page 18/1C-01 & ‘ . e

temperature of the product -

does not immediately respond-

‘ .
Figure 11. Temperature-control process. to the change in input ener-

gy.
Then the, energy must be transferred to the

~

The steam must first
heat the tubes of the exchanger.
process materia1 which then transfers the energy to the temperature trans-
mitter, The time lost between a- .decrease in temperature at the transm1tter °
(caused by a/load increase) and the resulting.increasé in product tempera-

ture (resulting from an increase in steam flow caused by the contro1]1ng ai;

tion of the control system) are-considerations that make the temperature

process a difficult contro] situation. . ’ - (/q

-

N S N

DEAD TIME AND LAG TIME . .

Temperature processes can absorb and store more energy than other pro- &

cesses. However, they can also exhibit much dead time. To .better-under- -

stand the temperature process of Figure 11, assume that the product f]ow1ngd
out is heated to the desired temperature, wh11e steam flows }n at a constant
rate. Thea;ﬁvariab]es Aare c0ntrol1ed by the valve regu]at1ng the flow of )
condensate out of the heat exchanger. If the product flows into the ex-
changer at a constant temperature~and flow rate while the above conditions -
are maintained, the temperature of the emerging heated product is constant.
This is not usua]ly the case, however,. because processés do undergo load
changes from time to time. If the flow of cold product into the:exchanger
varies (decredses, for example), the temperature of the emerging hot product

1 . . .
intreases because the prpduct absorbs more energy’from the\steam. .




e
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when the temperature of thé heat.product.varies, the varjation is de-
tected‘by a deviation between set point and process variable, generating an
error signal at the contro¥er inpot. VThe contro]Ter output will change
based on the error signal (the d1fference between set po1nt and process
' variehle)* caugxng the control valve to repos1t1on. Th1s changes the flow
of steamlinto the‘heat exchanger. In some processes, the charige in manipu-
lated variable has a sudden effect on the process. However, in the tempera- -
4 _’ ture process, steam must first change the'temperature of the exchanger
. tubes. Then the exchanger tubes €hange the pcocess temperéture. .Thé trans-
~ ducer-of the temperattre transmitter (that portion of-the transmitter in
o contact with the product) must absorb or release energy (depend1ng upon an
Jﬁ<(‘ 1ﬁcrease or decrease in product temperature) before a change in 6utput s1g-
% _' (hal can occur. The time lost in the transfer of energyRTﬂ\the\process is
, “‘dead time - or transfer lag. Transportation lag, ‘also known ‘as Jlag.time, is
the time lost t0»how long it takes the transmitter and error detector to
generate an ‘error signal that will cause-the contro]]er to respond to the
var1at1on in the process variable.~ The terms “first- ! and 'se;ond-order
1ag" have also been used to definé dead time and lag ¢ime. Temperature pro-
cesses have,greater amounts of dead time and lag time, making their contro]
more difficult.

. C
. The'pr6CESchontrol systems described in this module - liquid level,

fluid flow, pressure, and temperature - are all feedback control systems. [ K ."
The "feedback" is informgtion’derived from comparing the value of ths pro-
cess variable to» the set point, which is"transmitted to the controller.
Ideally, the controller'output causes a repositioning of the final contro]
element to achieve or mgintain a.balance between supply to the process and
~ load on the process. Fo]]ow1ng a load chapge, the contro]]er-output should

»

cont1nue to‘ma1nta1n a ba]ance between supply aﬁ?‘demand until the process >
Is returned to the set po1nt. .ot .
The information that is fed back to the controller in these contro]
systems can be via manual: action on the part of _a person and on a periodic
_ basis. (open- 1oop control) ‘or can be through 1nstrumentat1on that allows > .
immediate and constant response {closed-loop control). There is one draw:

back to these control, systems: a change in process ér a deviation from set '
[ . “ . . - ' / ." P o‘—
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jpoint must heppen before the controller can také.cotrecttve action. The
material'and/or en{;gy that is to be controlled must chéﬁge before the con-
troller will correcy for a load _change or other dlsturbance var1ab1e. This
sdmetimes 6iec1udes *the use f-feeﬁﬁ"‘—*-ntrol However, in most s1tq§-
tions, this problem can be overcome by the correct design and application of
"the feedback' control system. ¢ ’

Y

.
Y

EXERCISES

1. For the temperature proceés in Figure 11, determine the proper vatye
operation and controller action to provide both high- and low-tempera-
—fure fail-safe operation, Complete Table 2.

TABLE 2. * VALVE OPERATION AND CONTROLLER ACTION.

~>

N Fail #igh Fail Low

.

) Valve Operation

Controller Action

¥

Rn ’ ~ LY

Draw .a temperature process s1m11ar to the one in F1gure "to control
temperature by adding cooling to the process-instead 6f heat. This can
- be done by regulating the flow of cold water thnough the tube of the
heat exchanger., Select the proper va]ve operation and controller-ac-

C::E?Eﬁ~to prov1de for both fa11 safe high and fa11 safe low operation,
Complete Table 3. " '

TABLE 3. VALVE -OPERATION AND CONTROLLER ACTION.

Fail High [ Fail Low

"Valve Operation

\

F .
Controller Action

-
-
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WLABORAT%ﬁY MATERIALS |

« . Y ‘

O

[y
1

" Pump (Py). An e]ectr1ca11y operated pump that will de11ver 10 to 20-gal/min:

flow aga1nst a 20- ps1g head pressure.

Two contro] valves, d1aphragm-operated by 3 to 15 psig. The valves can be

s1ng1e-seated air-to-oper or air- -to-close, with a 1-inch body and

1/2- 1nch trim.

R A
A
*

Two strip-chart recordipg, controllers with fast (1 incﬁ/minute) and slow (1
, inch/hour) chart,spéeds. The controller shoq}d be pneumatic, with con- y

ventional 3 to 15 psig input and output. _‘ . £
Two 20-gallon tanks to use?ﬁ?the'reservoir and process. The reservoir

should be flat, about 10 to 12 inchés high. The cylinder used for the

process should be about 8.feet high and 10 to 12 inches in diameter. . '

One level transm1tter that has an adaustab]e range approx1mate1y 0-20 to

0-200 inches HZO and pneumatic 3 to 15 psig input and output.

One flow transmitter (with integral orifice) approximately 0.250 inches that
D / -

has an adjustable range’ approximately 0-20 to 0-200 inches H,0.
Assorted hoses, pipes, tubing, and wiring that will be used to connect the

process and instruments.

»

AA—

LABORATORY PROCEDURES -

o

1. Use a combination flow and level system as shown in Figure 12, and

1dent1fy all components including the fo]]ow1ng

a. F]ow transm1tter, T1e
b. Flow control]er, Ci.

c. Flow control valve, V;.

d. Level transmitter, T,.
e. Level controller C,. ‘
f. Level valve, V,.

[

V\

Connect the-process as shown in F1qure 12 and install the 1nstruments.

[
¥
Lo

\ PN &
¢

v
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’ "FLOW 2 FLOW CONTROL . -

- TRANSMITTER f( : S ‘
FLOW- CONTROL VALVE : _ .
nm - |
" - = : .
LEVEL PROCESS TANK .
b - ) %
~ ) ) |
‘ \
ET POINT : o
LEVEL LEVEL: .

- CONTROL, . TRANSMITTER

Yl

— LEVEL-
N . . CONTROL VALVE

-

4

{ .
FTgure 12. F]ow-]éﬁe’] process.
’ |
/

2. By referring to equipmént instruction/ manuals, connect the instruments

-

. as indicated by the drawing in Figure 12. With the controllers on man- .
ual (or hand) control for open-loop control of the process, position , .
the flow and level valves. Note the valve operation as signal-to-open ‘
or signak-to-q]oseﬁv,' - "

3. Using a wh}er.hose or’ other water source, fill the water ﬁ%%ervoir. .
4, Close Vp ith the level controller in manuad opefation.



Open V; half-way. The ha]f-open valve posftion cah be ascertaineaéby .

‘ﬂ

gbserving the position indicator on the valve. ,
Start P and estab]1sh the flow into the tank at a nqminal value of 20%
to 50% as measured by the f]pw-measuring 1nstruments. ‘

With the flow maintained constant at the value established.in Step 6
monitor thg/4exe1 of the tank by observing the 1eve1-measurement 1nh
strument. sl

When the leve1 reaches appfoximately 50% of itsﬁmaximum va]ue,ﬁgpen‘Vé

~ with_the ‘manual’ “adjustment from the level contro11er. By repeated ad-

Justments as’'necessary, determ1ne the proper valve open1ng to ma1nta1n

the 1eve1 at a constant value of 50%..

By comp]et1on of the procedures to this point, V, has been manually .
controlled to maintain a balance between supply (the water entering the
tank) and demand (the water leaving the tank) on, the 1eve1 process.
+Increage the flow into the tank by “about 10% of the max1mum amount, and
adjust V, to matntain the level at its or1g1na1 va]ue.

Decrease the flow into the tank by 20% of the maximum vé]ue,‘and ddjust:

V, from the 1eve1'contr011er to-ma1nta1n the 1eve1 at the or1g1na1 _

value, . - : Tt
d12. By comp]et1ng Steps 10 and 11, manual or open-loop contro] of a process

" to compensate for load changes has been aqhievedamxerxv

13.” The procedures for this exercise have been completed. “Secure all
equipment by stoppipg Py, .closing V}, anq opening Va. This will return’
the water to the resefvoir. . ) '

&
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Automatic control system:- A control system havind one or morglautgzgtic
contro]iers connected in closed loops with one or more proces

Control system' A system in which orde or more outputs are forced to change
' 1n a desired manner as .time progresses.

o Contro]]er.o The decision- mak1ng component of the closed 1o00p control sys-
teg. It compares the actual’value of the process var1ab1e(aga1nst the
désired value for the process variable, and transmits ‘a control signal
that, uill.act_nnwthe_manjpu1ated var1ab1e*1n such a way as to minimize”

- the d1fference. -

D1sturbance variable: Undesired command signal in-a control’ system. ' i

.1 Error signal;,—Fhe—difference between the desired va]ue of the process vari-
’ able and the actual value of the process variable.

. ] Fail-safe condition: A condition to which a process will return or be main-
. . tained upon the failure of any one or all.control devices. The condi-
tion must be the ledst hazardous of all possible conditions. ™

. Feedback: Information in a closed transmission path about the status of the .
! C process variable; -generated by the measuryuq means; transmitted to a
controller that regu]ates an input variab e to maintain the process
variable at the desired condition.

Final contrdl element: *The c0mponent of‘q contgol system that regulates the
man1puTated‘var1ab1e. 8. _ 49

nitors the pro-
The informa- N

Measurlng means: '\ The instrument\\r inst ument system that

cess and supp11es “information o thé=controlling means$
tion is used to ascertajn the actuyal process condition.

Man1pu1ated variable: The input variable to a process that direct]y affects

-
- S

ﬁ the -process variable in a way to ma1nta1n or achieve a desired condi~. -
/ tion., .. L Lo - .
' Open-1oo0p, control system:’ A gontrol system in which the on]y regulation of ;.
; input variables is accomplished by manual control with little regard ° ,
. for the, actual condition of the process. , :

Process: A series of continuous -or regu]ar]y-occurring actions taking p]ace
in a predetermined or planned manner for the purpose of obtaining a de- |
sired final product. © R

N

L Prerss,control. Manipulation of the cond1tions of a process that bring
R about a desired change in the output characteristics of the progess. .

‘Pro'esskcapaciiﬁ The “characteristic of a process that enables it to retain
or Store Materdal .and/or ‘energy, '

‘Set point: Thq desired value of a process variable that we wish to reach or
maintain during the opQration of the process. . S
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1. Def;\e the- fo]]ow1ng terms :.

a.  Process. . :
b. Process control. 7
c. Open-loop control. ~ R )
d. ~ Closed-loop control. o
e. Negative feedback. T ) -
List the components: of a closed-loop contro] system, and explain the
: operation of each —
Explain the purpose of a closed-loop control system, and explain the
operation by wh1ch this is achieved. ’ ¢ )
Explainm process dynam1cs. ’ ! 2 ) T
List four processes nsrma]]y controlled by automatic feedback control
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" tions are scaled to repre;EFf“kﬂeanggggtities of-measurement.values. \\7

T INTRODUCTION - -

Most control systems in present use ut111ze the concepts of automatic
feedback contro] The foremost prerequisite for feedback control is mea-
surement of the variab]e to be controlled. Essentially,.any medium that can
be measured can e controlled,- and that which cannot be measured cannot be '
contro]]ed. ‘Regardless of the soph1st1cat10n of the control system, the ’
control quality -can be no better than the measuring means. .
///f,ﬂf the four basic process types - pressure, 11qu1d level, f1u1d flow, R
~and temperature - pressure measurement is the most fundamental be599861man§ .
of the variable measurements depend om\1nferred va]ues from pressure mea- ‘ :
surements. This module deals with the fundamenta]s of pressure measur1ng
instruments and exp1a1ns the methods of using these 1nstruments to measure
liquid level. Level-measurement instrumeft§ that are not based on the prin- .
ciples of pressure measurements are also covered in this module. Discus-
sions are inc]udeg‘tggthstress the means by whjch instrument output indica-

L - T EREREQUISITES

= ol
— < w6 K

.- e =

The student should have -a basic understanding of algebra and physics
and should have completed Module IC-01, "Principles of Process Control," df
Instrumentation and Controls. & - -

\ | _OBJECTIVES

a ~ a. Pressure.’

and 55;%3;2 of process measurement. B
‘ e -
2. List the staqgird unit of measuremf:t/ﬁo;fthe fol]owfhg processes:

~y »

A LI

b, "~ Liquid 1evei.
. . . S
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State a theory measurement .for each of the processes listed ]'n.Objec-

.

tive 2." ® -
4, List the opérating prinéip]e of an‘instrument that performs fhe“mga-— .
- 0 surement- of the processes listed in Objg;tive 2. . - Lo

-

5. Explain the concebts of instrument spanning-and c‘aJibr“ation.

. . 6., Define inferred measurement. .

o

- 7. Perform.a calculation ®hat relates pressure to level® measurement, -
- -8, Describe the calibration phocedure for instruments ysed in measuring

S

the proces&es listed in Objective 2.

K
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. R | SUBJECT MATTER

L4 - r
M"QUALITY OF ,THE SYSTEM
g

A1l of the components in a c]osed loop contro] §yst%m are of equal im-

portance in that the absenceor malfunction of any one component will cause .

the system to cease operat1eh However, the deqree of success that & system
obtains in control of a process is influenced most,strongly by two compo-

nents; the measuring means and‘the control1er.
actual condition' of the process, automatic feedback control cannot be

achieved.. . This feedback- signal established byiiﬁé\tragfm1tter (measur1ng

means) generates the error s1gna1 through compar1son w1tﬁftﬂe‘;et po1nt and
provides the bas1s of corrective action to te taken by the control]er.

Because the feedback conZ;ﬂW]er "action is initiatéd and actuate% by the

of the control sy§%§ﬁfcan never'surpass that of the measuring means. Con-
trol quality depends not only on the “static’ accurdacy of the measur1ng in-

‘The trans-

strument but on the dynam1c accuracy (performance) as well.
m1tter will respond to process chgngescas fast as _progess var1at1pns occur
f)uent the correspond1ng centro]]er act1ons from being

in order to

_delayed.~h

quick to respond to changes-in process conditions, lag time in the control

ile pressure-, 1eve1-, and f]ow-measur1ng deV1ces are generally

systems caused by tﬁe*longer response time of temperature‘measurement can

-
~

present serious prob]ems in control dhﬁ]ity. o
The control quality of any control System is an expression of how ‘well
. the system is able to maintain the process variable at the set. point.
ab]e(to make this determination it is. nesessary to have a means of makinge
measurements. Measurement is the compariggn)of one quantity to another spe-
cial.quantity that is accepted as-the reference or standard quantity. No
cbmparison can ever be exact; there will always be a,difference between ‘the
.standard and- the other- qUantity, this difference is called an error. The
sma]]er the error, the greater the accuracy, and a higher accuracy feans a
better contro] quality. . 3 .
For our 1ndustr1a1 processes to be efficient and reliable it is vital

that measurements have 1ntegr1ty - a dimension that is measured and‘?ound to

.
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Without measurement of theé ‘

feedback signal from_the measiring transmitter, the overall- controFquality — -

To be
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‘be one inch at one site should be found to be. one inch at all other sites.

To ensure this, the standards for all measurements ‘in the United States: are
listed with the National Bureau of Standards (NBS) in Washington, DC. The
standards maintained by NBS are called prdimary standards; other organization
and companies have their own copies of the primary standards - cé]]ed'seconl
dary standards. The secondary standards are ctompared perfodica]]y against
the primery standards and arg used as comparison for tertiary standards
which are copies of the secondar§ standargs. This chain of topies, sup-
ported by periodic comparison, provides a means of ,traceability that ensures
~a conformity of measure throughout industry; thu an“automobile part manu-
factured in Michigan will have the same dimension$ as a replacement part
manufactured. in California. X l '

‘A maJor concept that must be cons1dered when measurement dnd the integ-
rity of measurements are d;;@bssed is. accuracy-- Accuracy is -defined as "the -
closeness by which a measured value co&forms to.the actual value." Test in-
‘struments_are-used to determine the values of the pihQcess variables, and
each has its own accuracy. The' accuracy of an instrumpnt or.of test equip-
ment is expressed by the percentage of uncertainty of -pny read?ng'taken.

o Care must be exerC1sed when a measurement TS made with -a test 1nstru-
"ment that. uses a readout that has its uncerta1nty expressed as "plus or

‘<31nus a percentage-of the full scale reading." The dangers that can be.h?d- _
en behind this statment are shown in Example A below. ‘ .

~ P,

-

—

EXAMPLE\é‘ METER SELECTION BASED ON ACCURACY REQUIREMENTS.

A process variable is measured by a vqltage 1eve1 and must be

ma12ta1ned,within 3% of its set point of 50 vo]ts. There are two

voltmeters available to perform the measurement. _Both meters -
have the same range values: 0 - 1 volt, 0 - 10 vplts, and.O - 100
Nyolts. Meter 'y hay’a stated accuracy of + 2% fukl-8cale read-
ing. Meter B has a stated accuracy'of 1% full-scale reading.
Which meter will ensure that” our measurements of the set point ¢

will be within 3%.

! B ¢

—
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Solution: . It is obvious that, regardless of which meter is used, the high- B
s est range (0 - 100 uo1ts) must be.used ‘Ca1cu1ate the uncertain-| -«
ty of a 50-volt reading for each meter -
3 Meter A oY

.

t

. Reading = 50 volts * 2% full scale (100 Jolts) !

50 volts ¥ 2 velts D ; fo -

Thus meter A could read anyth1ng frém!48 volts to 32‘yolts
- for an actual 1nput voltage of 50 volts. vt
Méter B - - I \fQ . .
50 volts * 1% full scale (100 volts) - o :
50 volts * 1 volt , s N R

i+

Reading

Thus, meter B could read anything fﬂom 49 vo]ts to 51 ‘:/olts
for an actual input voltage of 50 volts. '

Notice that ‘we must have -an uncerta1nty less than 3% of 50 vo1ts,' \ ’
or 50 volts + 1,5 volts.. Meter A has an uncerta1nt§\of 2 volts, | \ _‘;'
"> _ which is 4% of 50 volts, even though it had a stated accuracy of \ ;
- 2%. Meter B is the on]y ‘meter that w111 énsure that our measure-| o

ments will be within 3% (1 5 vo]ts) of the set point. b \i

!

B v \
- _‘; » .. Itis ev1dent that more 1nformat1on'1s ngeded about mefasurement. devices - \ .-
) than<just to say they are 1% or 2% accurate. A person should know what the, - \ '
ual reading, or what. The o

' percentage is in reference to - percentage g
L

i) v
most accurate readﬁngs will be those that a in the upper third of : \ .
the range when the perceﬁtade is of fu]] s \\\E S T

- the qua11ty of measurements, it is 1mportant that you he exposed to what ” Wb
, ‘measurements will be made and the factors relTated to those measurements.

LY

‘.. .- . \

PRESSURE MEASUREMENT ~ * . - - - % I
( 4 ! .
- . < 4 ; R
N Pressure may be described’gﬁ'a force acting over an area.~wMa;hemat§§ L0 \
- ‘tally “the most comm&nﬁequatiouﬁfor pressyre is: ’1{ . . - .
) | A \‘ q %“éig e
. ot _ . ) b . B ‘f - TN ' T ;
A : I oL R
4 . 2 ) a\‘-\ ‘ . /
L . (' N o o . j‘
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’ P =F/A A: Equation 1

L]

. where: F = force. A e ‘
", = area. - “- ﬂ} . B
= pressure, 7'
B The stahdard units of measure used for pregsure-are determined by the system

_ of measure with which a person is working. According to the International
N System of Units, which s based upor the old MKS (meter-kilogram-second)
) system, pressure is measured tn units called Pasgal (Pa) where 1*Pa = 1.
. Newton/square meter. This- module will dea] primarily with the English (or
foot pound-SEtond) system of measurement where pressure is measured in units
_, of ps1 (pounds per sguare inch).
Everyone is subJected to pressure but is unaware of it. Man has i
‘ . evolved <in an env1ronment that is under constant pressure - the we1ght of
b . the a1r 1y1ng*over everyth1ng. At sea level this we1ght of air results in a .
pressure of 14.7 pst. We are not aware of this atmospher1c pressure because
- the force of the air pushing in is balanced by other férces in our badies .
. . pushing°dut. A building is unaffected by the pressure because the f:Ske of
the étmosphere pushing in on the outside walls is balanced By the force of
the atmosphere-inside the buitding pushing out. * Awareness of’pressdre oc-
curs on]y when there is an imbalance of pressures, and we observe the
*effects.’ T ~ \
Measurement cdme about only after men became aware of the existence of
‘the quantity and realized the importance of measuring 1t. Pressure was
recogn1zéd as a quantity ¢hat cou1d be measured on]y after the effects of > ™
unba]anced pressures were obserVed For examp]e a ballgon can, be inf1ate?¢7ﬁ
because we 1nject air with a pressure that is greater than the tmospheric
g pressure, the balloon ceases to expand when the atmospheric pre re {s bal-
" anced by the pressure of the air inside the balloon. A building thay is
: c1osed tip w111 explode when a- tornado passes over it because the pressure:
inside the bu11d1ng is greater than tﬁe pressure outside the building.
The same thing;that g1ves us our- awareness- of a quant1ty that can be
’/ggasured also -gives. the means by'which to do the measurement. We‘@easure

4 . ~ o

-

\ -

- : - . - .
N - - .
v } . \-

-
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'8 pressure by’ comparing an unknown pressure againgf a different, known pres-
sure; we observe the effects of the unbalance on,  substances or an quect.

. The known pressure 1s the reference pressure; it is the standard against’
which we measure. TRe ideal standard would be zero pressure; however,
aghieving a zero pressure (a perfect vacuum) is theoretically impossible, as - -
‘this would require that there .be no singie atom of anything present in de-
fined volume 'of space. Even the space-between the.planets is estimated to
have at least one atom of hydrogen per cubic meter of,volume; Due to'modern
technology, it is possible-to approath a vacuum near that found- betweeh the,
planets; becauselof this’g
{s approximately 14.7 ps1.

Due to the diff1cu1ty in obtaining a good vacuum, the most common ref-
erence used to measure pressure is that of the atmospher1c pressure in the
1mmed1ate vicinity of the measurement 1nstrument - this is ca]]ed the am--
b1ent pressure. So that we can d1st1ngu1sh what the reference of a measure-
ment is, a convention of notation has been adopted. When a measurement is
made with respect to ambient pressure as the reference, the va]ue is+called™
gage pressurey, and the units of.measure are wrrtten as psig (pounds per
square inch gage). When a measurement is.made with zero pressure as the
reference, thé value is called absolute pressure, and the unit; of measure

. are written as.psia (pounds per square inch .absolute). Absolute "and gage

pressure measurements\are related by the equation:
: ]

] J .

Pabsolute = Pgage * Patmosphere Equattion 2
P¥psolute pressure in units of psia.
-Pgage = pressure in units of psig
Patmosphere = pressure in urfits of psia.




| .. :
i’; : 3 -
? \ .
t é; - - T T e \- " . T
| ‘ o L o, . Ambie gt pressure is deter-
i . . 22.0 pwe . :
| e 1 oms 1 { iFFeRENTIAL mined by the latitude, alti-
| T =0 . .
. w b tude, and gravitational ac-
| ] . . .
: 20 - celeration of the location,
) < 20 L R DR Most iffStances do not re-
a < {GAGE PRESSURE) 10.20m he
¢ w0 b . quire a knowledge of the ab-
g 00 . 4+ 5.0 ouq (ABSOLUTE PRESSURE) solute pressure, therefore -
F) w - \
Lo 'E 0 L ATMosPReRIC it does not matter; it is
. . i
§ 120 + R the difference in pressure
< ot that matters to the pressure
' 2 ) ) ages. Figure 1 illustrates
| ] 1 gag .9
LU . how the different pressures
: o T are related.
20 T )
/‘ - ] - PERFECT VACUUM ‘
Figure 1. Kinds of pressure (examples). ) °

LIQUID MANOMETERS

The ‘term "manometer" is a name given to pressure gages capab]e of re-

sponding to sma]] pressure changes. It is der1ved from Greek origin - the
o~ term “"mano’ mean1ng thin, or rate, and the term "meter" meaning to measure.
‘ ‘Therefore,'mandﬁeter(probably once signified a gas or vapor gage; put, to-
day, it.is generally accepted that a manometer signifies a liquid-type gage
’ used to measure low differential pressure. Though, sometimes used as a pro-
. cess-measuring 1nstrumentggmanometers are most common]y used as accung;e
. seéondany standard calibrating Jdnstruments in laboratories. The two general
‘ types of man&meters are U-tube and bell. Both have similar operating prin-
ciples, but the U-tube is discussed in the following paragraphs.
cThe U-tube manometer shown in Figure 2 is constructed by bending a
‘gtass tube;into the shape of a U, filling the tube about half-full with a
liquid of known specific .gravity (deasity of liquid/density of wa?er), and

= ’ .

nd o / 4
- w §§
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GRADUATED
* LINEAR SCALE

.“\

ZERO REFERENCE LEVEL 3
WITH EQUAL PRESSURE 2 :
' ON EACH TUBE R ‘
N \ , 0 . o
' @ 1 +
2
3~ ‘
4
. y\ 4 / R B
\g \ =%
- _’,'/ - "" a. A manometer with squal pressure appiled on each tube, .
- | GRADUATED
- .o —_— ] . R LINEAR SCALE
4 HIGHER Pnessu%i cEAgses s 4
LEVEL TO DECREASE ON
. HIGHER PRESSURE HERE{ | THE HIGH-PRESSURE TUBE 3
CAUSES THE L1QUID AND INCREASE ON THE ;
LEVEL IN THE TUBES LOW-PRESSURE TUBE » 2 .
TO BE DISPLACED ' ) ] 1- ¢
i, i \ ]
. E A 4 -0 - ’
' . \ = 17 [
. " \ . by -
\\\\ ;
\\ . S VS : 3
. - ] " . x .
) \\ . 4
— g b e , 1 $1X_UNITS OF LEVEL ;
4 DISPLACEMENT CAUSED ; '
. b, A manometer with different pressure 8Y THE UNEQUAL PRESSURE ~
\\ applied on each tube. ON THE TUBES ‘ .
\ . . .
. . .
i Figure 2. - U-tube manometers.
marking a scale to measure the displacement of the liquid level in the fwo -,

- legs of the tube. With equal pre%surq applied to each tube, the 1iquid in
ééch tﬁbe will be at the same 1eve1 When there is a difference 1n-pressure
on the two tubes, the 1iquid level "in the tubes will be displaced, and the,%\
amount of the displacement (distance between 1evels) will ‘be proporti&QaI to
- the differepce in pressure. The relationship between the amount of - + s
displacement and the pressure difference on the-two tubes can be explained

by referring to Figure 3. /- : , 0 ;
v S

-

~ . .




3 . . B -

1 CUBIC FOOT OF LIQUID,

L . : ' WATER WEIGHS 62.4 POUNDS
A N , [2
. <
. ¢ "
T -
o I o P=Fia .
RPN . Afares) = 15 ft R
. d A =1ftx1fe
’ . =12infx 12 in M
, , ta ft A = 144 in?
- 1 foot = ' o
12 inches F = 62.4 pounds
g e N\l P = 624 Iby 0 ;2 ) -
- ' N4t = 12 inches——SN P = 0.4333... psi

.
- . . . ]

Figure 3. - Rel'at.ionship between préssure and e column of liqulids

jgrom Figure 3, it éen be seen that a one-foot column of water exerts a .
pressure ‘of 0,433 psi. By dividing 0.433 by 12, the pressure e;erted by a
column~of water one inch high is 0.036 psi. These values - 0.433 psi/ft
water and 0.036 psg/in - provide the basis for using ‘the displicement of a
column of liquid to measure pressure, Th1s is termed "head-type pressure
measurement" because a column of liquid “is commonly called a liquid level.
T ‘ In manometers, water 1s used as the Tiquid to mea!tre small pressure
, « difference; but ,for large p%essure measurement’ the watericolumns wou]d be

R U 3

s e

too high. For examp-'{e,. atmgspheric pressure (14.7 psi)~would cause a column
of water to be’ disp]a.ced.33.9' ft as seen’ by the calculation: -

~

.t ] ) ) - ‘s;‘z ! ’ - . " ) -
- 14.7 psi  =.33,9 ft C o

}1' ’ 5.33_3 psi/ft ) A . " - ‘

‘ . g, . . [ B ‘ s -
. To measure higher values of pressure, heavier Hquids aF&uséd Jn '

. manometers. 0ils heavier than water sometime§ are used, for this purpose,
'hOWever, mercury is most commonly used. The specific gravity of mercury is
13.55, and a pressure will displace a- COIUmn of mercury. 1/13 55 the distance
that a column of water wou1d be displaced. Or, this may be stated as fol-
. lowd: -For equal values of displacement,, pressures 13 55 times greater can W
be measured by using mercury as the Manometer 11qu1d’ The following formula

B » .
! A . &

. -
%

. . Page 10/IC 02 .
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s

can be used to express the reldtionship between 1igujd head displacement, -

ressure, and 11qu1d specific qravity : ' s
- = —P— ‘Equation 3
' 9.433(6) - . .
yhere ;_gufd displacement in feet. ' VoL o~ . N
B - P -mPPESSUPe, in 1b/sq‘in. ~ T .
‘ nG = Manometer 11q01d specific gravity with respect to water, i
0.433 = A constant that is the pres“ure (psi) of a one-fbot co1umn .
- of water. . j , !
Example B”shows a ¢alculation of pressure using Equatfbn 3. .. o _
. ¢ - - »/l . o w;
. (. EXAMPLE .8: CALCULAT ION OF PRESSURE . ) ‘ '/,»J
Given: A liquid.with a spec1f1c ‘gravity of 2 48 The1}61uﬁu’6f”11qufd Ty
. is 43 ft. e ¥ o ) ;
Find: The pressure, 1n psi caused i)y the liquid column. ' f\ .
Solution: Us1ng Equation~3'end solving for P, ’ o f{‘ ; ’
p=h (0.433)(6) r : Ty
43 ft (0.433 1n/ft)(2 48) . R PR
) . = 46,17 psi. : . R A
o o g s 2 « 4
PRESSURE TRANSDUCERS . -
: ‘/;, . 7
Transducers are devices that transform one form oz\energy into another '
form of energy that is mon “usable. A basic,.broad clags _of transducers are % /
the Bourdon t&bes. Thasaﬁsre\p(gssure elements thaeﬁtransform,pressure into
mechanical mdvement or motion. ' ‘ S ) '
Bourdon Tubes and Pressure Elements k ) ’ B .
T - - ~~

There: are severa1 types of Bourdon tubes used as pressure transducers.u
The most common1y used 1n process pressure measurement -are’ 'the fo11ow1ng

<
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FREE END (TIP)

3 A:.',_  C-tube, e N e ." - Cote ) . K
v .= s Spiral. " ' ‘ | RV
T e Helical. . \"”’/ ’ . B
Pressure e]ements\th'pt:are co Lare the foll&(jng‘
« Diaphragm. i ) Z
R ’ . z,eﬂows. - N ) ST S
' - apsule. . N = B T 0,
, . T . rR . .

. LBo rdon tubes are: constructed of a th1n, springy type“&‘; meta] that expands |
h'e‘ms e 1s applied and returns to' its or’igiﬁ@ﬂ gthape when the pressure - ‘
is removed.(Yisaally, -one-end of the Bourdon tubeyisX fixed,"and one end s~ T -

' free to move. . ment (t?&trave]) results at the free -end (t'lp) when o ‘
. pressure is appHed to the@open fixed end. The movement p'roduced by the .. .
B o Bpurdon “tubes’ ﬂ in FigurQ‘lay\vary from one«fourth of an: 1ncﬁ to.a \' ' }1
R \ - ' MOVEMENT AT . - . av-.  MOVEMENT AT | |

FREE END (TIP)
: : e . . b Flat spiral

! APPLIED FLUID
* PRESSURE TO
BE MEASURED=

PRESSURE APPLIE[?
N TO FIXED END N

.
i L]
‘s
X, T
N "
= T — e

\ ’ ) 3‘. ' " ’&A A ‘ ‘ ‘ .
:\“‘m}j‘ B l "'l' 2 A ey
L., ’ / ’ { .= émecenp 3
S PRESSURE APPLIED ¥ 0 . , *PRODUCES MOVEMENT s
" T FIXED END. s S oo PRODUGEMOVEMENT L

- .ﬁF'19ure-4. Bourdon’tub‘es.' .

-

.few-thousandths m/\This movement conforms to Hook' s%u, which
state, the foﬂowing' thin elastic limits, ‘the free end will experience a

that is pr0port"ona1 to the fluid pressure applied to the f1xed
. . -

moveines

' - end, .
.\ T e C~tube is perhaps the most common of:all Bourd}m Sube tyﬁes«.m—l—t«i-se—* 1

T ‘ (ge\eraﬂy easier .to manufacture--to uniform standards a‘?im large quanti- 4
\tias._t\us it is Iess exeeﬁve' C-tube Bourdon tubes _can be made to occupy -
—~ small, shaﬂovapaces, with enough depth to allow-legible dia]s for pressure

= .

. .
et ~ ™Y W

) ‘ngem/rcoz T o : .
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- . . . ‘ K

\)‘ ‘ . ’ . 4 . N ' .. N . ¥




gages and other 1nd1cat1ng instruments. “Less fip'travéﬁ is common-for the
C- gﬁpe when compared ‘to the tip trave] common to the, he]ica] and sp1ra1 )

‘;types of'gourdon tubes. The t1p travel. for a C-tube is norma11y restr1cted
< s to” 345°. This tip travel can ‘be amplified by an arrangement of 1ink and

T-ever devices or’

cter-pinion gears, and can be used to position an-indica-

" < -tor hand, or pointer, on -a pressure gage,

Amp1ification of the free end tip

' travél is not normally used in pressure contro]]ers or transmitters. The
unamp]ified motion is sufficient to position a f]apper with respect to a
_nozzle for " pneumati evices. or 'to move am 1ron "s]ug“ in a linear var1ab1e
differential. transf§§;gr*ftV5T) for electronic .or e1e<%fT—a1 devices. The, o -
operating pressure range of C-tube Bourdon, tubes is from—a few pounds to ' '

L4

o, severa] thousand pounds pér square inch, Tube construction - usually the «
L. ‘thickness and type of materia] - determ1ne the pressure range, .
Spiral and helical Bourdon tubes pr6v1de more tip trayvel and are gener-
"ﬂa11y—more-sens1t1ve to small pressure differences than the C- .tube types. :
The operat1ng‘range‘of a spirgﬁ or ﬁé]ica] Bourdon tybe can be fromggrﬁew"““é7=’
fractions of a-pbund per square inch ofipressure to around 500 poun per

square inch of’ pressure. ' . < - - .

3
< N

~ y ; v ‘- £y
A
. ) . .
—_ e s nt - A4
- - - ~Préssufe—E%emexts
) )

t ) T
, o Pressure elements, are mechanicaT‘devices used as pressure transducers

~ - =

- 1n app]ications where 4ower preSSure ranges are preva]ent and greater accu- . .
* racy s required. While.Bourdon*tubes are used in gages and préssure.’sen-
. sors or transmitters for higher pressure app]ications, pressure elements are
used in transm1tters for 1owér-range serv4ce (usually less than 100 psig)
and for receiver instruments (such as contro]]ers, recorders, and indi-
.cators). : . . : L Coe
/ , v . . I v ‘
"> Bellows are made of springy material| formed in the shape of a thin-wall )
tube. The tubé is then worked to form dedp nvolutions, which allow the ' ‘f‘if\“*
tube to expand much like an accordion. Bellows have a sealed epd and an
open end, to which thé pressure to be measured is applied. 'Théggi;FEEZZ of .
pressure inside the bellows forces the bellows to stretch, produeing a mavé;c_.,
ment at the free end. Two bellows can be situated so that the movement of -~

L

Y
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. . . “‘..\;..\?Q“\;z‘ ‘[ . LY ,
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. - \\\\
; ¢ , - . \"\ v
:{7WA T one 1s in opposition to 'the d1fference of the.two pressures. This arrange-

ment is used in the measurément of differential pressure. Figure 5 shoWS
. «, two be]]ows that arg used for préessure and d1fferent1a1 ~-pressure measure-

, ments. - o ~ s

x" . | ) & ) (} *

, Lo 9 . ’ A .
X o/ . . : .. MOVEMENT =55~ L
- ; { . — 7 "1 Pzz : ~

APPLIED PRESSURE TO BE MEASURED
. " -

o

| - . . 43‘*- .3 -
) MOVEMENT .
+ C- ) . . L
. \ E .
' FIXED END FREE END
. a. Single bellows \ N ‘b Bellows for e — S ]
T pressure measurement o differential measuremsnt :
. | ) - . : o T k/: ‘
Figure 5. Bellgws-used for pressure and .differential measurement. [ "
. " B0 < - b 4 s
l. ' : . . ./’/"" .
Diaphragm ' T
) Pressure diaphragms are made of either a pliab]e.faoric material or a "
thin"and'p]iaBTe‘mEtiT*““These transducers normally are larger in surﬁace‘ <
area than any of the other type discussed and, therefore, wi]] respond to ‘ "';

> much Tower pressyre<<anges. " Th

—

{sure-measur1ng instruments. In such ap : fdges are seale B
v the ‘case and fixed in_ that position. A difference -in press re n- he $ide —
et 7 77 causes -a movement at the’ center- that is conjerted to measurem, h

s Lo

PN <z

ure 6. T e - o
i Capsules consist of two d1aphragms»th:ij;;;:wéldeg or otherwise fas- ‘ -

- . tened together at the edges. Usualdy ofluid such as si]ica] gel’ is sealed ° ’
o between the two diaphragms to transmit the force from ‘one chamber to the .

© . o7 < other. CooT—— o o >
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LL TO READOUY

TQ READOUT - MECHANISM

u;gw\um N ' FLEXISLE .
FLEXIBLE - ~* MATERIAL t MOVEMENT
. MATERIAL\,_!' JIseaL
; RIGID

1,

CASE APPLIED B 2 e .
4\ . . ., PHESSURE ‘\\mueo PRESSURE #1 C : ,
; APPLIED PRESSURE - #2 . .
s Gage pressure meesursment with disphragm pressure gage b, Differentisk-pressure messurement with dlophn'gm « .

pressure gage °
figu‘re 6._Dliaphragm—type pressure gages. ~ ," ,v

Strajn Gages ) 4

-

TR, S

s resistance ‘thange, which normalty s smalT,

EN

\\:\

. ’ FLEXIBLE i B
. SUPPORT ' HOUSING N
./ » N |
B -/ ® Ra Ag A L o
A ' ==ty ' : .
. G mms. 1 - ) ‘ < . . .
e [' ' =] ' N o
- . . Lpressure N Rt K * Ry . ‘ .
U AT *  WIRE BONDED: 'ro—_‘l . S , .
’ ' FLEXIBLE SUPPORT, - . : .
. - TensloN (STRAIN) * |
.7 " INCREASES WITH PRESSURE. BRIDGE VOLTAGE SOURCE

A popular transducer for préssure measurgment is the stradn gade. - 7
Strain gages are made of thih; wires that have a unijorm r)e_sistance to length @
ratio. These are bonded ta<a flexible or pliable support such as paper or
f)]astic. A change in pressure-on the strain gage causes a variation of
force that tends to distort, stretch .or compress the resistive element.
The d1stortiorr causes a change in the physical characterist1cs (1ength and
d1ameter) of the wire this, in turn, causes the res1stance to change. The
is measurea Dy“a diey Wheatstone"mw R
resistance bridge. Figure 7 shows. an arrangement used to measure with a - T
strain gage. The bridge is initially balanced by, adausﬁng Rz. A change in N
t‘he‘pressure appHeq to the strain gage causes the br1dg’e to be- unbalanced,

.

L - |y
3 . v v
4 ¢

Fig'uré 7 Stra'ln gage and b‘ridge lgeasuriug c‘lrcuit

. 1
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“¢ sure transducers discussed in this module can be used as\a transducer in the -
pressure*transmitter in Figure 8 to cause a signal proportional to pressure
) to be generated.). ‘
e . L <
~::;7—4>’ . . SET POINT -
P SC)\LED SIGNAL PORPORTIONAL TO -Pi’iESSURE' ¢ ,
— ' ~
.
C( x. e 3
P — -
. . R = :
‘79'\7_*“ “e ' .
PRESSURE - .-
- . CONTROL VALVE ' .

) thereby causing a change in the recorder response. -

This app]ication pro-,
es a‘very accurate means of measurement with a wide pange of sensitivi-

dﬁgs. The sensitivity can be altered by changing the vaiue of R, and Rz,
he recorder sensitivity, or the value of*the bridge voitage.
Pressure measurement, as covered “in this modu1e, is used in the actua >

control of" pressure processes (as shown in Figure: 8) and as indirect mea- .

surements of liquid level and fluid f1ow. - (Note:: \Any of the various pres-

g

\., — e‘j .
I . )
OUT OF VESSEL IS
_MaNI ULATED 'ro CONTROL PRESSURE -

UNCONTROLLED FLOW

)

— e T

_INTO PRESSURE VESSEL

Figure 8. Pressure-control process.

-
CALIBRATION OF PRESSURE TRANSMITTERS AND GAGES -

PN

A1l measuring dév1ces used in “the process 1ndustries must be checked
from time to time for accuracy and correct operation. This 1s usually done
by an instrument technician who accomplishes these procedures by using. stan-

+ dard and established bench or laboratory methods. The calibration of any
device consists of simu]ating the actual process cconditions and making the
instrument response correspond to the measured, simuTated input. If the in-

“/strument to be checked or calibrated is a local indicator - as a pressure ™ .
gage, for examp]e the pointer movement should correspond to the measured

€ -
LA

< \ o, d

-

input For example, if a pressure gage is to measure‘ﬁﬂbssure in the pres-

. = . IR — NP .

Page '16/1C-02 ‘
4 ! -

4.9

R QL._LM JE

€5




& . ’ . -
sure range of 0’ to\100 pstgy the pointer shou]d travel 100% as the pressure
<hanges 100%, or from 0 to 100 psig. ' To caliprate_a pressure-measuring de- -
T : : . \
vice, the test setup shown .in Figure 9 can-be used. The general calibration

procedure is to .apply a pressure ‘to the calibration pressure header, to read
and note the ind1cation of each pointer and, by calibration adJustments
. (zero, span, and angularity), to make the readings of the meter under-test ’
’ correspond to the test instrument (secondany standard) Step-by-step pro-
cedures to do this will Be given in-the Laboratory Procedures pottion of . .
‘this module. - = « (-~ -~ - ' '
hd oy /"; “.N -. '% .
o s TEST INSTRUMENT w0 P e 0 2 e
577 75 (SECONDARY STANDARD) ~ N ? .
‘ —~ . ; 70
(T S - . s W ot ‘o
- oo R T POINTER'
X/ \ .- 20 80 20 80
! ~o . —’,":‘\ 8
N . PRESSURE — N, 90 10 90,
S PRESSURE . e ( .
o v/ REEG&L?LATDR 0% 1008 oo:
I V4
I 2 N, T1»\?»!5,«». To§muuws ’Yckaﬁhfm‘ow' < PRQCESS INSTRUMENT
¢ " THE PRESSURE PROCESS - PRESSURE HEADER.  OR METER UNDER TEST .
] v , ) v . ‘ ) v L . ( M {
) Figure 9, ° I”est@iparatus used‘ to caliprate a pressure gage. )
o LIQUID-LEVEL HEASUREMENTS'
\. . .
RV . The measure of 1iquid level:usually 1s accomp‘rished the <utilization
R : : 4
- T T™L~of the following types of Sensors: ' , -
) + Float-operated devices. , - - ‘ A -
- Head-type (or pressure) devices. Q
¢ : . » ] : ’ ,1
P « Capacitance devices. @ - - /
- - s,.Conductance -electrodess . T
B o Ultrasonic detectors. ' ' -~ ,
- « Radiation detectors. ‘ /. .
= Displacers. / : i
e Cel . * ' C '
. . r . O ’ ’ .
A - . 7 . R
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of manometers, it” can“be seen that the relationship between pressure and

. ar

~ -
-~ e 3
.

A1l of the dev1ces listed above generate a motion, force, or some other re-
sponse to a movement of the surface of "a liquid. T

.FLOAT-QOPERATED DEVICES ) ‘ &

. Floats are the simplest or most common of the level devices used; but -
their application is usually Tlimited to two positions: ON-OFF control or
local indication. Normally, they are ot used in transmitters to generate a

scaled si§na1 for $ransmission. Figure 10 shows applications where'fToats

€ .

-are used to measure liquid. level. ELECTRICAL cTs

QPERATED BY FLOAT |

TO ALARM OR *  _
CONTROL CIRCUIT,

PULLEY

R OWo
"

LiQuiD

POINTER

r— 0%
10
— 20

r| POINT

LiQuib
LEVEL

AOJUSTABLE LINKTO _.
CHANGE OPERATING

FLOAT

e 40
—— 60
-—070 2
=—~ 80

/r— 90

WEIGHT

- 100%
. GRADUATED SCALE

b. ON-OFF{or two position

Figure 10. Float-operatéd level devices.

S
¥

HEAD- TYPE (OR PRESSURE)-DEVICES

By referring to Equat1on 3 of this module and rev1ew1ng the pr1nc1p1es _ s
11qu1d head i3 such-that one of these two variables can be 1nferred ffom the
measurement of the other -one. A manoﬁe&er is used to determ1ne an unknown
pressure-quantity by measuring a d1sp1acement of‘a*sq]umn of liquid-- called

a ~1drostat1c head or, simply, a head. The application can be reversed to
measure, a value of liquid level. . : iy

‘The 1eve1—measurement technique depicted in Figure 11 1s a head-type .

leve]-measurement application. The pressure applied to the pressure trans- )

.
. .
PR ) i1
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L ‘,_?mittef.at the bottom of the.tank 1is proportioqaf to the height of the liquid
level in the tank and thefgensity of the fluid. If the tank is open, or at
atmospheric pressure, a simple pressure transmitter can be_ used for the mea-
surement (Figure 11b). If }t is a cfosed_jisselfdnder pressure, a diffeheﬁ—

tial pressure-measuring device is needed, as shodhﬁiﬂ Figure 1la. The

static preséure on the tank in Figure 1la is applied to both sides of the ~
a\fferent1a1 pressure transmitter and will not affect the response of the Y
1nstrument. If the pressure changes, it wiyl change on both sides of the

- differentia] pressure (d/P) transmitter, ang the transmiz/gr will respond

-

§ _ only to changes in level.s -

,

- X
~N - ATMOSPHERIC PRESSURE
. .
. L)
L ‘I Liauio SCALED SIGNAL
, LEVEL PROPORTIONAL TO LEVEL
L
‘f"
- ]
, SCALED SIGNAL / A - PRESSURE TRANSMITTER" K -
PROPORTIONAL TO LEVEL~»| ‘DIFFERENTIAL USED TO MEASURE LIQUID LEVEL _
) PRESSURE TRANSMITTER P . - .
—_— . .
a. Closed tank level ‘Basyrement R b. Open tank level measurement . ° .

@ «

Figure 11. Liquid- level measurement by a hydrostat'ic head.,

B The fact that one tank is larger in diameter than the other (1n Figure '\

‘ 11) bears no significance.\ The surface area of the tank has no effect on
i thetpressure applied to the'\transmitter caused by the Hquid head, because :
~*..— the pressure is force per un f aref or pounds per. square inch. The tota] )
force wﬂl be greater on the b?ttom of the larder tank, but not the pres— <

N
» * >

sure.

-~

.
e p
: : o : 4
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" EXAMPLE C: ' CALCULATION OF RANGE OF PRESSURE TRANSMITTER..

Given:'_ The liquid Tlevel is f% be measured from 2 ft to 100 ft in the
Lo . .,, tank in Figure 11a. The 11quzd in t nk has a‘’specific grave
ity of 0.68. Two feet is the zero referende level because the
transmitter is located 2 'ft_above the,;anEJbottom. )

!¥1nd: Thebrangé of pressure transmitter needed to ieasure the level. ~

.’Ei . Sﬁlgtion: From\qugtion/i, h = 6?13%(57 , and solving for ‘P, ;
B ‘ *P = h(0.433)(G), and substituting, , :
' ’ = (100. - 2)(0.433)&0.68)- , % f
w P = 28.85 psig ) |

o ' ! x .

From Example C, it is evident that the'pﬁeSsure transn&tter will operate
in the range from 0 psig t& 28.85 psig. Zero psig corresp%nds to 2 fget of
iiquid level, and 28.85 psig corresponds to 100 feet of Wiquia level for a
fluid w1th a specific gravity of 0.68. To demonstrate how ? Tiquid level
betweenathe two extremes (0 - 28.85 psig) would appear on the pressure

.transmitter,’Figure 12 and Example D are offered.
. To clarify how a head ‘type measurement can be used to 1ndicate a level
‘we will exam1ne the following examp]es\and F1gure 12.

c V4 ¥ 4
1 i 7 ' -
.3 < g
v . ¢ « . -
o S
. . /-
.Y , i ”
A
ES Y '
Y
b v
. . L
’ L}
« y - ! - 0 ¢
) = . . / - ) . - ) -
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.

] -

100 ft

‘ . pd
. LIQUID WITH A DENSITY ONLY*
. 68% THAT OF WATER “

. ’ FLOW OUT OF TANK

Figure 12. Pressure measurement as Jlevel indicator.

N . _
. "EXAMPLE D:  SCALING.
Given§ The 1@qu1d\]eve] is 46 ft high, as.méasured from the tank bottom;
‘ whereas the\1eve1-me35ur1ng transmitter is 2 ft from the bottom.
Find: The percent of full-scale indication of the Jevel-measuring
U transmitter. - ~ )
Solutiont In this and al) scaling prob?éms, it should be observed that the i
percent of .span measured on the input of the 1eve1 transmitter
equal the percent of output.
‘ The pércent of measurement Anput is: - .
e ) 4 ®. .
3 -
S , ' .
’ T " .1C-02/Page 21 i
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- ®
(46 - 2) (1g0) - 4 (100) = 44.89% of the full
(100 - 2) measured value.

»

The output response of the level transmitter will be 0-28.85
psig.
(28.85)(44.89%) =

The actual pressure response caused by the level is:

28.85 (0 4489) 12.85 ps1g ‘

> -

.

The purpose of the pressure transmitter, thai being an indicator of
: level, can be fulfilled in many ways. The pressure transmitter readout de-
vice (meter) could be' ca11brated‘to read out in units of percent of total -
volume (2% - 100%), or feet of head (2 ft - 100 ft), or in pressure (0 psig

- 28.85 psigj with a conyersion chart or factdr by which the height could -be

calculated.
. A means by which a pressure measurement can be converted into a height
.. measurement is shown™ in Example E. T
. EXAMPLE E: DEFERMINATION OF LEVEL.
| Given: The pressure gage (transmitter) of Figure.12 now réads 9;45 1;;7
psig. '
Find: What is.the level of. 1iqu1§)in the tgnk - the level from the tank
bottom, and not from the 1eve1 of the transmitter.
Solutipn: By Equation 3: h = P/0.433 (G) —
B h 3 9.43/(0.4}3)(0.68)‘= 32.09 ft ; -
- - .- - level = 32.09 ft + 2 ft = 34,09 ft o
"By conversion factor: ' ’
,maximu:x?;ight (frgm transmitter) _ ft/psig
m um gage pressure
- 98 ft/28.85 psig = 3.396 ft/psig ( \\$\\"”»
. level * (9.45 ft)(3.396 ft/psig) + 2 ft = 34.09 ft
@ {
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CAPACITANCE DEVICES ‘

By immersing two electrodes 1nto a tank (as shown dn Figure 13),. the
Hqu'id level can be measured by measuring the change in capacitance between
the two electrodes. . As_th_e level *changes, the liquid between the electrodes
changes. The liquid is the dielegtric of the capacitor. When the Hqu‘i'd‘
changes, the capacitance wi‘H"change 'accordingly‘. ' |

EoANGES BETWE
__ CHANGE EN i
POINTS A & 8, THE |-/QUID LEVEL
_ CAPAC[TANCE BE~
TWEEN THE ELEC-
TROOES VARIES TO
GIVE A MEASURE-
MENT IN RESPQNSE

TO LEVEL.

cx ’ R‘é BRIDGE

1 AC.
_Leapacirance | BROGE DETECTOR pyo i rige

PROBES * "ISOuURCE

« \ -
R3 el @

} R2 CoT .
~ C1x ~

LEVEL TANK

B——r

b . >
NOTE: EITHER LXIID MUST BE NONCONDUCTIVE
OR PROBES MUST BE ELECTRICALLY INSULATED FROM LIQUID,

- e {
Figure 13, Capacitance-type 11qu1d-¢1eve1 measurement.

-
rd

Fhe dielectric constant of air and n]pst'otner gases is one (1), whereas

" most other substances have h'igher) values. If this. capacitance between the -~

electrodes is-assumed to be C C (a constant) when the\tank is: empty, and ‘the

___tank is fﬂled with a 11qu1d having a dielectric constant of four (4), the

e e ———— e

capacitance for the full tank will be 4C. This will cause the value of Cx
1n Figure 13 to ynQa]ance the bridge, ‘and the  unbalance w1]1 ha proport1ona1
to Tevel, " " - ' ) i ’

The capacitance bridge, which is 51m11ar to the d.c. Wheatstone'brjdge,
is excited by an a.c. voTtage. When an audible frequency is used, the“ikhyt
bridge detector can be a speaker or other audio device. Fpr 1ndqetr1a1 ape,
plications, the detector is ugually a recorder that receives a sca]ed s1gna1

from the bridge. - ' o . ) E

. s . . . ' -~ | <
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" variable capacitance between the p]ates. The va]ue o? Cx ﬁS\expre§s

>

In Figure 13, Ry and R3 are precision variable resistors adlusted to
baﬁance the bridge at the zero reference level. R, is a_fixedsvalue pre-

cision resistor, C; is a fixed-value capacitor, and Cx represents t

mathematicaT]y by Equation-4.- R, and Rj, called ratio reéist rs, ¢
se]ected to help determirfe the overall br1dge'sens1t1v1ty. ;

, A .
. ’ ' . ,
Cx = R (Cy) Equation 4
’ =

Capacitance 1eve1-measureﬁént devices are use ih app]icd%ions where_

e,

N

other 1eve1-measdr1ng techniques “could ot be used’ successfu]]y. They are

norma]]y more expens1ve and difficult to maintatn. If fhe dielectric con-‘
stant of the liquid material is inown, values of Cy corrésponding to d1f-
ferq@t values of level can be ‘connected to the br1dge circuit. €alibration
adJustments are then made to the bridge detector to ca]ibrate the overall
bridge circuit.  However, empirfical calibration techniques are morejcommonly
employed, whereby'fhe ca]ibratioh adjustments are made. to corréspoqé to
actual Jevel values. In such cages, it is-necessary to be ab]e to determ1ne

the actug] “leve? values by a1ternate means. ¢ - RN : Cy

CONDUCTANCE ELECTRODES X \ - o

Conductance e]ecprodes.can'be‘Qsed'whére-the conductivity between the .
e]ectrodé; is a function of the apouni of 1iquid between them, much like the
variable capacitance in the previous djscussion. 'The electrodes are then
connected to a d.c. bridge measuring circuit where unbalance getector re-
;ponsé is a function 'of liquid level. . Level measurement by conductivity’is

‘selgom used in the process and manufacturing industries.

~ - .
-
, L) s
-
-
>

ULTRASONIC DETECTORS~ . . -

-

Level measunement-by.u1tra§onic-type detectors finds 1ittle or no use =

\1n the process indugtries; but these detectors are used when all other means
" of level measurement  are totally inadequate.

.
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~The pr1nc1p1e of level meaéurement by u1trason1c detectors tnvolves an
ult rasonic generator-and detector. Sound waves are gené%ated‘at the bottom
of a tank or vessel and receiyed or: measured at the same location. The:
sound waves leaving the source, or generator, travel through the: 11qu1d
medium and are refiected at the surface. If the speed of sound in the=
1iquid medium s known, 1eve1 measurement then becomes a matter of. measuring
theutime it takes the @ound waves to make the round trip from the source to
the detector. These measurements can be made with such precision and accu~
racy that 0.1% accuracy 1n Tevel measurement can be achieved. U]trason1c
1eve1-measurement techniques are used 1n depth finders for sea and ocean
craft, as well as for oil well depth measurement.

N o = ————Another—means of con=_

POWER SUPPLY

GAMMA RAY . ~ANO AMPLIFIER
DETECTOR
Y SCALED SIGNAL
{PROPORTIONAL TO

duct1ng a level measurement

- f

N, FLOW

NGO

1'nd1'rectjy and with no phys-

jcal contact between the

_ TA"é“: T LIQUID LEVEL) ’
TN - h * fluid being measured and the
| . : ;
N L Liauo .. measuring device is illus-
I LEVEL , .
ﬂ trated in Figure 14, Radio-
n o
;1 ~ -~ active radium (Ra??®) decays
! to become radon (a radio-
1 ~ o
| active gas). In the process

a1

of decay, alpha particles

SHIELOEQ — :
RADIOAGTIVE  'FLOW OUT OF TANK . and gamma rays are emitted..
SOURCE

_ The alpha particfes have
Yittle ability to penetrate

: ‘ i and thus have no qa1ué

. to the ooeration, gamma”rays, however, have high penetrability and offer a

very accurate and eff1c1ent means- of. level measurement

Radiatton-type liquid-Tevel

Figure 14.
: measurement.

t Gamma rays lose energy in proport1on to the amount of mater1a1 thirough
“'which they trave] for a given distance traveled, the greater the density of
the substance, the greater the energy loss. The amount of energy lost in
penetrating the metal bottom and top.of the tank” in Figure 14 1s_g_constant,
‘thus only the amount of fluid in the tank (level) can cause a change in
energy loss.of the gamma rays. By knowing the amount of enérgy loss per

’
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. ' foot of the liquid and being ab1e to measure the engrgy received at the’ de-
~X tector, it is.a simple matter to calculate the depth of 11qu1d£1n the tank
.~ because the average gamma energy at the source is knawn, .

- Leve1 measurement by gamma ray detection 1s accurate, but it 1s expen-
sive when compared to head-type and other 1eve1-measur1ng devices. Like the
| . u1trason1c type, it shoqld be used only as a tast resort.
T < . .. .
‘ ) .- : /"":;::,-4 ’ .
. DISPLACERS ) w® /7 T R

. ’ An important 1eve1 application 1s the measure of interface leveds A

]

cific gravity values meet;or come togethen. Common app11ca§jons involving
the measurement’ of interface level are in the chemical, petroleum, and
petro-chemical industries where water and a petroleum product form an_1nter-
~face (Flgure 15). L1qu1d level interface measurement is based on.a small

——e,

SPRING SIGNAL'PQRPORTIONAL . .
BRI e TO SET POINT c |
? INTERFAC
N L/ Level .

TO INTERFACE LEVEL \ : D CONTRGL
¢ T MIXTURE OF LIQUIOS ] \ . N’\ . -
. . A AND 8 :

LEVEL
" = MEASURING
. . ' 00% I _ MEANS
S . - INTER-
MEASUREMENT o _FACE .
> SPAN OF g LEVEL i .
INTERFACE z ‘
- 8

PRI I

-

Liauio a

LiQuid A

K5 . ! CONTROL VALVE FDR~".
. . ’ uiaQuib A . .
LA Figure 15. Interface level measurement and control system.
amount of movement of the displacer caused by the different amount of buoy- ®

ance.caused by the liquids of different densities. When the tank is com-
pletely filled with the lighter 11quiq’ﬁit the displacer will exert a
© . greater force on the spring - which is caused by the lower buoyant force of
" “page 2671¢-02 : - , ¢
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the 1iquid.- When the tank is completely filled with the heavier materia] A,
the displacer will exert Hess force on the spring - which is caused by -the
4ncreased buoyant force of the heavier 1iquid. The different forcés exerted
on the spring cause the disp]acer to have a small vertical movement that is
transmitted to the Lg el transducer by thé link-and- 1ever “arrangement

shown. This is the inpit to the level transmitter that is the feedback 1ink
in the control system. The displacer movement is a function of the inter-
face Level. ' -

. » . ___EXERCISES. °

~

I ‘ :
1. TCorivert 45 inches qf water column. to:
a.  Inches of mercury column.
b. psig. ) _
. psia. (Assume atmospheric pressure at sea level.)
Express atmospheric pressure as: P
a. psig.
b. psia.
c. * " Inches of mercyry column.
"d.” Feet of water column.: _ )
What would be the pressure range of a level transmitter used to measure
T1iquid 1ev71 from 0 to 88 ft if the liquid has a spec1f1c gravity of
.22 . ) -
What 1is the pressure appfied'to the transmitter in Exercise'3 ‘above

)

when the. Tevel measurement is 32 feet?
List three different means of level measurement with at least one ad- ;

1

vantage and one disadvantage of each.

List the maximum pressure that can be measured in psig with a mereury
manometer that is 30-in high.

‘ " LABORATORY MATERIALS .

100-1h air supply source
A fixed 20-psig pressure regulator
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—r”

inches-of-water scale : ‘ Lo

AN variable regulator capable of 0.1% regu]ation up to maximum regulated d;éf’,

= pressure. of 20 psig

0-5 psig pressure gage with 0,1~ psig reso]ut1on

0-30 psig pressure gage with 0.5-psig resolution ~

2 globe valves (oﬁé-fourth-tnch MPT with one-fourgh=inch NPT)

AEﬁFB;QEG%;}y 10 ft of one-fourth-inch po1yethy1e:é.tubing }

Approximately 4 ft of one-fourth-inch pipe N '

Assorted pipe and tubing fittings . o ) w
° 4

4w

A 30-1n laboratory quality mercury bell manometer with-'a psig scale and an s,

 LABORATORY PROCEDURES . T

e et .« 7

ol

LABORATORY 1. GAGE CALIBRATION FOR A 0-307psig GAGE

1. Conhnect the equipment as shown in Figure 16 using the 0-30 psig.§5ge as

the meter under test.’ * . .
2. Adjust the variable regylator to its 1owest sett1ng or by turn1ng the

i adjusting knob to the fafi counterclockwise pos1t1on. |

3.. With blotk valve 2 open, s]gw]y open "block valve 1. The parpose of
‘b1ock valve 2 is to vent the pressure on the:héader to atmosphere
should block valve 1 leak in the closed position. This helps_to re-
vent the possible loss of mercury in the manometer if,.by accfaent,ta“

component malfunctions and,the)PressGre on-the manometer becpmes exces=

sive. . < - - -
. / ° -
R S Nhile,opening block,¥a%~e~£?~absgrve the 1nd1eat10n on the manometer
and pres gage. “The readings shou]d stay at zero. - h

~ 5, With zero pressure*en-\thq‘ header, adjust the mangmeter for an indica-
. tion of zéro. Micrometer adJustments are usua]]y provided to do this. 4
. |

Page 28/1C-02
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oL . MANUAL BLOCK

A4/8"pipe -
VALVE 1

- _ . RESERVOIR—" L

100 psig AIR SUPPLY : m—k
IR * BELL MANOMETE
: "OR OTHER SECONDARY STA DARD

Apparatus for pressure- gage’ta‘hbrati\on, using®

%

Fei\gure 16.

-~ as-a secondary standard.’ \ .
v B . R // i
'\ . : e P N
6. Zéro the pressure gage by making cectain-th‘Ef’Te pointer is at the
zero positien. This can be done micremeter adJusting\\crew
on the point or by removing the poin‘ter and replé’“cing it to ‘point t
o -_,_A.;thedzeco_-r:eading._lha_, glass must be removed for this procedure. 1\ -~
7. ¢ Close block valve 2 while observing the pressure readings on the gage

. and manometer. Any incréaSe-in the response of -either- 1nstrument - th
."  manometer or gage - 'lndicates a leak-in ‘the regulator. Pos*lt'lve shut-
off of regulators is not neGgssary, but the leak should not be great

enough to c}ause the manolneter to deflect more than a couple of inches

. of water.- _ s e

. . - - . . N
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18, .Slowly increase the pressure by increments$ equal to 10% of t_he full-
- scale. va]ue of the meter un er<test. This would be increments Qf 30 .,
psig, called the measq&ed value, Tmerve and. _
_record the corfesponding value as TFead0h the manometer. This is the"
. " actual value. Record the values in the Data Table. Turn the regulator .

. . . to the extreme left position to put zero pressure on the header.

kY

9, P]ot é calibrtation curve, using the- va]ues in the Data Table; as
" " {1lustrated in Figure 17.

N
» v
.
~ <
-
. .
.
3
.
.

INDICATES-ERROR-CAUSE

e comp]ete. If the ca]ibration is not ace’urate contim<e the procedure..

va'lWeat Steps 5 thrbugh 9., A
..' ’ L] N \

BY IMPROPER ZERO . -
ADJUSTMENT EITHER ZERO
TOO HIGH OR TOO LOW

-

~ INDICATES SPAN’ GAIN’ OR
MULTIPLICATION ERROR -
CAUSED BY IMPROPER SPAN .

o ADJUSTMENT
MEASURED u N ta

VALUE

¥

=~ INDICATES EXTREME NON -
LINEARITY OR ANGULARITY
ERROR CAUSED BY
IMPROPER LINKAGE »
~ ALIGNMENT

_ ACTUAL VALUE , ) TN

SR N —Ffigqie ,1»7-. A calibration curve.

* .

10, If the ca11brat1on curve shows accurate ceﬂibration, the procedure is*

11.. If zero error. exists, as shawn on. the ca].ibration curve, open b]ock

"
-~ -7 - ' . -
. X
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12. If span error exists, remove the glass and face plate and make a span

“adjustment by changing the length: of the 1ever. Lengthen the lever to
‘“\1ncrease span, and shorten the lever to decrease it. .
13. Repeat Steps 5 through 9 and 12 until the’ calibratijon is complete. ’
Most pressure gages do not have adjustments for angu]arity error, -
Angu]arity error 1s caused by damaged components and excessive wear,

’ Angularity is correctedaby‘adaust1ng the Tink (Figure 15) when such ad-

-

justments are provided, : .

—t _.M

14. Dismant1e the test apparatus. " The pri_edure 1s now’ complete. * ;;;>
B ¥
“TABORATORY 2. GAGE CALIBRATION FeR A 0 5 psig GAGE
US1ng a 0-5 psig gage, repeat all fourteeh steps of Laboratory. 1.
< T ‘ DATA TABLE
3 w _ < -' (( T A -~
- Lo DATA TABLE.
- ‘ "7 |+ Measured Value Actual Value
“ Percent of Full- -| Procedure Procedure Procedure Procedure o
Scale Value 1 2 . 1 | 2 4
0 \l - -
10 1 h .
30- ‘ . )
L b o 240 . v - \ o R I S . ’ - i )
T 50 % -+ N
- ° ] * e " 60 i . ' N . N
RO
o PR SR
- ‘ ‘90 ] L"\. .
I IETT v T ]
/’ -
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GLOSSARY

. 7
" Accuracy» The closeness to which a measured value agrees with an actual
value. - -

Control.quality: A metsure of t Aability~of a control system to.achjeve a
. desired process condition. ally this is a measurement with respect
to process recoyery from an upset or a load change.

Dynam1c accuracy: Accuracy relating to instruments or systems in a state of

change. _ .

Hydrostatic head: The pressure exerted by a vert1ca1 co]umn of liquid,
usually waten, or one with a known specific gravity.

Interface: The intersection 6f two nond1spers1b1e 11qu1ds of different spe-

cific gravities. o ¢

_Manometer: A device used for pressu?e measurement, usually a secondary
standard. It .consists of a glass tube and reservoir filled with .
liqdid. Pressure applied to the reseryoir causes the liquid to rise in
the tube. The height to which the liquid rises is measured in linear

~wnits afdl converted to pressure. The scale is normally calibrated in
pressure ugits.

Pressure element? A device that produces a uniform amount of moyement of
motion caused by physical distortion. The physical distortion is
" gaused by the applied pressure that is to be measured.

Secandary. standard: A device used as a standard in shop and laboratory
§a11brations. Its accuracy ‘is-usually traceable to a primary standard“*

Statﬁ& accuracy: Accuracy relating to stable st@ticiconditions or
> operat1ons. o i :

[y

K 4

t
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1.

g

B N O O
. ) .

10,

11.
12,
13,

14,

*Make the following pressure comversipns:

, psig gage used in Laboratory Procedure 2 is

. M -
] <, . [

P

a. inches of mercury = 45 inches of water. «°  * ::f

b. psig = 10 inches of mercury. /
Ce - inches of water = 7 inches of mercury. K
Atmospheric pressure, at sea level, is equal to: , b
as ‘psig. Q ™ .
b. , psta.

c. inches of mercury.

d. feet of water.

The pressure range of a Tevel transmitter used to measure 0 to 100 feet -

of liquid with a specific gravity of 1.2 is i: psig.

When the liquid level is 32 feet, the hydrostat1c -head pressure applied .
to the level measuring instrument ]n~Quest1on 3 abojye is ps1g.*;
_List four.pressure elements. :

List three means or methods of level measurement.
List two types of measurement standards. ’

List the standard unit of liquid level measurement in the MKS system
and the FPS system, . -~ -

The maximum Tevel at standard ambient conditions that can be measured
with a 0-5 psig gage is .

—_—

o

The m1n1mum amoupt® of water level that can be measured with the 0-5
&,

. °

Level. measurement by hydrostat1c head is ca]]ed an ) .

List two- un1ts of measurement for liquid Tevel.
List thre®& units.of medsurement for pressure. o
Because of ease, simplicity, and expense{'the most .common means &f

Jevel measurement in 1ndustr1a1d¢pp11cations is . S .
e

A 1aboratory stamdard for press

ot
N

measurement less than 15 psig is

List four,pressurekelements used, as tnanducers;.k\ . . :

.~Two devices used to convert the movement of a pressure element to a
. -

transmitted signal are - and . -

The c]oseness to which a measured valug. conforms to the actual value is

[N

¢alled - ' ’ P =

las

ey

—
~—
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, S “INTRODUCTION.,

[y

s N .
. L]

Many indq;ﬁria] processes require an accurate measurement 9fuf1uid flow .

) through'éipes. The importange of this'measurement lies in the fact that
"fluid flow is generally the manipulated vqriab]e in most processicontroi

loops.* The -increased emphasis on efficient material, and energy cosumption .
has placed even more significance.on the control of fluid low in -production
economics. For example, when energy was inexpensive, the ‘measurement of
steam oE.gas flow was of little consequence. Now, however, with soaring
fuel and material costs, it is very cost effectivéF to measure accurately .
fuel and produce.flow rates, regardless of the initial cost of the measure-
ment equipment. The costs of insta]ﬁing measuring instruments in process
control is normally recovered in a very short time:

The- purpdse of this modu]e is to present the various types of flow mea-

suring devices used in process flow monitoring and to d1scuss their prin- .
. ciples of operation. Mouht1ng procedures - wherevqr critical - are dis-

cusgéd, és well as calibration and check-out procedures. The selection of
flow measuring instruments for ‘specific apb]itations - advantages and disad-

vantages - are also covered, , . . .

-
I

. . . PREREQUISITES

NS
The student shou]d have a hasic understanding of a]gebra and physics

and should have comp]eted Modules IC-01 and IC-02 of Instrumentat1on and

Contro]s. . ’ .

S ._OBJECTIVES

Lo ¢

3

Upan'completion of this module, the student should be- able to:

1. Define the follo&ing Uermsf'using assigned units, where applicable:

a. Discharge coefficient. ° .
b. Diameter ratio.

¢ - ' . o - ° \

-
v ‘ .
N . R ¢
i . . >
- . .
. . - 4 .
. . v
.
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E. Reynolds ﬁumber. . ’ . Lo )
d. Taps..
) 2. List and explain operating principles (inc]ﬁde descriptions, character-
istics, and applications) of various differential pressure seﬁsing
i X o f]bwmeters.” ) - : . ,

3. " Discuss flow-measurement secondary elements (transducérs).
4, Sketch a typicET differentia]-preésure flow-sensing device and trans-
mission channel. a . ‘ . ., \
5. Install an orifice plate and a venturi tube in pipes; measure pressure
aqus as;functions of flow; calculate flows, based on nominal discharge
_coefficients, for each device.
6. @,Caljﬁque an orifice plate andla venturi tube by ﬁaking‘a differen-

tial-pressure versus flow curve; calculate discharge coefficient.

o

.




. - . . .. SUBJECT MAITER

In many industrial $rocesses the flow of fluids is used to regulate
other variables - temperature, pressure, or level. When one of these other v
variables is the manipulated variable of a process, the measurement of the
flow is less: 1mportant. However, when flow is itself the manipu1ated vari-
able of a process then accurate measurements.of flow and’the changes of flow
rate are required. . ¢ . .

The fluids that’ are to have their flow measured may be of two types;
compressible (gases) or incompressib]e\iliqu1ds or gases moving at low
speed). The measure of the flow of these f1u1ds may be in terms of quantity
or quantity rate. The quantity measure will be predom1nant1y in units of
weight or volume, agd primarily in the FPS (foot-pound-skcond) or English
system of measure. Quantity rate will be the flow measure of interest in X .
this module and wi'li 81so use units from the English system of ynits, such |
as,~pounds per second” {1b/s) or cubic feet per‘second 4ft3/S).

' ‘ . .. T - : . - £

. . . BASIC PRfNCIﬁlES OF FLOW‘MEASUREMENTS . <, e

To understand f1u1ds in a spec1f1c éy;tem, 1t is necessary to be fam11—
}yr with some of the elementary characteristics of fluids while they are in

motion or static (not moving).

FLUID" FLOW S \

k. Significant flow characteristics include:
« Volume and'mass flow. ‘
+ Steady and unsteady flow. . L e

« Mass force‘and(ene ay Ehanges that occur in flow. ! .
g s -

~ The 1atter characterist1c Jnvalves the "law of conserwat1on of mass, energy
- and momentum. " The. conservat1on of mass is easily understood ‘e.9., the ,
amount of f]uld entering a pipe (assum1ng no leaks) must be “the same as the
. f1u1d exiting from Xhe pipe. _ . s \
. . ' _ . >

T
. e}

: ;o . ) ' s
: o . "1C-03/Page 3
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FLUID STATICS

Pressure is transmitted throdah fluids to all parts of contact. This
phenomenon, based on Pascal's Jaw for static fluids, states that the pres-
sure on a part1c1e or element of a static nonf]ow1ng fluid is the same in
all directions, neglecting pressure due to the weight of the fluid itself. -
A typical example of this law would be an inflated tire. Air pressure
is the same everywhere in the tube. A useful -application of this .aw is the 5 N
hydréu1ic piston used to 1ift'a car at a service station. A heavy car can
be lifted with a reasonably 1ow—pressqre'system (Figure.l).

< ts.-sooub. - tF,a?‘\ , . .
7 \A t.IO sq. in. - %A 2 25 sq.in.
% A A 8 . .
.t .
- P - P
Figure 1. Hydraulic system. : . J

- . ' A ;o . ' .
Assume two pistons of different 'size are-connggted as shown. ) Rl

by piston A s

. L FA - 600 1bf _
Py = >
JAA 10 in .
- Because P is .constant, . ’ ‘
‘i. . P = FB v . T ’ F’ ) .
B. ,._ '\ * .-
B s P
- ‘% ""\/ ' -
: . F
Page 4/1C-03 - ., A .



therefore ‘ | ‘7,:5 . .
F, =P A, ' e Co -

B - BB , SRR
= . . . L ‘ N
P P \
= 60 12F « 25 in2 = 1500 1bf ,
2 . . )
f in ¢ . .
Under normal industrial conditions, the fluid in.a power system is mbst - Lo,

often under pressure-and completely fills the pipes, tanks and assemblies of
the systems. 1Its pressure is due in part to the force of gravity or weight
of the fluid (statics), in part to forces applied externally by pumps or-
compressors, and in part to the result of addjng energy toé¢the fluid (e,g.,
fater to steam).

-

VELOCITY AND MASS FLOW RATE \

The mass of fluid that passes a given point in a fluid system in a ‘unit
of time is referred to as mass flow rate - the rate (or speed) at which
. fluid moves past a partjcular point in the. system Mass and veloéity of
“flow are often considered together. With other conditions unaltered - that SIS

PR

. g AT

is, with volume of input unchanged - the ve]ocity of flow 1ncréases as ’ .
cross- -sectional area (size) of’; pipe decreases; 1nverse1y, the velocity of ,
» flow decreases as cross-sectional area increases. In an open river or
‘streaﬁ, flow velocity generally is slow through wide sections and rapid
through narrow sections, even though the volume of water passing each part
- of the-stream is the same. Theiequatiod for this cbntinujty'oflmass is
expressed as follows: - '

04 . ]

) VA W Pa T B AB pB Equation 1
. .
where: V = average velocity of f]uid. 3
A =.cross section-of pipe. . o
p = density of fluid.
' . 1C-03/Page 5
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COMPRESSIBILITY AND TEMPERATURE EFFECTS T

- »

~

\, ' If fluid dens1ty is constant (1.e., i-f there are no temperature or com~

pression effects, such as expansion or contract1on), then the mass equation .
of continuity is equivalent to the volumettic equation of continuity:
Vo =Ag Ve . Equation 2

o
—— 13

Liquids are essentially noncompressibae (however, they -are affected:by :
_ temperature). Liquids can'be only slightly compressed, even -under extreme
. ° ptressures. For example, if 100 psi is app11ed to a body of water, the
’ original volume will on]y decrease 0.03 percent. - v
— The effects of temperature are not as negligible, for_examp1e the den-
sity of water in an aperating reactor's coolant system is about half its
density at room temperature. Since heat-transfer capab?lities and energy
carrying capacities of coolants in power plants.are.related to fluid mass
rather than volume, it is importapt-to be able to measdre mass flow or to be:
capable of.correcting volumetric flow. , .

BERNOULLI S ENERGY EQUATION

With the previous discussion in m1nd the first practical consideration
. of fluid-flow measurement requires the stating of an energy balance.

Bernoulli developed an energy equation for an incompressible fluid with a.
constant density. In a frictionless flow of fluid through a pipe (Figure

.. . +-2}y three significant components are measured in terms of "heads" -(equiva-
lent weights of columns of fluid in units of feet or meters). These co]umns
are defined,as velocity head (kinet1c head), pressure head and elevation

head (Rotent1a1 energy of the fluid). For instructional purposes, they are '
- combined to illustrate Bernou111'§ energy equation for the flow of incom-
pressible fluids: .

2 .
" : Lo LA Y - Equation 3
29 pg .
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REFERENCE

‘ LEVEL
Figure 2. Total and-static heads for f}ufdjf]ow. e
where: H = constant (called total head or total pressure), usuatly
‘-measured in feet of fluid. ' §
2
v — ' veloc1ty head, with units of* ( )2 (Sec ) or feet.
e e Q% o s sec ft
3% = pressure head, in feet. o L - "
Z = elevation head (height of fluid above a reference level)

-

T,

in feet. -

The tenm pg is the gravity force (weight ber unit volume), i.e.,

Thus*.g_ may be written as 54 in units of feet,.% repre-

specific we1ght
Py
sents energy per 1b of fluid needed to raise its pressure by P (where w =

-~

. ——.wWeight). - ‘
It 1s sometimes convenient to refer to the sum of the tern§ + 2)

eﬂii/tizgrﬁgegametric) head. In the energy equat1on, 1nte?33?xenergy
of the fluid is assumed to be “constant. One form of internal energy is heat

energy. - . : ..

.
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- ) )
ak\x Tubes inserted in a pipe (Figure 2) are identified as/A and B. Tube A ?wyﬂ,/,~—
is bent so that its open ‘end faces directly/upstream (perpendicu]ar) The

.. fluid stream striking this open end is brought to rest (stagnant). This

tube is calded a pitot tube, measures-both the velocity head and the pres-

sure_ head (i. e., the total flow head).
Tube B, inserted in the pipe wall so tha‘ts open end is flush with
the inner wa11, causes no d1sturbantes to flow. Fluid flows past-the- open
~end of this static tube w1thout dece]eration, which allows it to record
B :static (piezometer) head SRS

{

—ar

. . . . . . -
- —\..'m; ot 'L ~

- The 1eve3 1n Tube A (totaJ head of fluid above the reference level))ex-
ceeds the level in Tube B (represent1ng static héad of the f1u1d) by an '
amount equal to the velocity head Note:r A1l heads are convertible to-
pressures. i.e., velocity head represents ve%oc1ty pressure the static’

head represents stat1c pressure:

-

L]

-

Pressure (P) pg (head)

where: P = ‘mass density, mass/un1t volume.
N, WiE ; .

- g*~~grav1tat1onaé~acee%erat1on—eonstant,«dlstancg¢4unitwtime).“essms,cf ]
head = disp1acément of column in manometer, d?stance.

Thus, using standard‘FRS untts of measure:’ T o ;

© o (V¥/2g)(eg) = [(ft/s)? ¢ ft/sPIG(1om/fE) (Fe/s )7
" = (1bm/ft- sZ)
— . - ' 1
Remember: according to phygics, F(force) = m(mass) x a(acceleration)
*" Thus m= F/a and 1bm = 1bf {Jound force)/(ft/sz).

<

(1bf-s jft)/(fta-sz)

(me/fp-szx
. 1bf/ft2 =

»5'_

Friction, which is a]ways present must be considered In practical
cases, Ioss of head or pressure by friction is caused by the fluid flow.
This loss is subtracted\from the velocity head and added to the .static head

. R -
-~ R - . et
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If one end of the p1pe were h1gher than the other, the elevation head,
Z, would be the d1fference, in feet, between any two points of measurement.

MEASUREME&TS AND CHARACTERISTICS

K ‘wide variety of instruments and techniques are used 1n .industry to
measure quant1ty and rate of fluid flow, and its pressure (or levels). Flow
rates areé expressed in both volumetric (ga]lons, cubic feet, etc.), and

N we%ght (lbf)_units per unit time. * Gases are generally measured by cubic
-feet per minute (or hour), steam in pounds per hour and liquids in gallons
xpet‘ minute (or hour) The most accurate method of medsuring<liquid flow
wou]d Be by weighing the quantity of "flow; remember, specific weight,
dens1ty and specific volume-all change with’ temperature change in the
fluid. Conversion between volumetric flow and weight (mass) flow may be

.

expressed simply:

L

am = 5Qy _ Equation 4

“density of fluid.

mass f]ow rate.
volumetric flow rate.

Tﬁe closed cycle systems found in many industrial processes‘make the
above metﬁod impractical. Thus, f]b&s must either be measured by (1) appli-
cation of the principle of “conversion of mechanical energy" through the
conversion of a f]uid s velocity to the various types of pressure heads dis-
cussed previously, of (2) by mechanical displacements induced by flow with

- such devices as paddles, floats or turbines. ‘Categorically, all the above

- >

devices are called flowmeters. ™

a4 IS

CLASSIFICATION OF DEVICES : y

Typically, various types of flowmeters may be grouped as follows:
- Volumetric. ’
. Af‘ea .

.
-

1C-03/Page 9




* « Differential.
+ Momentum.

« Electromagnetic.

- U1trason1c;

?rom the above, there is usually one device that is more agbropriate for a -
particular process instruméntation need. Seiection of a specific meter de-
pends on required accuracy, operating environment, expense, and durability.

A basic consideration of flow sensing is that all flowmeters consist of
two parts: (1) primary element; i.e., the element in contact with the flow-
ipg. fluid, and (2) secondary element, which translates the interaction into
numbers and indicates (or otherwise diép]ays or records) the desired infor-
mation. - ST o —

Flow sensors for 1ndustria1\erocesses can be placed jn one of two '
classes; differentia)l pressure or \infereptial flowmeters, or linear flow-
meters. This module will deé] wiﬁk rate measurements prémari]y; these are’
infgrred from the effecp§ of. the ffuid rate on pressuré, force, heat trans-

fer, flow area, and so on.

e FLOWMETER- FUNDAMENTALS

*If a constriction is placed in a pipe in wﬁich a fluid is f]owing,
there will be an increase in the fluid velocity, and an increase in kinetic
energy at the constriction point. This statement, based on the "conserva-
tion of mass" re]ationshiP (Figure 3), can be calculated as followS:

_—~

- }A| . k . -

. o N .
vy P .'z \ : ' v
"—}__>- B ___ T '--fr"f%—-‘*
A
i,
l N

Pz R 2,72 ,Az.Zz‘

J
i

,

AT

- Figure 37 One~dimensional flow system.

» -/ B
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" Q=A; Vy oy = AV, py . Equation 5

where: volumetric flow (a constant).

area of pipe (cross sggtiona]).
density of fluid.
velogity of flyid.

u

température of fluid. '
i

Q
A
p
v
T

Velocities are considered to‘be average velocities; in reality, however,
velocity varies acroég the pipe ‘diameter, beginning as zero at the wall to a
- maximum in the center}; In an ideal case, the Bernoulli equation can be
combined with Equat;fBﬁ'f\g:D

3

Q =.CAY 2gh = A, V, ‘ Equation 6

- 7

coefficient of discharge for constriction. ‘-

where:.

cross-sectional area of constriction.

gravitational constant = 32.2 ft/sec?.

C
A
d
h = gifferential pressure (static) or head, (P, - P,).

This re]ationsﬁip is called the "square-root" law and, basically, applies fo
any type of restriction. - It is confined, however, to incompressible jdeal
fluids iA this module. - ~

The coefficient of discharge is an empirical constant, based on type of

. constriction’ (diameter ratio), and is equivalent to:

o

C = Qactua]

Q

- Equatioﬁ 7
ideal
-

-
|

This constant also qepeddg on the magnitude of the Reynolds number {NRe) »

a function of turbulence, deﬁﬁgiy, v1§cosity and Ve]ocity of the fluid.
Thus, the constan%; C, actually includes a separate constant called the: o
"approach factor." ' '

A ' o . 1C-03/Page 11




.

1 ! .
o r _ Equation 8
/1 - (d‘/D)l’ ;’
Y * . !
- Where:  .d = area, Ay, of constriction (such as an or1f1ce)
D = diameter or area, A, of. pipe. b .

e t -

(Note:'aIn the actqa] development of working equation% for commercial appli-

_cations of head or differential-pressure flowmeters, Equations 6 and 8 re-.

quire additional ‘correction factors for specific fTGTésf temperature, and
other variables. , These factors are normally found ongthe specification
sheets_for such devices.) - g ’
In short, C is introduced to accoupt for dev1at1gns from the ideal
Bernoulli equation. Its value 1s generally near un1ty, although precise
determination must be achieved by empirical ca11brat1on.
~ Pressure-sensing connections, or taps, are sma]] holes locatedyaccu-
rately (in accordance with recognized standards) s0 that published discharge
coefficients for a specific flowmeter are app]icab]e. (The differential
pressure that measures statit pressure var1es\w1th chp1ce of taps.) L
+° For many industrial situations, pﬁtét tubes occuby a place of only
minor importance'as primary elements for head flowmeters. They are, how-
‘ever, effective tools for spot checks and scans of flow streams. The latter

is importént in determin}ng velocity distributions or profiles acrdss pipes

b

_or ducts.. . -t

’ .

DIFFERENTIAL-PRESSURE DEVICES AND CHARACTERISTICS

Orifices, nozzles and venturis are by far the most common types of f

f]owmeters used in industrial process closed circuits. Figure 4 shows
these thrée differential pressure devices and a pressure vs. position graph

3
&

for each.
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ORIFICE"PLATES o *"

1

~

The.orifice plate 1s probab]y the earHest and most common pr1mary de-
,vicé in commercial use. Characteristics favom‘ng 1ts choite 1nc1ude .
- Ease of manufacture. ° )
- Reproducibility. »/ : e - -
- Ease of 'inspect'ion.‘ _ ) “ ‘ ) : ‘
-+ Ease of installation. .

- Economy. \ .
P P

Thé orifice plate is simply a thin diskcselampéd between gé%k’ets in a
flanged joint. Usually, .a concentric circular hole in the p]ate is sma]ler o
“than the internal pipe diameter.

~
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Pressure connections for

7 B

se;;;: attaching a differential gage (or
separgie static gages) are made at
> sidé holes in the pipe wall on both
¥

sides of the plate. The plate hole

% be square, knife edged or
bé¥eled edged (Figure 5). ASME-

designed (American Society for Manu-

facturing Engineers) orifice'p1ates
can be used without individual cali-

Figure 5. Qrifice plates. bration with great assurance of

aleuracy. P
In a typical orifice meter (F1gure 6), tap locations must be located
Eiery accurate]y accordiqg to one of three arrangements recognized bf the
~ASME Code. X - o 27
- Flow through a sharp-edged or square ‘concentric orifice pLate is char-
acterized by a change in ve]oc1ty, which reaches a maximum at a pount
slightly dowastream from the orifice. Beyond that po1nt, ve]oc1ty redutes
to:its oFigina]_ﬂalue. Not8: Pressure is minimum where velocity is maxi-

mum, in addition it has been not1ce¢ that the cross~ sect1on31 area at this

point is minimum and is actually smal]en than the .opening; this position is ~

called the vena contracta. o, ¢ \ P

R
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] > .
T o, .
e 0.0 /Lvmmax.s IN THE CASE OF V.C. TAPS
. = o
~%) i [ | : . :
. . . - . '
< VENA CONTRACTA OR O AND 1- 0 TAPS .
Ed ¢ « . N :
. > . Figure 6. Typical orifice meter.. .
‘ The basic working equat‘ion for an or1f1ce p]ate (based on Equat1on 6)
mayJ:e stated as foHovﬁ ‘ '
oY . Q= COA 29 (Py - Pa) Equation 9
S Y5 - ' |
& . p - .
. ' Dl .
. * "o ‘ . .
. . ] .
where: Q = volume flow rate. A ’
. Y
L .o A= cross- “sectional ared of ori fice.
N Do = ak‘lameter of orifice, ft. : -
* 0y = ingide” diameter of pipe,. ft. &
. 3 CQ = ori Fice d1scharge coeff"l cient, whu:h var1e§* with type of
e L orTflce, posit1on of tap} and Reynolds ~umber (NRe)
7_-. -t P1 & upstream pressur%. ) . - .
. ( 'Y . .
* Pg'— downstream .pressure. . ‘ , K
L e v -
T, p-cﬁeight density of fluid, 1bf/ft ‘ .
,, ev . . . D . » -,
. . D = "B, diameter ratio. ; : v
s . ) 1 : . } .. ¢
- .! . - \ .t . N
- ’ : KN . . .
. + The aboveﬁvariab]e may be rel“ated to the or1f1r.e coeff1c1ent G (Figure
,'; » ° Z)' ) ) s’ * ’ ‘- " a i !,6"~’ 4 .f . . f' ~\
» ) . .8 e - . N D h ‘:l '.“ .‘ S; ‘&.' "'3 . '-'. :
z L * . :;: - ) = - . D
. o ‘. ) ‘=. ., s . (4‘ ¥ .
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' Figure 7. Orifice coefficient, C for circular square-edged = *
: orifice with corner taps.
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hd } ’ L ]

Given a known vo]umetr1c f]ow rate orifice and p1pe dimensions, f1u1d
. dens1ty and: expected Nre's. a d1scharge.coef?1c1ent can be determined. In .
turn, expected d1fferent1aT pressure also may be, ca]ih]ated In actual
. ' cases, the calibrated va]ues ‘of an or1f1ce are known and,>1in. turn, an
unknown flow differential pressure can be measured This pressure is 3
plotted versus flow (F]gure 8). ‘ - '
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8.0 / . .
(o] t -
< T 1w - /l S IR 7 .
. ~“( . o ‘ ﬂ P ; g, . o
R ¥ &0 - 7 PRIMARY DEVICE DATA: i -
N g ” ' TYPE: Orifice Plate ;
T 8o ' METERED 'NO. 304.88- - . <
: BRI ay AR _ LINE size: 0" scH 1 Lo
40 : / © " ACTUAL LINE LD.: ' SR
§'" YR s . 10.420°7(ASTM-A3i2-6IT)
Cow ; " . ORIFICE SIZE: R602"
T 30 FLOW= 2331 /AP 1 a2 e T,
< 2.0 .
| A . ( ~
. 1.0 | L / 1 ' ' . i
, A L . \
il n | ‘ . ‘
G 100 200 300 400 %0q 600 700 ’
a. - FLOW (GPM) . _ )
Figure.8. Manometer dififerential pressure across orifice versus flow. |
) EXAMPLE. A: FLOW V'S. DIFFERENTIAL PRE'SSUREu .
: ¢ N . v B H b e e ) ‘Q}m
,| Given: Pipe 1. = 4 in.=Dy." | . ) ‘ T
Orifice I.D. = 2 in = Dy (square-edged with corner tgps). .
* \ Reynolds number = 4000. . -
Fluid = water. . ‘ ' " .
Find: Orifice coeff1c1ent and flow as a function of differential
. pressure. . 3 ’
Sclution: For a Reyno'lds number of 4000 and Dy/Dy of 0. 5 orifice , . ..
. coefﬁcient (CG) is given as-0.66 from Figure »7 therefore- - -
< " . o
< e
3 : © R &
3 - i ¥ o -
e 1C-03/Page 17 ;
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By using 'Equation 9: . N ‘o ~
- . . l“ -~ 5 7( 2.‘- \ \ 1\
‘ T v Q= CoA / ‘9 “(Py ['3' P2) )
| — = - o . 0 .
o 1 - (.[-)—)“] . et R
. < - s ° 1 ' . .3 (;_)
o Q2 g . reoc? (v b
= (0.66) (" i 42y o ‘ 2:x 32.2 ft/sec® x (Py - P,) ,
' . 12 . ' . e . ’62.4 ]bf (1 I [2/12]l+) . \' o
S D SR TSR v
" .- o . r
P " [ “.’ ,24 N .
='(0.66)(0.2318) x  ° j‘iﬁA ft/sec” x (Py - P) ]
_ - 7. 62.4 1bfsft? x (0.9375)
y - e [ .
. = 0.0144 ft2 V/l.lOl ft (P1 - Py) - Lo
“ \ sec” x 1bf Lo
s 3 " . .
= 0,015 [p; - p,, 1 T
. sec: S, L e
" where, P and P; ar:e pressure in psf. . - o . g
. If Py and P, are’given. in psi, o : L
' : s Y .. . 7 ’ :
} Q=0.181 P - Py, ft37sec. . . o
“ ) '. \\. cel ";".‘ .
-. L4 . - E . . < , /‘/'—.w. . : b% , -:.«
FLOW NOZZLES , . O L .
) ‘0 ... (S .

RK*

X

_farther downstrea;n from the

, E S . e )
Smaller holes jin an-orifice plate cause flow to-be pressed tagether

e ‘thus the. dis‘char‘ge E«
meéasureably from unity. Ir_1 ast, a flow nozzle givé smooth, conver-

’ gent section, which d'lscharges the ﬂow more paraHe] to the axis of f]ow

and with less convergence and press\gre ‘loss’ (Figure 9)

oefficient departs

R




. . Brief1y, the nozz]e is -

. e _;“’s?EA“ TAP DOWNSTREAM TAP described as a short cylin-
f] d der, one end of which is L
y . . flared to form a flange that )

can be clamped between pipe .
flanges. JThe purpose of the

smﬁoth, cerved entrance to
the- nozzle is to lead the
fluid smoothly (with minimum
_ turbulence) into the measur-
Figare 9. Flow nozzle with pipeline.taps. ing section (throat area)

\ ) v ‘ Aﬁeﬁflow dbgu]e passes .
approx1ﬁate1y 60 percent more flow than ah~orTT1Ee-w1th the same different- )
- 1a1 pressure Fnd the same ratjo of throat-diameter to internal-pipe-

&

d1ameter.

A f]ow noz#e can be 1nsta1Ped in a we]ded pipe, but it cannot be used
-'to meter flow in .either direction. . It is successfully used, in 1nsta11at1ons
where 11m1ted lengths of straight pipe 1imit orifice usefulness. Turbine
engtneers use f]ow nozzles extens1ve1y in.turbine performance testing.

~ - ¥
. ' , ’ ’ N &+ v, > .
. © "GVENTURI TUBES- . N N -

1 RS

.- :‘ow‘?“
b

The Ybnturi fube is eg%enfia]1y a smooth extension of the fjow‘ﬁozzle . ;
+ - witha subsequent,éFaduel, diverdent, conical section that-expands until the
‘“E’ original pipe diameter #s again attained (Figure 10). This tube, ﬁséd .
mostly in Jlarge pipes, is more accuraté than an orifice plate or f]ow noz-. ;

* - -2le, but’ conSiderab]y moré expensw\eaand more difficult to install '\$‘

) ) _* Figure 10. Typicaf venturi tube. . e .
2 . . . t i '
, N L | - \
. . . . - . 1C-03/Pagq 19
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» " I
b R
T The(baéie working equatfon for a venturi tube js simi]er to that used ' v
- for orifice calculations: ‘ N - -
S YLt E CyA, 1/ 2g (P ’APZ) - Equation 10 , q:lf
- ) ' . ) "y P [1'- (—2')2] N . '

. . ) Al‘

where: ~ 8 average ve1ocity at point’ 2, ft/&ec. -
Py« Py = differentfal pressure, pf/fe2. -

A2 = cross- sect1ona1 area at- point 2 ftzz ] g /s

* . p = weight dens1ty of f1u1d 1bf/ft3 .

- 'Cv = entur1 d1scharge coefficient, wh1ch varies-with geometry, - !
' . flqw rate and fluid.

Venturilﬁdbe desigﬁifavors their use in continuous-flow .slurries and —
suspended matter that normally might clog or alter the characterist%cs of an
Qrifice\plate or jts taps. ' ’ ) 3

CpITOT TUBES s e
, . » . . : X"—" < d

In general, a pitot tube for determining flow by differential pressure,

consists of two members, ere‘fpr indicating the sum of the static and veloc- \f
' ity pressures'at & point in a body 5? fluid in motion, and the other for in-
dicating static pressure onlx,>\The first is.known as an “impact tube". and .

the pressure. registered by ff’as the‘“total head" or "stagnation pressure"
—
(Figure 11). ., Lok

- . . ~

o,




STAGNATION POINT

- Beginning again with the Ber-

" noulli equation, it can be shown that.
flow past the p1tot tube is charac-
terized by the same genera] type
equ§t1ons preViously discussed for
orifice plates and venturi tubes:
(See Figure 11.) '

Equation 11

Figure 11. Pitot tube, 1ndepeﬁdent‘ Ce
- static-tap. )
V= Cp. ‘/29«("1 = Pa)
. - P
where: ~ V; = ve]oc1ty of fluid 1n 11ne with pitot head.
Cp = impact coeff1c1ent.

Py =simpact pressure (abso]ute) (if V,. =

Pz =‘
= we1ght dens1ty, 1bf/ft

0)

static pressure in f]oW1ng fluid, absolute.

It is /mportantfto note that veloc1ty is meqsured at. only one po1nt in
a cross section of fluid flow (contrasted with other *flow elements, which

consider “the a

:e:ige‘or effective velocity of an-entire stream).,

a

.e

[y

ELB DEVICES \: . :

There are many instances in which it is onty,necefsary to know that a
loss or a re]at1ve drop in flow has occurred. For e mp]e, in a PWR, the
primary coo]ant flow rate in each Joop is estdblished by a constant-speed
pump. To detert. a’]oss or redugtion in flow, an elbow-differential-pressure -

device (Figure 12) is used Py = P2 is an established valqe‘?br the desired

. flow. As the primary coo]ant f]ow drops off, the differential pressure is |
reduced. Th1s signal: annunciates and, in some cases, trips the reactor. .
[3 . ’
) - ‘ ' T ® - i
v r L ) Al - " .
) i . .
*~» 9\ - - .ﬂ - -
't r\ . . “ ¢ o ‘
. ., S~ /
- .‘ - — )
—- < .




Figure 12. Elbow differential-pressure flow. sensor.

'
» [

y Rk INSTALLATION/OPERATION :

~ . 1} ‘
Regardless of the primary elefient\seJected, certain important installa-

tion factors shquld be considered ta ensure accurate @easUréments:- -

‘.« Location-in piping, in ré]qtion to'(a) bends (e1bows); (b) c¢hanges in
pipe cross section.

Possible need for -approach- stra1ghten1ng vanes (streamliners).

Location apd”type of. pressure taps.
- Dimensions and conditions of pipe surface before and’after element.
+ Position of element relative tp_d1rect1on of fluid flow.

Type and arrangement of piping from primary element to differential-
‘préssure meauring.instrument. " T F

- ' . . §
Abnorma]'ve1ocit§/;;d distribution at png;ﬁqré measurement point?h’
influences readfngs from any 6f the head flowmeters previously didscussed.’
- For this reason, it is important toéﬂﬂsta]] elements with age&uate 1engths ' .
of straight, smooth approach pipe. -

When the piping 1ayow€ espec1a11y adJacent elbows and partially c]osed
., valves, do not allow sufficient strepm11n1ng of the flow to eliminate pres-




~

sure -disturbances, straightening vanes are used. These vanes eliminate
swirls, crossigzrrents and eddies set up by fittings, valves and elbows up~
stream-(Figurg 13). These units are welded ih;owgigg nipples and_mounted
between companion flanges to form line sections. )

TUBE, END VIEW

Figure 13.

Straightening vanes.

~N

_ TRANSBUCERS AND TRANSMITTERS

In remote transmission systems, a secondéry element (transducer) is
considered to include both the transmitter containing the measyring mechan-
ism and the receiver. In effect, the-direct mechanical ‘conneétion of a

" self-contained secondary element #s replaced by a*ppeumatic or electric
position-transmitting mechanism. o ' _.

The two general classes of measuring mechanisms of differential-pres--
sure transmitters are the motion-balance typé and the widely used force-

<
L g

halance type.
\\ Infa force-balance system, oﬂtput is ;ypplTéd_to a pneumatic béﬁ]ows or
e Tectromagnet tth opposes,thﬁ\force exerted by the measuring mechanism. In
"a typical device, sometimes referred to as a D.P. (differential-pressure)
cell or a delfa-P cell (Figure 14), a change in différentfa] pressuré
chaﬁges the air gap at a nozzlé tip, thereby changing nozzi®pressure. This

change, in-turn, is amplified to prbv{de an output signal, e
] ‘o
’- 3 o .
PR 1C-03/Page 23
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RESTORING BEAM
ANE ADJUSTMENT SCREW

N =
!;tI’Ei‘lf.

ADJUSTABLE FULCRUM
(RANGE ADJUSTMENT) “T~¥A4 : i
RESTORING BELLOWS .

rums

NENNNSY

SEALING OIAPHRAGM

A1
N e s 2N 7 VANE .
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MEASURING 27 , =L - . .
RAGM RELAY OUTPUT PRESSURE.

: PUT LOADING. PRESSURE o
CONNECTOR oz — - )

' »

SUPPLY PRESSURE .-

Carriveri ’

o : Figure 14. D.P. cell.

[, ]

‘ ' : . CALIBRATION

Commer‘cia] differentia1:pressure fToMeters, genera]]y,'_ér‘e debigned ‘
.according to ASME standards. Vendors calibrate theif orifices, nozzles and
\ . venturi tubes within them/o\é very sophistlcated facilities. On the basis

of. these calibrations, head- type flowmeters are sold with accompanying spec-
ification sheets. . ’ :;

W

— - :lBy applying good ‘engineering anhd installation practices, “the flowmeter

js then calibrated in place, by'using the design dat d the" spéci‘fjcation
e - sheet. _ - e ‘ L . oL e

Laborator"y c/al)mms of flowmeters are accomphshed through the.,,use v
. of time- related, volumetric accountab1ﬁty of_the fluid (direct method) C
Precision manometers are used to measure differential pressure in conlunc-

tion with secondary element output T ] K . . ,
] b - * M
., ’ 4 2 ?
13 - . - Y
& - . . i
: @ . ' -, -
ab' ’ " R
tst A
‘;?: ady \ . \ I),. o~
vt : \ ~ . 5 ‘.5 . .
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TABLE 1
) " ADVANTAGES AND DISADVANTAGES OF THREE PRINCIPAL PRIMARY ELEMENT TYPES '
Advantages ; N Disadvantages
-. R — ORIFICE . ‘
1. Lowest cost, ) 1. Unrecoverable head loss some-
2. ¢tasily 1nsta11ed and/or replaced times objectionable
3. High predictability of coeffij- * 2.% Suspended matter may build up- 5
, cient of discharge on inlet side )
; .84, Will not wear in service - | 3. Maximum capacity may-be.limited
5. Sharp edge will not fou] P 4, Preferably Jimited to factors
~ with scale or dirt 7 below 1000 psi and 800°F
6. Adjustable type capab)e of wide 5. Must. be mounted between flanges
_ i range metering ] . 6. Installation of orifice and |
' *«\\ ' ) pressure connections musf‘Be ) A
B carefully m;L T
: FLOW NOZZLE .
. Handles 60% greater capac1ty 1. ®osts more than orifice
than orifice 2. Same unrecoverable head loss as
2. Can be welded into p1pe 1ine _orifice !
3. Costs less than Venturi tube 3. Thpoat may foul up with pipe
. but handles same capacitiks ‘i scale or dirt
4, Used when piping layout ‘not - \*iﬁ Pressure connections must be \\
suitable for orifice . carefully made )
VENTURI TUBE
1.. Lowest unrecoverable head loss 1. Highest original cost
| 2. Pressure connection are inte- 2. Highgst installation costs
: gral part of element | . 3. Not recommended for steam .
. 3. \wRequ1res only short length ‘of "4, Greatest weight and largest *
{ - straight pipe on inlet side © size fdor given line size !
4, Best suited for measuring sollds , . -
in suspension ‘ , . . . N
5¢o Can be welded into line o Y
. A . . -
- — & . -
ﬂJRBINE FLOWMEIER T RESE N AT

‘1w .‘ o

A turb1ne f&owmeter does not re]y'on any pressure differentia] but only ( -
. hpbn movement of the fluid. It ¥s one “of the- QQfF common1y useq flowmetgrs .




. FLOW

|
!

in industry and the military.
The reason for this is that most

turbine meters have an electrical

FLOW
STRAIGHTNERS

output which makes them useful
for providing remote indications

— e S @ -

while maintaining their accu-

. raqy{ .Due to the type of elec-
trical output that the turbine
‘ffowmeter provides, connecting to
computerized systems is very

(Figure 15)

) - ~ A turbine flowmeter consists

of a.straight flow- tubecontaining-a—turbine or other type-of rotor that is .-

-The speed of rotation of\

The

rotation of the rotor is seneed magne??ca]iy in such a way that an electri--

Turbine flowmeter. easy.

[

Figure 15.

free to revolve about the center line of the tube.
the rotor is directly proportional to the rate of flow of the fluid.
cal pulse’is generated each time a turbine blade passes a sensor; thus the
output frequency of the flowmeter is directly proportional to the rate of

- flow of the fluid.

>

They
The
major 11m1tat1on to theluse of a turb1ne flowmeter is that the fluid be

Turbine flowmeters are known for the1r high degree of accuracy.
are 11near devices, w1th good repeatab111ty over wide flow ranges.

“cléan and'noncorrros1ve dye to physical contact between the rotor and
f1u1d.
experienCed with the orifice p]ate due to the amount of energy be1ng ex-

Pressure 10sses across the turbine meter can be larger than those ~

tracted from the system by turndng the rotor. ‘ < '

. Turbine.meter calibration is norma]]y accomp11shed by 1nsert1ng the

meter into a line where actual flow rate quant1t1es have been determined by »
a secondary standard. The actua] f1ow quantities are used to calibrate or
prepare a calibration Curve for the meter under test. A typical calibration

Toop is shown im block diagram form in Figure 16.
-e A Y %‘ N

-

2 . ,
. . - [ G e A
) »
T -~ .
.

4




The calibration loop

_ shown in Figure 16.1s known

n
i
]
U

Cas a dump-weigh-system and

can'be used to‘calibrate any
1iqh4d flowmeter. This sys-
tem is designed to measure

B R
R

X

- ‘E © the. time‘fﬁté?taf’invo]ved
TIMER RECORO!

“in. f1111ng a tank-to. a_ppe~
ANO CONTROLLER

< - - mow . set weight. The system
) ’ . J _CONTROL
AtsghvoIR o . VALVE offers the h1ghest degree of

wpx:g‘xa‘-a-:xax:::n
s

N ‘ . ’ . accuracy (*0.2%) because
‘ “both time interval &nd .
A ‘ weight can be measured to

" _very high tolerances, how-

FILTER TEMPERATURE
CONTROLLER

‘ever- it is also expensive to

~Figﬁre 15. “A-flowmeter calibration 1dhp. -~ ' construct and operate.

-
“ “
e~

"+ MAGNETIC FLOWMETERS -

-

-

~

Magnet1c flowmeters are often used 1n.the water and wastewater 1ndus-
tryf*‘The operat1ng pr1nc1pa1 of maggetic.flowmeters is based on Faraday é\\,,
1aw of - 1nduct]on, that states the fo$?hy1ng N RN

Voltage 1nduced’across a conductor as it moves at right angles td .
d magnetic field is proport1ona1 to the velocity of the conductorl“‘*“-”

4

This princ1p1e is. the bas1s'3? operation of generators and a]teynators.
Thus: the magnetic flowmeter (Figure 17) is -a modified version of an a.c.

N ' PR

generator, - e
A magnetic f1e1d (B) in Figure 17 is produced by the magnet1c co1ls.

The p]ane of the magnetic field is perpend1cu1ar to the flow axis of the,

pipe. A disk of f]ow?ng fluid w1th a cross- sect1ona1 area equal to that of

the pipe moggs_thnnugh_the~magnet1c field and cuts it at a right ang]e. In’
accordance with Earaday"s “law of induction, a voltage is 1nduced into the

\ disc -of flowing fluid. The 1nduced vo]tage (Es) is the total of- all volt-

. age deve]dped within each segment of fluid passing through the magnetic

field. Th1s 1s determ1ned by Equat1on 12:.

I1C-03/Page 27
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PIPE WITH
n.owne FLUID

DISC OF FLOWING FLUID
ACTING. A8 A CONDUCTOR

. METERING ELECTRODES -

Figure'17.

.

. ﬁ l - )
65 - Eg = .% BDV 'Equation 12 L
¥ Y
) -
where: . E_ = the induced voltage. J ,
B = the strength of the magnetic field. on .
D = the diemeter of the pip!T;Jz ( '
V =.velocity. . K
. C = a dimensionless constant. &

The flowing fluid “through
‘infinite sertes of conductjve discs

e\pipe can pe thought of ag constituting an’
i t rough the magrietic field. The
greater the flow rate, the greater w111 be- the jnstantaneous value of signal
voltage that is monitored at the meter;e?éctrodes.

thus the induced

The field coil is energized by a b0-HRz a.c. s1gna1

voltage will have the same frequency. The induced voltage is measured and

scaled to represent a flow qﬂantity by the s1gna] cond1t1oner

- conditioner is an electronig ﬁ?mp11f1er system.

The s1gna]

The fluid to be m@bsured@gy magnetic flowmeters must be conduct1ve in
the order of 8 to 15 m{%romhos per&centimeter of length. fh\s\;equrrbment
disqua11f1es the usg* ith qpetroleum products and

Tﬁﬁﬁf 'er supp]y 1ndustry 1s th pr1 e usergaf the magnetic

the” magnetic f]owmeters

some chemicals.

Page 28/1C-63
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-

-flowmeter due. to the veny 1om nonrecoverable head loss. Care must be exer-
c1sed to ensure that the f1u1d pass1ng~through the magnet1c flowmeter tube
does not degrade the performance of the electrodes by corros1on or coating.

The flow tube of the magnet1c flowmeter can be mounted either horizon-

\as the pipe is full of 11qu1d at all t1mes. -~
F1u1d characteristics such ;\\v75c051ty, den;:ty, and pressum& pose no re-’
str1ct1ons on magnetic meter<applications. ; .

Ca11brat1on of the magnettc flowmeter is s1mp1e and does not require
the removal of pd} element from the measurement system. A s1gna1 simulating
various flow rates is fed into the signal conditioner and adJustments are
made at that point ‘so, that the readout will agree with the known 1nput.

The re]at1onsh1p between voltage and flow guantity- is derived from
Equation 12 and shown in Equation 13, ' ‘

The velocity and flow equation is: "

V:g:
A

This-valueyof V may‘ye_substituted into Equation 11:

-

Logg = a0
C D2

S

{ .
This expression may be solved for Q:
- e
) = TI'CD
Q -—4—"

=~

- +as m, C, and D are all constants:
N
Es

Q=K< ‘Equation 13

A

a flow quantity.
a constant.
= the same as explained in Equation 12.

IC-03/Page 29




ULTRASONIC FLOWMETER - .

The final major type of flow measuring device to be discussed in this

* " module is the u]trasonic Doppler-efféct f]owmeter.' The Roppler f]bwmeter

determines the velocity of fluid in a p1pe by detecting the frequency change
of a signal of ultrasonic frequency that. has been injected 1nto the fluid -
f]ow1ng through a pipe. The frequency of the signal js altered by the
motion of the fluid in Lhe pipe and is proport1ona1 to fluid velocity.

The sensor-transducer utilizes twin piezoelectric crysta]s that are
located in a pipe. One is for tpansmitting the ultrasonic signal, whereas‘
the other is for detecting the refledted signal. ' '

The pr1nc1p1e of operation is based on the Doppler effect which states

the fo]1GW1ng The ' frequency of a sound wave is shifted 1n‘frequency pro- A
port1ona1 to the velocity of the medium through which the wave is travel-
ing. The ultrasonic wave. injected into the flowing.fluid is pagt1a11y re-
flected by small bubbles or other part1c1es in the flowing f1u1é As - the
ref]ectors are traveling at the same velocity as the f1q1d the frequency of -
the reflected wave will be shifted. Thedgrequency of the reflected waveform
(Doppler frequency) is a linear function of the flow velocity and the physi-
cal characteristics of the flow system that are constant. ;
i Operation of the uﬂtrasbnic‘f1owme§er is dependent upon air bubbles or -
small suspended solids in the liquid. If these are not present, the trans-
mitter signe1 will.not be reflected bdtk to the receiver. Pipes with poor
or marginal ultrasonic transmission ab111ty cannot be used with these flow-
meters. Concrete p1pes or bad]y corroded metals cannot be used.

The accuracy of flow measurement by ultrasonic flowmeter app11cat1ons
is about 2-5% of full-scale flow values, depending upon calibration and
application techniques. There is no pressure drop encountered in this type

of flow measunement since there are no obstructions within the flow line.
]

LY
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A hajor advantage to ultrasonic flowmetérs is the relative ease of
installation and removal of the sensing and ﬁransmitting crystals that are
simply attached to the external wall of a pipe. Figure 18 ghows an

app]icatiop involving an ultrasonic type of flow measurement.
- ) -’

»

e
-

i SMITYED 8IGNAL :
L suseLEs OR suspendED PARTIGLES . * |REFLECTED 8IGNAL WITH DIFFERENT FREQUENCY

- 1 o N
TRANSMITTER > i _J\w'! SIZE 2°TO 42° AND HIGHER
- : RECEIVER
ANSDUCER - SENSOR HEAD ‘

CONNECTING CABLE -

” TllANBMITTED 4-20 mA SCALED SIGNAL PROPORTIONAL TO FLOW
»
L —

@\\mn FOR LOCAL INDICATION-

- ’ U*IN&TRUMENT MQUNTING . C

Figure 18. Ultrasonic flowmeter.

4

The flow measuring techniques discussed in this mbdq}e are the major
- types used in modern industrial flow applications. Other types are \used,
but they,are used for special app11cat1ons and are not of maJor signifi-
cance. Several head-type primary devices are used in spec1f1c applications,
* but eenform to the general equation used with the orifice meter covered in
'this module. Open-channel flow measurement techniques employ flumes and
‘wires as head producers and level devices to measure the head loss that is
proportional fo flow.' These are being replaced with maénetic meters in the
water 1ndustr1es, ‘but. they are still used in industr1es where it is not con-
ven1ent~to route the flowing f1u1d thfough pipes. P1tot tubes, insertion l\
meters, Vortex shedding, positive displacehent, and mass flow measurement
instruments are used to a limited extent for special applications. The
Y operation’ of most of these-devfces is outlined ,and discussed in the mate-
r%a]s designed in the Reference section of this module.

l . - N
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EXERCISES . . . ' - BT
. “ ) o, {
"y ¥/ Q = CA 2gh is given as the basic expression for a change in pressure
T head measured by a head-type flowmeter. .
a. Why is this called a square-root relationship?
b, If f1ow rate is doubled and all other variables r?ma1n constant, \
how is pressure head changed? , ' ,5\
c. Identify each function in the above equation. ~
’ 2. 6escribe and sketch three principal types of differential-pressure
f]owmeters; give advantages and disadvantages'of each.
3.  Sketch and discuss a‘typical differential-pressure transducer-of the
force-balande type. ' :
4, Given: 10-inch 1.D. ‘stainless stee]tpipe; average flow of 10 ft/sec of
500°F water; orifice plate Dy/D, = 0.8.
Find: Volumetric and mass flow rates.
5. Given: 8-inch (nominal schedule 40) pipe; 70°F water flow; orifice
I.D. = 5 inch, Reynolds No. = 3000.
' - Find: Differential pressure,Yersus flow (similar to Exampfe A) for
the following;
a. Square-gdged orifice.

v

e [

e .

- “b. Venturi tube. o : -°
c. Flow nozzle.

- '.LABORATORY MATERIALS VI .
. ot P : ST

: . .

1 series coupling (orifice plate and venturi tube) in horizontal Lengfh with
associated scaled (water) manometers an¢ connect1ons at . proper tap -

« location, A commercial c]assroom apparatus 1s recommended. )
1 water suppp th yariab]e flow valve and assured constapt flow rate. .
1 calibratg ection (weigh1ng) ‘tank, ' .

"Specificat \gfl sheet on or1f1ce p1ate and venxur1 tube to be ‘used.

Adequate Tehgthwof stanght Pipe, upstream from’each meter. S rl




. LABORA:I'ORY PROCEDURES

-

“1f available,’ this procedure sl‘mu]d be performed with a commercial
classroom flowmetering device. . -
1. Assemble orifice plate, venturi tube, piping and manometers as shown in

Figure 19. Be sure to follow vendor's instructions.

. : FLOW
RETURN VALVE ~—
. . { :
. COLLECTION VALVE . ﬁ“
CLEAR PLASTIC TUBES
(MANOMETERS) MOUNTED
ON LARGE BOARD WITH
VARG’ STICKS AT TACHED
’ 4
& iz il= :
1..': b 43t
\WEIGH 9] T59
(SCALES .‘_. F b PR ... FLow
FLEXIBLE F .
HOSE 114 { 1t s
= =~}  FrLowconTROL ]I [ L
N \ .
AT 4 . Ll
C e { \\veurual
’ ‘-__;__;;ﬁ:f’ . oL ATE
SUPPLY TANK  ORIFICE PLATES ;
. ' Figure 19. Flowmetering device. ‘ v

-

2. Open..é‘ontrol valve and return valve; allow water to flow to clear air,
packets and sweep out bubbles' close control valve gradually to subject
meter-to increased pressure; when water 1eve] has risen to a conven1ent

height in manométers, close supp]y valve. ¢ . ]

K 3. Level the manometer water column; open control valve to obtain a rea-
sonably large aAh, . . ' . -
4, Measure pressure drops on meters (take at 1east 10 reagdings each); re-

cord readings on Data Table 1 (a and b)

5. " Note and record pressure wsses through, metermg system,




6.

g T
! 8
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Use vendor-furnished d1scharge coeff1c1ents from speéif1cat1on sheets,
calculate flow rates through flowmeters. - '

,§5p1a1n any~differences. T

»

- Plot, on charts provided, variation of C with Q.

CALIBRATE ORIFICE METER AND DETERMINE 0RIFI¢E COEFFICIENT

Arrange ,brifice meter in manner i]&ustrated above. (Beyond control
valve, a flexible hose should lead to a measuring tank,)

Admit water from supply valve.into meter. -

To establish orifice coefficient, obtain variations (hy - hj) with'dié—
charge rate Q: open control and supply valves (to clear out air bub-
bles and pockets); gradually close contrél valve to subject meter to
increased pressure; when water has risen to convenient heights in
manometers, close supply valve; open supply and control valves to ob-
tain flow.

Measure the f]oﬁ rate (co]]ectain weighing tank and take Ah readings);
take. approximately 10 ah readings; record readings on Data Table ?2;
average flow rate. .

* "Adjust flow and repeat 4, above. ‘ -

Plot; on the charts prov1ded, a D P. versus flow curVe calculate ori-

fice coefficient:

.

What woyld be the effect. on results if piping were not ‘level?
Discuss difference’between calculated C and empifical value?

- s
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A . {
DATA TABLES
— h by
DATA TABLE 1. MEASURE OF ORIFICE AND VENTURI PRESSURE DROPS.
lorifice P]ate I.D. inches, Area sq in, Discharge coefficient
Co = ) —_ -
Venturi Tube: 1.0, inches, Area sq in, Discharge coefficient
CV = ) <
Pipe: [I.D. inches, Area: sq in )
A Orifice Meter . B Venturi Meter % Differ-
Reading ; \ ] " , ence Be-~-
No. | ha Q /n, “hy Qy tween A & B
(inches) | (inches) (ft¥/sec) | (inches)](inches) |(ft3/sec) ' «
1 .
2 :
3 v ®
4 >
5
\ )
6 p ¢
7 —
8 ; . T o
-
9 @
10’ \ —
Aver:age ] i
9 Difference between A é B = I M x 100 k
' L .
Area = (I D. )
4 %
\) e
Q = / hy ="hz)
X [1- (A2/A))%] - .
Rv : ) © ©1C-03/Page 35
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DATA TABLE. 2.” CALIBRATION OF ORIFICE PLATE.

. Orifice Plate I.D. = . ‘ Area. -
"I Pipe 1.D. Area ~
Weight | t 'y hy Q (hy - hz\) (hy - ha)l/%
1bf sec inches inches ft3/sec inches (1’nches)1/2~
» ’{ l
5
+ L
. »
y (-2
kN —) ’
-~ ) ”
.x‘ o /
e' - 43
Page 36/1C-03 .
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(h,— hg)'/z . (""JCHES\)V2

4

“ » .
PLOT OF (hy - h2)'/2 vs. Q
‘ "
. . / )
0'4 = 3.
P - -
03
0.2 _ |
Ol
L L - )
IO..O . - \
O ) . . d
, 7 e
. Q sec )
. . ,
. . . ’
-1 * ‘ Iy
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VALUES OF "C" CALCULATED FROM INDIVIDUAL FLOWS - .

-

Q.
3
ft~ /sec

. (hy -hg) /2

»

(inches)l/2
% |
g
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e ‘ INTRODUCTION

-

° e AV !l -

Wf:a Temperature measur ment and contrUT’processes are 1mportant not on]y to
the proce%s an@lmanufa furing 1ndustr1es, but they have an important effect

;gnmeveryday§11fe.p Automob11es have systems that both ‘monitor and control

ﬂ”v \ temperature. Temperature control systems are also present in furnaces,

water heaters, stowesq ovens, and other app11ances. 'Most of these applica-

2, X
LN

2= tigns ars\Pased on a few measuring pr1nc1p1es that are common to many ‘ndus-

- trial anpkicat1ons.

A common temperature measurement app11cat1on includes the expansion and
contraét1on of fluids and metals as a result of temperature variations. The
distortion of meta] strips and pressure changes of fluids are the result of
changes in volume and size that correspond to temperature fluctuations.

This process prov1des the basis of 4emperature measurement. Changes in
elgctr1ca1 ‘quantities that are brought about by correspond1ng temperature
variations also provide the basis of opération for an important class of
temperature measuring devices.

f —

o S PREREQUISITES

e student should have basic understanding of a]gebra and phys1cs and
should e completed Modules IC- 01 IC- 0;, and IC-03 of Instrumentation and
Controls. v

OBJECTIVES

k]
Upon completion ot this modu]e; the student should be able to:
‘ 1. Explain theqprincip]e of temperature measurement by a filled thermal
~ system. J ) <
2. List and define four classes of filled thermal, Systems. .
3. Define the term "inferential measurement” and explain why temperature
measuremept is based on this pr1ncip]e. ° 3

~n
)

——
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4, Exp1a1n the operating pr1nc1p1e of the following types of electrical

> temperature measuring devices:

a.
b.

Ce.

Thermocouples

Resistance (RTD).

Optical.

7

5. List common applications of the above mentioned temperaiure measuring
devices. . . oo ) : ’

6. By use of standard ca11brat1ng procedures, explain the means by which
calibration is achieved for the devices listed above.

7. 3 List some common]y used temperature scales and explain how they re]ate

to one _anether.

) -
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" e ~__"SUBJECT MATTER

TEMPERATURE SCALES ¢

s . . . :
oA TempeC;;ure is a quantitative measure of the hotness or coldness of an

object. .The relative hotness or coldness of an object, as measured by its
temperature, simply indicates in which\direction heat will flow. Physical
laws state that heat will always flow fqgm a hotter body to a ¢older body,

the relative amount contained by a body. .If a body gets hotter (highé} tem-

perature), it has received more heat; if it gets cooler, it has lost heat.
Heat is a form of-energy. A hot body has more internal energy than-an
jdentical colder body. However, it does not follow that two bodies at the
same temperature have the same éﬁergy. It is obvious that a cup of sea
water does not have near the internal energy of the océan, even when both
are at the same temperature.
Temperature is an arb1trany measure that has been contr1ved by man—
. kind, Things are judged to be hot or cold as a function of his environ-
‘ ment. For example a hot day for a person living in North Dakota~might'bé a
cool day for a person Tiving in Texas. Things that have .a Righer tempera-

ture than our body are judged-to be warm, while things that hav lower tem-

peratures than our body seem to be cool., Relative nleasure oF temperature is
wure s

unsati§factopy in a tébhﬁo]ogica] socie?y, therefore we need guant1t§ ive
' temperature scales. ) . . "\\‘ : _
For a temperature scale to be quantitative we need to be sure that the
scale is convenient to use and-is capable of being per1od1ca11y redef1ned.
The need for quantitative temperature measure was recognized in the ear]y
1700s when the first of the four commonly used temperature -scales of today

are:
+ Centigrade (°C) ;
+ Kelvin.(absdlute centigrade)(K). .
+ Fahrenheit (°F). '
+ Rankjne (absolute Fahrenheit)(°R). - ] C

Figure 1 is a representation of correspond1ng points on the four scales. -

©

N .- R ® ' .
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regardless of the masses of the two bodies. Temperature is an indication of

“were invented. The names and characteristics of the four temperature scales °

v
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WATER_. __ _Ek3100 _  _ _ _ _ &1373 _ _ _ _ J
BOILS % ! N

- WATERL_ Blo _____ __ et _
FREEZES _ |

. THISLEOINT. HAS NOLIGIGNIEICANGE

ABSOLUTE_
ZERO

T — ——— ——

a. Ceatigrade °C b. Keivin K o. Fahrenheit °F d. Rankine °R

N

Figure-l. Corresponding points on temperatune scales.

As can be seen from Figure 1, temperature cenversjon from one poipt to a
correspondidg point on the absolute scale for anbther barticu]ar\écale can
be accomplished by add1ng or subtract1ng values: -0°C = 273 K and 0°F = -
460°R.. Tﬁtrefore the s1zb of an individual degree on the centigrade scale | |

is equal to a degfee on ‘the Kelvin scale. This is 3]50 true between the

" Fahrenheit- and Rankine scales. However,‘canversion between °C and °F is a

-

different matter. The degrees on these scales do not represent the same
amount of. heat quant1ty. One hundred degrees on the centigrade scale (100°
-~ 0%) represents the same amount of temperature as 180° (212 - 32) on the
Fahrenheit _scale, thus 1C° = 1.8F°.* The following equations can be used to

convert-frem one temperature scale to amother. -
PPN . . — B ) !

~

(3
>

v

*A convéntion observed in_ science and technology is 4hat when the degree

symbol (°) preceeds the scale symbol (F, C, or R) that the number represents
a position on the scale. If the degree symbo] follows the scale ,symbol then
the number represents a temperature interval (d1fference between the actual

temperature values). Thus, 10°F means a temperature measure and 10F° means

[%zmperature difference of 10 degrees between two temperature measures.

Page 4/1C-04 -
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°R

°C

A Y (f“

°Cc +273 - . Equation 1
°F + 460y Equation 2
* [+]

i_gjg_iﬁl [=.g (°F -32)]  Equation 3
1.8°C + 32 (=.§ °C +32)  Equation 4

EXAMPLE A:

CORRESPONDING TEMPERATURES.

Given:
Find:
-‘Solution:

— .
The temperature of a

material is 40°C. -

The corresponding temperature on thg other temperature scales.

From Equation 1:
K =°C+273— .
‘= 40°C + 273

=. 313 K.
From-Equation 4:
F = 1.8 (°C) + 32

= 1.8 (40), +32
.= 104°F,

From Equation 2:

°R = °F + 460 - . l
= 104° + 460 ? )
= 564°R )
TEMPERATURE MEASUREMENT.” . .

A .

As with most other measurements, the measurement of temperature re-
quires thelutliziation of a transducer to change the heat energy of the me+
dium being measured ‘into a more useful form.. Transducers for“the measuré-
ment of temperature are of two brogh types:' electrical and, mechanical.

: !
1C-04/Page 5




,;e]ectﬁi&a] transducers.conve t heat energy into electrical energy or e]ecf
“'trical properties. Mechanical transducers convert, energy into mechanical J
motion or pressure; which is then converted to motion. Temperature measuréL
ment is achieved by inferential means; that is, the measurement results from
E: secondary effect of temperature. . J
Temperature is a measurement of the mot1on or the activity' of mole-
cules. The'molecular motion, which is d1rect1y proportional to temperature
results in some changeT:o the transducer in physical-contact with the medium
to be méasured. The variation in molegular activity results in the trans-
ducer response to a temperature variation. The transducer produces energy
‘that initiates a measured response (output) that is scaled and Trelated to
temperature. o - .
Temperature measurement in the filled glass tubes (glass therépme ers)’
"in Figure 1 results from the change in molecufar. actﬁvity in the liquyd in
the bulb. An increase in tempgrature increases theemolecular activity Y
the liquid apd causes it to expand or increase its volume. This produces a

movement in the 1iqdid surface which infers a corresponding temperature *

.

value. Temperature transducers are shown in Figure-2.

E;T ELECTRICKL HEAT MECHANICAL
]i—__—u TEMPERATURE =0 _ 3! TEMPERATURES
ENERGY | TRANSDUCER: . ' ENERGY | TRANSDUCER
A
; M \ 1
. MEASUREMENT RESULTING IN A MEASUREMENT RESULTING IN CHANGE
CHANGE IN ELECTRICAL PRORERTIES IN MECHANICAL PROPERTIES

1

_ Figure 2. Electrical and mechanical energy transducers. -
- * '\ .
ELECTRICAL TEMPERATURE TRANSDUCERS
<

~

Thermocouples are electrically operated devices capable of measuring

temperature. a few hundred degrees below zero to several thousand degrees

. /A
above zero. Thermistor and resistance elements -are alse used for tempera-
ture measurement. They are used with a bridge circuit to measure very sma]]

changes in-temperature.

- AY
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Thermocouples — - .

Thermocouples are cqnstructed by connectjné‘two &1ssimi1ar metals
together and measuring the vo]tageiprdduced when the ends are atldifferent
The point o
at which the two wires are connected is ca11ed the, measur1ng, or. "hot ,"

The other end of the w1re§,.the po1nt at which the voltage is
Thermocouples oper%

temperatures. Figure 3 iTlustrates a thermocoup]e_gpp]1cat1on.

junction.
measured, is called the reference, ‘or "cold,"” ju?ction.

ate on the’ fo11ow1ng pr1nc1p1e‘ A very small voltage is qenerated when the!

two junctions are at different temperatures and the vo]tage is d1rect1y proﬁ
" portiona] to the temperature d1fference. : [

_ . e -

o |
> REFERENCE , ’ o~ .
® JUNCTION';--——, IRON ) ) . :'

¥

MEASURING |
JUNCTION ™/

_ CONSTANTAN
. S - _
(i 'Figure 3. Thermocoup]e appTication. , {

-

‘-

. The meta], or meta1 a]]ow, used for wire construct1on’has an exact :
re]at1onsh1p between temperature and yoltage that is listed in tab]es sup-
Tabﬂes are required for EMF«tempera-
The amount- of Vo]t-

~ plied by thermocoup]e manufacturers.
ture can ers1on because the re]at1onsh1p 1s not 11near.

* TABLE 1.. THERMOCOUPLE PAIRS. L.

Abbreviations Used

* « LSA

Symbol

Conductor Pblarity and Color

+ T ' -

In Conversion Tables

1/
C/A
c/c

CR/L

J

Iron-white:
Chromel-white
Copperiblue
Chromel-yellow

_Constantan-red

Alumel-red
Constantan-red

Constantan-red
: 3

’ -
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Thermocouple tables 11st the EMF va]ue§$bf d1fferent th
the temperature norma11y in incremeénts of. 5o, For thesé values, t

"“ ence junction is assumed to be at a re nce value such as ..
- .+ 32°F or 0°C. ‘ - . . o8
“e 75°F or 25°C. ’ % ’

Since the EMF measured at ﬁhe'FEfgremte junction ista function of the
temperature difference of the two junctﬁonsé a change in temperature at
either junction is maintained at & tenstanéﬂtemper§§ure - 32°F, 25°C,-and<so
forth - in most 1aboratory applications. However, this practice is not -
feasible in most process app11cat1ons. Reference Junct1on temperature com-

pensation is requ1red in most prdEess app11cat1ons. The need for this will

) be better understood by the use of E%ampfes B and C BRI ¢
© ‘
v : . - v L hd
Coa . . EXAMPLE B: TEMPERATURE OF MEASURING JUNCTION.
*F?iﬁ’ ' Given:  The EMF, as measured at the measuring dunction of a thermocouple,,
e is 7 mv. R ‘ ' .
e The thermocoupie is type J
The reference junction is 25°C 3, ’
Find: "The ,temperature of the m’asﬁr1ng junction.” o
Solution: Using’a thermocouple tabTe based an a 25°C reference temperature,
the temperature value correspond1ng to 7 mv. for a type J thermo-
t coup}e is 155°C. . . e
v . ) . o .
EXAMPLE C:. TEMPERATURE*OF -MEASURING JUNCTION. ..;;
Giveq: " The EMF, as measured.at the refenence Junct1on of a thermocoup]e,
is 8.50 millivolts. - TN -
The thermocouple is a type T. - A o c
The reference Junct1on is at 35gb ) '
Find: The true temperature of the measuring junction,
.' O. k ) Se e .
Page 8/1C-04 S a T o




Solution: Accordin@ to a thermocouple table based on 0°C as the reference a -
* T type thermocoupie wou]d have an‘ output of 1.0 millivolts (mV) 1f
. Jits reference Junct1on were at 0°F and 1ts hot junction were at
' ‘the reference Junct1on temperature of 35°C
Accord1ng to procedures recommended by the National Bureau of
thandards the correct temperature wou]d be determined by the for-

/ mula: L -
. < ¥ 4
Et =& +Ep - B '
where: kt =i EMF ofnihermocouple if reference junction is at 0°C
, , . and the hot junetion is at the measured temperature.
' ) ' Er = EMF of thermoEoup]e if reference jupction is at 0°C
, o . and the hat Junct1on were at the actual reference
A " Junction temperature.
) ) E. = the actual measured output EMF of the thermocouple.
% - “) . ' , . . P
. _Thus €1.0miv) + (8 5 mV) S h
. 9.5 mV » ' N 7

and, re urnig to the same set. of reference tab]es results 1n

finding that 9.5 mv corresponds to an actual hot Junct1on tempera-
ture of 204.0°C. - C

-

>

) . Examp]e C shows how a measurement based on one reference can be changed
to another ‘reference. The tab]es are formulated based on data obtained by
ma1nta1n1ng the reference Junct1on at an exact temperature/”ﬁevat1ng r
decreaswng the measuring Junct1on temperature,to an exact, measyred va]ue,
and reading and recording the correspond1ng m1111volt value. .- P

. The material used to make tHe thermocoup]e the type of 1nsu1ator u3ed
ta separate the .Wires, and the method used to’ connect the ends that form the
measuring Junction depend upon the. app11cat1ons Copper constantan thermo-
coup]es are used for temperature ranges of -310°F to 662° F The mV output

‘ . .
< m ) ~ . f ¢
N .
,
.

»
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. P N
1s_;e1at1ve1y high for -this type of thermocouple; ‘but it 1s errat1c at -
higher temperatures and will suffer from deterioration. iron constantan
¢ 1s favorab]e for app11cat1ons in the lower temperature ranges because it is
re]ative]y 1nexpensive and has excellent output vo]tage, but it also deteri-
_orates (because of the ox1dat10n of iron) at h1gher temperatures. Thermo-
~ U couples made of platinum and 3 p]atinum rhodium a]]oy have the broadest
ot .- range (0°C to 1700°C) and are used as a Secondary standard in thermocouple
S ‘ ca]ibration. The p]at1num/p1at1num-rhod1um thermocouple denionstrates. the -*;.
- Jeast change of output EMF per degree of temperature over its range. The |
maJor d1sadvantages of th1s type of thermocouﬂ]e is' that it is -expensive and
has a .EMF output per degree of temperature that is on]y 1/3 of . a type.K
. (chromel/alumel) thermocouple. .

. Ve

Thermdcoup]e'Applications

-

T ) Temperature méasurememt by thermocouples is a commdn app1ication in
industrial- facilities. Figure 4 shows such an applicatioh. The thermo- ' >
couple lead wires are used in such a way that~the reference junction is

sestap]ished»at éhe millivolt measuring instrument where €lectrical reference
‘ gi\\ction compensation is provided Thermocouple lead wires can be connected . (fq
to another material, such as copper wire, if care is taken to see that the
. same temperature ex1sts at both connect1ons. In modern thermocouple readout
instruménts the reference junction is unnecessary due to the electrical ;om- )
pensation as shown in F1gure,4. }nstruments are available that will providé\
a readout edther digitally or by a meter of.temperature measurement, -For .

e . ] . .S ./

™

’
u
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ZERO REFERENCE, . 'MILLIVOLT TEMPERATURE
. COMPENSATOR MEA§UHéMENT . READOUT e
. DEVICE DEVICE \
THERMOCOUPLE TEMPERATURE ) .
LEAD EQUALIZATION - ——
BLOCK .
THERMO-WELL
Ay 1 TEMPERATURE
1Y 7] / Hi | €———MEASUREMENT
4 1
. % ccﬁn N | NSTRUMENT
WIRES L _——— . =
. - * *
DISTANCES SIGNAL '
UP TO A FEW THOUSAND CONDITIONER
- YARDS . e .
. , ’ )
ZJ T MEASUREMENT JUNCTION ’

s

Figure 4. Thermocouple measurement systeg:;\\\w}

high temperature epp]ications, the thermocouple is constructed from iarge

4

wire - size 10 o 12. ° The thermocouple lead wire can be much smaller - size
16 or 18,

sur1ng 1pstrument but. the sma]]er w1re.s1ze is easier to handle and reduces

The larger thermocuple w1re size could be connected to the mea-

installation costs.

]

C
4

Read-Out Device (MilT{Volt Measﬂremeht) .
. Instruments used to measure thermocoop4e~output voltage must be sensi- iy
t1ve and acurate with good resolht1on. ‘Therange of millivolt va]uesi{or
0 400°F, for example, is about 10-15 mV depending upon the type of' thermo- v
couple used. A self-balancing poténtiometer has .been the most popular
millivolt measur1ng 1nstrument .used. in 1ndustr1a1 applications but is grad-
The

thermocouple measuring instrument must not’ draw excess1ve amounts of current

ua]]y be1ng replaced by other types of electron1c measur1ng devices.
fFom the supp]y source (the thermocouple) becayse this could resu]t in vOlt-

age drops (IR losses) in the lead wire. Th1s occurrence would present.a
problem only in small lead wire and for long transmission distances. '

Many temperature scalés for m1]11volt measuring thermocouple 1nstru-
ments are slightly nonlinear,

This is because the 1nstruments respond lin-
. .

. f
| .

~
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® re , and the same size of thermocouple extension wire ‘must be used.

. ) \' ’
' . ~ 7
early with fgdlivolt inputs, and the relationship between temperature and
millivolt values 5(5 nonlinear. ’ oo
 setere oo S
. ThermocoupTe Reference Junctigg:ﬁgmpg sation . . . e

Temperature measurement erro[s caused by variations in reference junc- -
tion temperatures, if uncompensated, can be severe if the reference Jjunction
temperature appcoaches the measured valde. For a measured tEmperature range -
of 100°F, a Var1at1on of reference Junct1on temperature of 5° could cause an -
“error in temperature measurement of .up- to 30% - depend1ng on thermocoeuple
type. For a measured temperature range of 1000°, the same variation in
reference junction temperature, w1th the same thermocouple would be 11%.

. Perhaps the simplest means to- overcome the error caused by changes in
refﬁ"nce’Junct1on temperature is to ma1nl§1n that temperature at the refer-
ence value. This is done in some applicatdons; but it is npt done in most
cases. Instead of this approach, the compensation is done electrically at

the measuring instrument.. ' . . ;,~\
[y AN ‘ . ]
~ .

Special Thermocouple Applications . : <;\ -0,

It is sometimes advantageous to measure a temperature that is the
average of two or more values. Thermecouples. are connected~1n a parallel
arrangement for th1s applﬂcat1on -'a technique which is shown in Figure 5.
.For the measurement of average temperature (Figure 5), the same type.of oo
thermocouples must be used. These thermocouples must be_about equal in.
Because,the resistance of a thermocouple is temperature-dependent, swamping
resistors with values that are high compared to_the resistance change can be

\

used in the‘circuit,las shown in Figure 5. Resistance vatues of about 1500

“ohms can be used as swamping resistors. . . .

'
. . o ) s
! = L3
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, : MEASURING INSTRUMENT
REFERENCE JUNCTION~_ . ™Sy
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g J . [ °
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SWAMPING RESISTOR— ?
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TEMPERATURE
MEASUREMENT
18 THE AVERAGE
OF A,B, AND C

TEMPERATURE A

TEMPERATURE B -
TEMPERATURE C°

\

~ . \
\MEASURING JUNGTION

v
>

¥,
Fié;e 5. Ave&age temperature measurement with a thermocouple.

~

Another gppligca”t:ion involving thermocouples yj‘s‘t‘ljat of measuring a tem-
perature difference between two values. fhermocoupleé are connected in
series dpposition, as shown in Figure 6. Just as wj%h)@mperature gveréging

_applications, they {must. be of the same type. The output of one thermocouple
is subtracted from the other, so Bhat the voltage applied to the measuring
instrument is the difference between the two.
A J T . i
: ’ miLLivoLt MEAShREMFNT\
THERMOCOUPLE LEAD WIRE—,

THERMOCOUPLE .
CONNECTING BLOCK {HEAD)

TEMPERATURE
MEASUREMENT (A-B)

HE il '
TEMPERATURE B . - |

v ?\OL

/TEMPERATURE A

-

v 4
- TEMPERATURES

. Differential temperature measurement with thermocouples.

! LYY “h’
.

-

@
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RESISTANCE-TEMPERATURE DEVICES (RTD)

?

Many conductors change resistance when they undergo a change in tempér-
ature. This«characteriéfic enables them to be used in temperature measure-
ment . SJch devices are called resistance-temperature devices (RTDs). There
are two bgsic RTD groups - thermistors and conductors. )

_ Thermistors are small semiconductor devices that have a negative tem- - L
per;ture-resistance coefficient; that is, their resistance decreases with an
increase_in tempé}ature. Conductors; on the other hand, increasé in resis-.
tance values with temperature inEreasesa

RTDs, thermistors, and conductors are commercially available with cor-

responding curves or tables that give the resistance-temperature character-
“jstics. Temperature values can then be inferred from resistance valyes.

Resistance measuremént, using, RTDs, is normq]]} made with wheatstodiebridge
circuits. Accurate temperature -measurements can be made when using such

'bridge circuits (Figure 73. Temperature measurements can be made by/ba]ahc-

» . ing the bridge with R3 for a certain value of Ry corresponding to a tempera-

ture. The value .of Ry is then determined by the following formula:

e} -

Ry = Rz (R3) Equation 5 .
. R :
5 - W
2 . I8
v ) 4
2 BRIDGE ~ VOLTAGE J RTD 1
. VOLTAGE 8UPPLY MEASUREMENT R3- ENyl;‘o;%ﬁR?gUgg
‘(//’ . MEASURED
R > ’ [
CLIP LEADS CONNECTING
) . - - . THE RTD TO THE BRIDGE
. : . .  CIRCUIT

I

Figure 7. Bridge circuit for temperature measurement with a RTD. '
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The temperature of Ry is detérmined by'the use of a resistanceetemperaﬁure
table or curve for the RTD used. . , T
Another, and more common, method of temperature meq§uremént\hith the
circuit shown in Figure 7 is to p]qt the voltage values of the bridge'unba]-o
ance caused by corresponding measured temperature values. Thé scale of the

bridge meaSuking'instrument>éan then be calibrated to read témperature.
TN .

OPTICAL TEMPERATURE MEASUREMENT

Electrical and mechanica1‘temperature-meésuring devices comprise the
bulk of all industrial temperaturt-measuring systems used in industry. They
are used in applications where it is feasip]e. Howe;gr, these devices are
contact tempefature devices, and they must be subjected to the same tempera-
ture as that which is to be measured. The upper limit of contact tempera- ‘
ture measurement is about 3000°F since, beyond this temperature value, most
metals and othér materials used as transducers tend to become unstable. For
such high temperéture applications, noncontact temperature transducers have
been developed. The most common is the optical pyrometer.

The principle of operation of optical temperature measurement is based
on the relationship between light energy and-the wavelength that is a func- ’
tion 6f the temperature of the object from which the light is emitted. Nhen«
metals are heated to high temperatureé, they emit*light in the visible spec-
trum, beginning with a dull red.and progressing through brighter reds to
almost white at higher temperatures. In addition, clay, glass, sand, and
other solids-emit 1ight energy that is not in the visible range. Their -
wavelengths vary with the temperature of %he object.

Optical pyremeters compare the color and brightness of an object with
those of a heated tungsten filament. The objective lens #rms an image of
the hot source in the plane of the filament of an incande;cent bulb. kThe
current to the bulb filament is adjusted until thé light emitted by the
filament is the same color as that emitted b& the hot source as detected by
the operator. The unknown temperature is then, determined by referring to a

1C-04/Page 15




calibration curve that relates temperature to bulb current or resistance ad-
justed to produce the turrent. “ ,

It should be understood that the accuracy of the’pyrometers, among
other factors, depends on the degree to which an exact amount of current in
the reference tungsten f;]ament can be measured and controlled. The poten-
tiometric method of current measurement ‘is often used for this purpose.
Empirical calibration can also be used. Such a methed consists of match1ng
the brightness of the filament aga1nst that of a hot substance that has a
known temperature.

0pt1ca1 pyrometers are used to measure high temperatures. A]though

they are more expensive than manyc other forms of tempenatuteumeasurement,l .

their. use 1s.}ust1£aed in many app11cat1ons. Optical pyrometers were once

used strictly for measurement in open- 1oop control systems; however, closed-
Toop control devices utilizing optical pyrometers as primary elements are
now in use. The accuracy of these devices:can approach that of other forms
of temperature measurement in higher temperature ranges.

t

MECHANICAL TEMPERATURE TRANSDUCERS

As previously mentioned s mechanical transducers transform heat energy'
into mechanical movement or motion. Filled thermal systems are the most

common type of mechanical temperature transducer.

The pr1nc1p1e of operation of the *filled system is based on the changg.
in volume, of a fluid that is a result of a change in temperature. The sys-
tem is sealed with a filled fluid which, when undergoing a temperature
variation, produces a volume cpange caused by expansion or contraction.
Figure 8 shows a filled- thermal system used for temperature measurement.

Page 16/1C-0%"
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PRESSURE ELEMENT ‘
USUALLY A BOURDON —>

“G'* TUBE

GRADUATED TEMPERATURE SCALE
WITH FULL SCALE RANGE UP TO -
A FEW. THOUSAND DEGREES

CONNECTING
GAPILLARY < || LENGTH OF CAPILLARY
TUBING —__ |[ TUBING IS A FEW INCHES
TO SEVERAL FEET |

- -

. TEMPERATURE PROCESS

TEMPERATURE. BULB:

Figure 8. Temperature measurement with a filled thermal system. (

-

FILLED THERMAL SYSTEMS -

Filled systems are classified in accordance with the type of‘f111 mate-
rial that is used. The four general classes are listed below: .
. Class I - liquid filled thermometers (except mercyry).
o Class II - vapor-pressure thermometers.
\e Class' III - gas pressure thermometers. -
« Class V - mercury filled thermometers.

oAn earlier system designated Class IV is no longer in use.
The ear11er components of a filled thermal system (as shown in Figure
8) cons1st of the following:
1. A metallic bulb filled with a fluid that undergoes vo]nma or pressure
‘ changes in response to temperature changes. ' ~
2. Capillary tubing, tubing that has an I.D. € 0.D., that connects the .
bulb to the indicating device. ' ' ) )
3. An 1nd1cat1ng device, usually a pressure element; that produces a .
* scaled measurement in response to the change in temperature at the
bulb, ' - . ) |
4, Compensating e]ements to correct for ambient temperature var1ations.




) - | 1 ‘ o vt ‘. /
) P Filled temperature systems are used in industrial z;gfpsses because of
‘@ ‘the many advantages they offer over other temperature-medsuring systems.
. © They are easy tq,manufacture they require little maintenance, a‘d while

.not as accurate qé spme other devices, they are accurate enough for most in-
dustria] processes. A failure in any part of the components, however, Ten-
A 5#_? ders the comp]ete system inoperative.
' ‘ : S The transm?ss1on distance, which is limited by the maximum lendth of
- - . the capillary tube to about 100 ft, essentially makes a filled system a
v .. rempte measuring. b} controlting device. However, filled systems are used as
v fﬂ transducers in trnasmitters when the pressure element is used to generate a
< ‘ scaled s1gna1 for transqlss1on. F&? pneumatic signals, a f]apper is posi-
t1onee in re]ationsh1p to a nozzle. Fo! electrical transm1s§pon, an iron
slug is positioned in & LVDT. This application is illustrated by the tem-
. ,ko perature cgﬁtro] ;ystem shown in Figure 9 and the block diagram in Figure
10. )

. CONTROLLER ouTpyr RECOBDER-G Y"Tm""“\?/\
) . 3-15_Psia \ SET POINT

, CONTROL VALVE  3-15 PSIG SCALED SIGNAL
HOT WATER PROPORTIONAL TO TEMP,

RESTRICTOR

. = |
’ FLAPPER-NOZZLE .
~—- -
TUBE AND SHELL PRESSURE ELEMENT “TAIR 8SUPPLY
HEAT EXCHANGER - QAP".LARYI .
) : 4 e ] TUBE\ ! . ﬁr,
¢ : R S
/ - iATN TEMPERA-
i  PNEUMATIC l/
‘ ' ( sus ¥ i RELAY TAANS -
. Le .I MITTER
. . . qg S e S o o

Py L N '

g - oI ) ¢ @J\ —

\ THERMOWELL TO ‘PROTECT
THE TEMPERATURE BULB

! Qpl.D PRODUCT IN
-

\ © WU UUBUUL ueateo propuct ot oF ExcHANGER
‘ L= . T
\ ' " COLD WATER, R

Figure 9. Temperature-controlled process using a filled thermal system
. as the transddter in the transmitter.

-
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CONTROLLER INPUT

o FROM TRANSMITTER OUTPUT -
R A UBE . . A SCALED SIGNAL TRANSMITTED
e ) UP .TO SEVERAL THOUSAND FEET
PROCESS TRANSMITTER CONTROLLER .
REMOTELY LOCATED CONTROLLER OUTPUT - ‘FEEDBACK
IN THE PROGESS LINK TO PROCESS IN A GENTRALLY

LOCATED CONTROL HOUSE '

Figure 10. fBlock diagram of a temperature control)system, —

~ ’

Capillary Tubes of the Filled System

The capillary tubes of the filled system are connecting tubes that are
usually made of steel or alloy. They are chosen for thei} inherent charac-
teristics in relation to the fluid used in the system. The temperature bulb
and associated pressure element must also be selected for their compati-
bi}i}y with the system fluid. In high temperature applications, pressure
ingide the tube and bulb may reach a few thousand psig; therefore, a pres-
,sure element must be capable of withstanding this pressure. Capi]léiies_
must also be selected in accordance with temperature and corresponding pres-
sure ranges. The inside diameter of the capillary 'tubing is small, usually
about 0.025 inches; thereﬁpne; the volume of fluid contained within the tube
is small compared to that of'ghe bulb.

Error and Compensation in the System ‘

The error introduced into the system by the Eapi]1ary»¢ubing is caused ‘
by both the time.lag and the length of, the tube exposed to ambient tempera- o
ture vgriations.. Thig error. can be g1im1nateg, however, when.brovisioné are
@ade to compensate for gmbient changes. Two methods of compensation for

' N 2
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[

temperafuré'ghanges along the capillary tube may be used: case, compensation .
and fuT] compensation. N ‘

Case coompensation corrects for temperature variations at the receiving
instriment or pressure element only. A tempergture change within the case . °
that houses the indicating; receiving, or transmitting instruments usually . §
is the result of variations in the measured temperature as the ambient tem- .
peraturé'changes. owever, thjs change is.compensated or eliminated by case
compensation. Ful1<::§pensated instruments provide for aﬁbient temperature
compensafion along the entire length of capillary tubing. N

THe temperature system shown in Figure 8 is not compensatéd. Figure 11 -
shows both a case c6mpensated and.a full compensated device. second
capillary tubihg is located parallel to the one connecte& to the bulb for \
measurement pyrposeg. The two tubes are normally wrapped together in a pro-
tecting_metal sheath. Both tubes are connected to the pressure elemeht so AL
that the force exerted by each are in opposition and so any element movemerit
will be caused by the bulb only. The compen g tube, wh1ch is filled 3
with the same mater1a1, is also the same s;éza::nthe measur1ng tube. .

L] Y
l‘ N
.
. / 4
&£
[}
- s ? '
’
! . .
¥
. -
. * \ : > .
4 '
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*  COMPENSATING TUBING - |
WOULD BE TERMINATED -

HERE FOR CASE COMPENSATION |

- N

°

COMPENSAT!
CONNECTING CAPILLARY Tug’qNG [

CATILLARY MINATED HERE FOR]
FULL COMPENSATION | —
| . : N
\ )~ L—-w———'—_.——_—_—-———-—!
. . ¢ . . - e .
. Q 2
]
guLs |
\TEMPERATURE PROCESS " -
—’ .

-

.

. Figure 11. Ambient temperature compepsations for fjlled fherma1‘systems.
‘ S o T :

Another type of compensation that is used consists of placing-a invar

wire within the capillary tubing. Invartis & metal that has a negligible

coefficient of thermal expansiori. Compénsation isfachievéd by the following ~

methods The combined vo]ume of fi]]ed material within the tube experiences’
a change with temperature approx1mate1y equal to that experienced by the N
cap111any tube. Therefore, no change in pressure dg produced at the pres-
sure element. This type of compensat1on is used on liquid systems, partic-
ularly those that use mercuny "o

Vapor pressure systems need no cap'ﬂ]asy compensationg The reason for
this is as follows: The vapor pressure-of-a liquid is a function of temper-
ature, and, as the temperatuse»of a closed system increases, the pressure
and quanf‘iy of the liquid_that 1s vaborized also. increases. A temperatur@

increase orf the capillary tube will-cause the vapor to gxpand and wf]] in-

% — ———
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crease the !;:temlpressure. However, the 1ncreased pressure will also cause
some of the vapor to condense, and the pressure on the system is then re-
stored to a value commensurate w1th the temperature of the ILqu1d in the
bulb. : ‘ : ,
~ Other sources of error in filled temperatuﬁeﬂsystems are errors in A
barometric pressure and buIb-eIévation.'ZAIthougﬁagﬁﬁsﬁ’errors are not con-
sidered major, one shou}d be aware that they extst. Variations infatmo-
spher1c pressure on gas and vapoi systems - CIasss II and Class III -_pro-
duce small margins of error and do”not s1gn1f1cant1y affect C]ass [ and
CIass V systems. Errors caused by barometr1c pressure usua]]y are less than

0.4%. - , . -

Bu]b elevation errors affect CIasses I, II, and V s&stems"since pres- . ﬁ'

sure bs exerted on the pressure e]ement as. a resuIt of the volume of 11qu1d
in the tube and bulb. Such_errors are proportional to the densgjty of the

~ filled liquid and to the degree to which the fluid will expand. Ihey are
also inversely proport1ona1 the the range span. Errors of .this type are not
significant in Class [ systems f~un1ess the bylb is elevated several feet

- above the pressure element in the case. Budb elevation is significant in.

2

Class V systems because of the h1gh dens1ty of mercury. Once elevatdion is

established, however, the error gan be compensated by the zero adjustment of .

*

the 1nstrument. S ’ ’

Vapor systems - Class II - are further dividied into four groups:—A, " -
I\

B, C, and D. Class II-A instruments are designed to’ measure temperatures
that are cons1stent1y above ambignt; C]ass I1-8 instruments are used to mea-
sure temperatures that are cons1stent1y below amb1ent Class II-C and Class
II-D instruments are used for temperature measurements that cross ambient.

(AIthough Class I1-C is similar tp Class II-A, 7it has a larger bulb. gWhen .

measuring temperatures lower than ambient, all of the liquid will be present
in the bulb. The bulb must be large enough to contain the liquid and still
have room for a vapor space. When temperature variations across ambient are

- regular, Class II-C should not be ‘used since erratic action and delay in

temperature indications will result. Class II-D .instruments sfould be used

when temperature measurements regularly cross ambient. . The pressure element

and capillary.tube are always filled with liquid, and a small amount of
) % ' ) ®
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-vapor is trapped in the bulb. “Table 2 shows the-.various Cldsses of filled
systems, as well as some of their characteristicé.

»

TABLE 2.

,

’

I3
*

1

CLASSES OF FILLED SYSTEMS.

-,

Minimum g

T System’ |Temperature

Maximum
Temperature

Advantages

Disadvantages

Class I’

-300°F  *
(Liquid) ,

700°F

-

Linegr scale
small bulb.

Requires full
¢ompensation,
élevation error.

Class Il

-300°F
(vapor) ’

-

650°F -

Low cost, fast
responsey no
compensation
required,

1 Nonlinear scate,

elevation error,

*erratic response |

at ambient tem-
peratures.

_Class 1I1.
(Gas)

1400%

Linear scale,
tefperature
capability, with-
stands overrange,

Large bulb
required.

€lass .V
(Mercury)

1200°F -

Linear §ca1e,

_small bulb.

Same -as Class I.

AY

B{CETALLIC ELEMENTS

The biﬁeta]]ic\Ef}ip is a reliable form of temperature‘measuﬁement. .

Though used very little in process temperatupe systems, bimeta]lic strips _

are ysed in many app11cations of Tocal temperature indication, ON-OFF con- :

trol, and alarm dev1ges.
sion.

strips of metal that have d1fferent coefficients of therma] expansion,

They operate on the principle of thermal expan-

As shown in Figure 12, bimetallic devices consist of two connecting

The

different rates of(thermal expansion cause movement at the free end, and

this movement is used to drive a po1nter on an indicator or moye a contact

on an electrical switch.

P4
~
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-

METAL A . LO
“™\ COEFFICIENT OF EXPANSION

MOVEMENT AT FREE END

METAL B )
HIGH cosmcuem’
OF EXPANSION

Figure 12. "Bimetal elements.

For a particular value of ‘temperature, the bimétai element wilj be flat
and straight; however, because of the dissimilar therma} expansiomlhgcoeffi-

cient of the two metals, temperature variations will cause the strip end

into an arc. The bending is caused by the expansion of the twod metgls in

accordance with_their particular characteristics. One strip will expand to

a greater 1ength than the other. . - : .
* The amount of movement at the free end resulting from temperatures

variations is a function of the\Joliow1ng characteristics:

) <« Temperature of element (direct]y proportional). o -
- Length of element (d1rect1y proportiona]) .

« Thickness of element (1nverse1y proport1ona1)

from the above characteristics, one can assume a 1dn5 thin strip wiil pro-
duce more movement for a given change in temperature. To obtain more sensi-
tive eleﬁents, b1meta111c elements are wound in forms of spirals, or he11-
ca]s, similar to pressure’elements.
"Most thermometers made of bimetal

scHave uniform sta]es. * How-
ever,-these elements do npt have uniforp w:~ement over wide ranges .of tem-_
perature. For temperature ranges up
great; therefore, farily accdrate temperature measurements can® be made w1th

uniform scales. The 1imitxgd,the range of temperature measurement made with

bimetallic elements is-from -300°F to 1000°F. At very low temperatures, the,

rate of deflection 'with. temperature change decregses sharpfy because the co-
efficients of thermal expansion of the two metals approach a common value.

-

= s ' ’

g ‘. T T T T o — \'—“f—-‘*"

» - -~
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The accuracy of bimetallic thermometers is not perfect, but i
acgeptable for indicating purposes.
- capable of withstanding,éver-ﬁanging of up to 100% without damége}

t is

These thermometers are rugged and

Figure

., 13 shows a two-position control application uginq a bimetal element.

ELECTRICALLY .
INSURATED PIVOT
\
»

BATTERY (DC} OR POWER

SUPPLY (AC OR DC)

~ e

. .\\\-_

BIMETAL ELEMEMENT

NSO

o

nehww"'_ GONTACTS -"

Y .' /J--
. ELETRICAL CONTACT .
- oL . ]

en_.e*rmc'rmc‘ HEATER

ANV

TEMPERATURE IS CONTROLLED
IN THE ENVIRONMENT (PROCESS)

Figure 13. A temperature contro]]ed process using a b1meta1

v
~

. . AC VOLTAGE SOURCE

strip..’

- .

3

_When the strip 55 in the flat position as shown,

the température is

‘1ow, more, heat shquld then be applied to the temperature process.

The bi-

 metallic strip provides a path for current to flow from the a.c. Voltage

<3
‘

source through the: heater that heats the process. When the process is
heated to the desired value, the heat will cause the bimetal strip to curve,
thereby opening the éontact " de-energizing the relay, opening the relay con-
tacts, and stopping the current f]ow through the heater. Whén the tempera-
ture decreases, the contacts on the- b1meta1 strip closes, and the series of
.eVents descr1bed above are repeated. .
The ‘purpose of. the. relay shown in the cjrcuit in Figure 13 is\tg\;ie

'crease the amount of current traveling through the- str1p and to its co ’
tacts.
cdntact would have to be large endugh to operate the heavjer contact, there-

-~
v

>. ' ‘ . v o %

by reduc1ng the sensitiv1ty of the str1p. The Eensitivity is inversely pro-

»

\
Without the relay, for large current capab11it1es,“the strip and -
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portlpnal to the‘th1ckness of the element. A spriﬁé or proiimity bias
arrangement is used to vary the operating temperature (setpoint)

.Control c1rcu1ts 1ike the one shown in Figure 13 are used,in home and -
industrial app1ications. Most heating and cooling’ thermostats are based on
this operation. » The relay normally.is ‘ot needed in most heating contro]s _

v circuits since the current réquired to operate a small solenoid operated T
» - valve can be passed through the bimetal strip or through a w1%e connected to '
the contact points on the strip. “Air cond1t1on1ng thermostat. operation re-
quires the'utilfzation of the relay because of the large current required to '
operate air conditioning compressors. Industrial bimetal control ‘circuits
. are limited.to procegses. that can be contro]]ed.hy two-position or ON-OFF

control since proportioning cannot be accomptished by such control circuits.
\ .

" ) . ‘ .
EXERCISES | ~ -
1. -Make the following temperature sca]e conversions: (/
a.  308°F to °C. | o S b
b. 0K to"°R. S . ‘ ]
‘c.  450°C to °F. . - - s .
d. - 165°F to “R. T ‘ T - &
e. 140°C to K. ‘ ’ - ’
2. Using a sta\dard thermocouple ca11brat1on table, make the fo]]ow1ng
_ EMF-temperature conversiohs: ‘o ' . .
a. A typed thermocouple reference junction is 100°F: The measurfng.z o= ,
junction temperature 1% 360°F. What is the voTtagd output? .
%. The voltage output of a type X thermocouple is.5,70' mV. The ] ~_
reference Junction temperature is 75°F. ‘What is the temperature ,
v of the measuring junction? : ) T . .
3.- A bridge c1rcu1t similar to the one shown .in Figure 7 has the fd]]owinq =
-resistance values: _R; 1000 ohms. 'Rz is 500 ohms, and the .
| N bridge iw balanced. :What is the value of R,? ' - N
~ . . ) ‘ ' . q‘
S - i ~ . !
- Page 26/1C-04 , ’ v
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LABORATORY MATERIALS

A g]ass‘thermoneter capable of temperatnre measurement fnpthe 0-400°F range
) with 2° resolutjon. ; . ' ‘
+« ' Four feet of type J thermocouple lead wire. c e ' .
A voltmeter with 0.02-mV reso]ut1on on a sca]e that will measure 50 mV full-
scale. '
o A RTD with a temperature-resistance ca11brat1on curve. %
A 10-V d.c. power supply. ) .
Two 5000-ohm précision resistors with 1% tolerance with a power rating of '
~ | one watt. ) ) L ﬂ
One 0-5000 ohm wire wound potentiometer with 1% to1erance. T
An ohmmeter with one ohm resolution on the R x 10 ohm scale.
1 ga]]on nonconductive 11qht-we1ght oil.
;\ . A hot water supply up to about 200°F. - .
Two 30-in¢h clip leads. ; ' o

+ . 1 quart of ice.

-

. = LABORATORY 1. TEMPERATURE MEASUREMENT WITH A THERMOCOUPLE.

Make a thermocouple by removing the jhsulation\from about 1 ¥/2" of A
in the thermogbuple pair and tightly twisting the
This will be a measuring junctiote— -

each end of ‘eac
;tno wires of either end
Observing po]arity, connect each end of the Open end/to the voltmeter. -
This end is -the’ reference junction. . IR
With the reference junction and measuring junction at the same tenQera- v #
ture, measure the voltage at the reference junction. Note this reading .

for further exp]anation.‘ Blow on the measuring jhnction and note tne
response of the 2i1tmeter. ~ ' -
Immerse the measuring junction in a beaker of water s1ight1y above the

]

reference Junction temperature. o

- ! ‘ . : y”' . a \
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" Immerse the measuring jdnctﬁon in ice water.

v
~

Measure the temperature of the water by reading the millivolt (mV)

value at the reference junction with the voltmeter and the'temperature
the reference junction with the glass thermometer. Convert the #m-

perature of the reference junction to a mV value by use of the calibra-

tion table. Make certain that thgico1umns on the table correspond to

.the type of thermocouple used. ‘

Add the mV value correspond1ng to the reference Junct1on temperature

from that of the measuring junction temperatur s\ This compensates for
the reference jungtion temperature. If a téé&;Zbeferenced to 75°F is

used and the temperature of the refetence junctidn temperatdre is about.
75°F, the‘mv value for phe referen junction/temperature is 0.

Convert the mV value obtaine%ﬁih’gfjp 6 to a temperature value by using .
the tables. '

The temperature obtained in Step 7 is the temperdture of the measuring
junction. Record this value in Data Table 1 (Measured Value of Temper-
ature A). . oy
Measure the temperature of.the water with the glass thermometer ane¢ re-
cord this in Data Table 1 {(Actual Value of.Temperature A).

Add some heated water to the water being méasured ‘to e]evate‘the tem~
perature. '

Repeat Steps 5 through 9 and record the value in Dafa Table 1 (Tempera-- -
ture B). . .

Repeat Step 10.

Repeat Steps 5 through 9 and record the value in Data Tab]gb% (Tempera-
ture C).

Measure the voltage at the réference junction. Note the Voltage value

for furgher discussion and explanation.

-

Repeat Steps 5 through 9 and record this value in Data Table 1 (Temper-
atrre D). '

-
o
..,Cb



LABORATORY 2. TEMPERATURE MEASUREMENT WITH AN RTD.

-

1. Connect a bridge circuit, as shown jn Figure 7, with the following

-

resistance values:

a. Ry = Ry 25000 ohms. !
b. Ry = 0-5000 ohm variable resistor. ’ :
c. Ry = an RTD. o

2. Connect the mV meter and bridge power supply to the bridge circuit.

3. Turn on the bridge supply and-aajust R3 for the bridge balance as indi-
cated by a zero reading on the voltmeter on the most sensitive scale. ’ ’
R, is at ambient temﬁerature. Measure the value with the glass ther- .
mometer and record it in Data Table 2.

4, Blowoon the RTD or fan it with a piece of “paper. /Note the response of
the voltmeter. . -

5. Immerse the RTD in the nonconductive fluid at the same temperature (am-

bient) as the other compgpents. .

6. Slightly increase ‘the temperature of the nonconduction fluid by mixing s
it with hotter fluid. - ‘ .

7. Measure the temperature with the glass the}mometer and record it in the

’ table under Temperatre-A. e e : S

8. . Measure the mV value read on the voltmeter and record it in Data Table
2 (Millivolt-Temperature A). ‘ .

9. Repeat Steps 6 through 8 and record the Qa]ueS'unjer B in Data Table 2. :

10. Repeat Step 9 until the table is complete. ’ ,

11. Make a plot (on graph paper) of temperature versus the measured m1111— ‘ )
volt value. . NS -

12." This completes the Laboratory seCt1on of this module. Secure all -
equipment. . ' ' - . ‘

. * 8 -
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DATA TABLES' °

. e
DATA TABLE 1. ACCURACY OF THERMOCOUPLE TEMPERATURE MEASUREMENT.

Measured Value + Actual Value
Njﬂgi Temperature A
[ Temperature B \
Temperature C ) ) ) ' ‘
Temperature D -~ . . . .2
. ' DATA TABLE 2. ACCURACY OF RTD TEMPERATURE MEASUREMENT.
| k ‘ Measured Value Millivolt
' ¥
‘Ambient Temperature. _
‘v ‘. Temperature A _ .. ...} . .°
Temperature B ° . Ao+ ‘
Temperature C . _ ‘ C,\
Temperature D : ‘ . . .
™
, L] " . * ) (
. REFERENCES
L] K “
! . |
e ' Anderson, Norman A’ Instrumentatign for Process Measurement and Control.
2nd ed. Philadelphia, PA: Chilton Co., 1972,
Woodruff, John. Basic Instrumentation.- 2nd ed. Austin, TX: University of
Texas, 1964. -
GLOSSARY
U ’ -/ : ,
< 1 .

Filled thermal system:  [Temperature measurement based on a volumetric or
pressure change of a ffuid. :

’ /
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Inferential measurehent.

A nondirect means of measurement that is based on
“the measured value of a related variab]e.

Optical pryometer: A noncontact form of temperature measurement based on ’
the relationship between a heated object and the frequeq;y of the elec-
tron magnetic energy it emits.

Resistance temperature devices (RTD): A device that changes resistance with
temperature. .The relationship between temperature and resistance when
prev1ously established is a bagis for temperature measurement.

Temperature transducer: A device that converts heat energy to mechanical: or
electrical energy in a form that can be measured.

Thermocouple: Two. dissimilar metals joined*toqether at one end and produc-
ing a voltage at the other end which is proportional to the temperature ¢
difference in the two ends (junctions). -

.
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°

Most temperature measurements are . ‘values.

Three different methods of temperature measurement are.

The thermocoudie junction in the temperature environment to be measured

Y

is the junction. .
Thd thermocouple junction in the controlled environment or at the
measuring instryment is the .

junction.

< Whem both Jjunctions of'agthermocouple are the same temperature, the

thermocouple output voltage is .

Two methods of reference junction compensation are.
The relationship between millivolts and temperature is

(1inear or_nonlinear).
An RTD temperature measuring dystem i$ normally

{ \d

(more or less) sensitive than a thermocouple application.

A device used in many ON-OFF control and alarm applications is a

Filled thermal systems are categorized by the -/

R )
%

A noncontact temperature-measuring device is
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- known as transducers.

<

— T INTRODUCTION

4

In the design and operation of any contro] system it is necessary to
measure the variable to be controlled in a process or sxstem. The con-
trolled vartable may be pressure, force, temperature, or 1ength or the pro-
cess variahle may be proportional to one of these (such as velocity or flow
rate). Measurement of these variab]es is accomp]1shed by using devices

Transducers convert an input signal containing information in one ener-
gy form into an output’signal“containing the same ﬁn?ormation in another
enerqy }brm. Thus, the condition of the process or system found in the
pressure, force, temperature, or length can ‘be transferred into electr1ca1
or pneumatic signals. Information contained in the output s1gnals of the
transducer tells the status of the process and nrovjde§“the basis upon which"
decis1ons affecting that process are made.

w1thout transducers (or measurement) it would=be ﬁiposs1b1e to accu-

rately or automatically.control any process or system.. Thus, an understand- \\\\

ing.of transducers, and their oberatfon'and construction, is important -to

Mee,:f———i#ueuteehn%fﬁinrnwho~must—uperate,‘repafﬁ:“aF“inspeEt“Eantrd1 systems.

o ~ | ™ PREREQUISITES

Controls. - , . -

k]

The student should have a basic understand1nq of a]gebra and phys1cs
and should have comp]eted Modules IC- 01 through IC 04 of Instrumentat1on and

L]

- | OBJECTIVES
. 3 - - ‘ ' §
Upon completion of this module, -the student should be able to:
1. _JZetine the following terms: ' ‘4r/
a. Force.
b. Motion.

T - - R ’ .:;: . 'Ic-05/Page 1
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N\ , - —
;T J
¢¥ ‘ransducer. i : .
d. Sensor. A . .
e. Scaled signal. !
* f. Measured variable. )

2. Explain the use and operatiof of the following deyices:

a. Potentiometer: -
(1) Linear.
) (2), Rotaryi !
4 D+ Inductor: ’
(1) Linear. I -
- (2) Rotar/y.a . e * . 3 ' .
¢. Linear variable differential traﬁsformerf‘ RS
d. Synchromechanism.
T e. Flyball ‘governgr. .
f. Strain gage. .
3. Explain how the devices in Objective 2 above can be-used to<?ake the
> ~ .fo11owingﬁgeasufemen%s: ‘ (47
i i;é. .Displacement: . , . -

b.

Ce-

(TIY Lipear. .

(2) ‘Angular.
Force', -

R

oy
.

Page 2/1C-05  °
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f . : CONTROL PRINCIPLES

The success of a control system is, to a large extent, based on the R
detection and measurement of force and motion resulting from.force quanti-
ties. This is true in both open-loop and Closed-loop control systems. Many
of the components in the control system shown in Figurexl perform %unctions
based on transducer operations. The measuring means" employes a trghiggcer
that is phys1ca11y connected to the process, producing a force of motion as
a result of a var1at1on in the process condition. The transducer output is.
used to generate a scafed signal that is transmitted to the controHer.~
This stgnal is compared with a standard signal (setpoint equivalent) by the .. *'4
error detection instruments.. Then the controller generates a change in an
output signal transmitted to the final control element. The final control o)
element usyally is a valve that is» positioned via a transducer by the con-
tro]]er oullptt to regulate the energy and/or the mater1a1 entering or 1eav-\

—

1ng the process for ,the purpose of ma1nta1n1ng a des1red process va]ue.

‘ N
CONTROL SIGNAL — PROPORTIONAL - ':
TO VALUE CHANGE NEEDEDR IN ‘
MANIPULATED VARIABLE TO HAVE \
— MEASURED VARIABLE MEET SET ‘
T CONTROLLER POINT. L \ 7 :
. TRANSDUCER — CONVERTS CONTROL .
. . / DISTURBANCE  SIGNAL TO MECHANICAL MOTION OR
. . VARIABLES FORCE TO OPEN CLOSE THE FINAL
SET POINT } CONTROL ELEMENT
. 2
SUPPLY PROCESS === DEMAND -

< . .
. . .
4 . M

FINAL CONTROL -
ELEMENT (VALUE) X
Ny

[€———— MEASURING MEANS

> ° CONTAINS A TRANSDUCER THAT ’
CONVERTS-MECHANICAL MOTION, *
- OR FORCE INTO A SIGNALPRO-  * .
PORTIONAL TO MEASURED :
. - VARIABLE - : .

Figure 1. A c]‘ésed-ioop control system showing transducer utﬂiza_t,iop. , -

ty

) - 3
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TRANSDUCERS AND TRANSMITTERS

The number and types of transducers used in a control system will vary
somewhat with certain applications. However, it is often necessary to con-
vert a process measurement to a mechanical motipn and then transform that
mechanical motion to an indication or ‘scaled transmitted signal representa-
tive of a process &ondition. Another.function of a transducer is to convert
one signal proportionally to another type of signal.

o Although the £W0 terms are often used interchangeably, technically
there is a’ differenbe between a transducer and a transmitter (sensor). The
transducer is phys1ca11y connected to the system and produces a response to
a variance in the process variable. The transmitter converts this response
into an input s1gna1 to the controller that is proportional to the value of
the precess variab]es The block d1agrea\1n Figure 2 illustrates this func-
tion. Many traqsmitters, especially thase of the mechanical type, use a
transducer as the 1nbut to the transmitter to convert the force to move-
The movement is then used to generate an output signal.

m

Transmjtters narmal
plication, pnd type. Fo

2

@

\ RESISTANCE
FO MOTION  FORCE CARACITANCE
- INDUCTANCE
" INPUT ctt ANICAL OUTPUT INPUT ELECTRICAL OUTPUT
—»{ TRANSDUCER |——> —> TRANSDUCER [—>
R ﬂ . ,,,ﬁ"
1 . T\ Py {_ .
.l ) ’
PROCESS g SCALED PROCESS SCALED
- _ VALUE OF: | 8IGNAL VALUE SIGNAL
. . W : ;v
INPUT MECHANICAL  loutpuT INPUT ELECTRICAL — oyrpyr
——>]/ TRANSMITTER [—> —>{  TRANSMITTER [—>
i ~ 1, Flow SUCH AS: 1. FLOW 4-20mA ’\\\
2, LEVEL 3-15 P8IG 2. LEVEL 10 -50 mA
o 3. TEMPERATURE 3. TEMPERATURE _ 1-8 V
4, PRESSYRE 4. PRESSURE 10-50 mv
o |
F gure 2, B]%ck diagram of transducers and transmitters.

y are classified according to their function, ap-
example, a level transmitter could be a d1fferen-
tial pressure- measuring nstryment used to measure level® and 11qu1d‘head and

r

Page 4/1C-05 /
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to transmit an e]ectri;al signal of'§-20 mA. Nothing in the specifications
Tisted gives any detaTTswof the means- by which the hydrostatic head pressure
produces. the transm1tted signal. This 1nformpt1on wou1d be specified
by the types of- transducers ‘used - which may be a pressure element comb1m;\
. with a variable resistor, inductor, and so. forth.

Unless otherwiSe stated, it will be assumed in this d1scuss1on that the
movement for the various types of transducars is produced by pressure ele-
ments. This concept was previously covered in Module IC-02 of this course.

» »

. However, a review of that concept is recommended.

MOTION DETECTORS -~ LINEAR

Motion detectors-are used to produce a response to the movement from a
pressure element that, in turn, can be used to generate an indjcatidn or _
signal relating to a measured value. _Although several different categories
can be used to(c]assify motion detectors, they will be referred £o in this

discussion as either linear or rotary. Linear motion detectors are perhaps

the.simplest of all types. They are also referred to as displatement trans-
ducers whén displacement is considered‘to be a change in movement or posi- -

“

tion. \

N

Linear Potentiometer - A Linear Motion to Electrical Transducers

The linear potentiometer consists of a slide (on wiperS, which'ﬁs a ‘
movable contact that slides across a resistance element. The variable re-
. sistance that is a function of the contact arm position produces an electri-
N cal signal proportional to mechamical displacem®nt. By the choice of elec-
trical connection, as shown in Figure 3, resistance value can 1ncrease ot
decrease for a given direction of movemeqt. The resolution that defines the
‘ relat1onsh1p between the amount of resistance-change with respect to dis-
placment is determined by the spacing of the turns of wife for the wire-
wound type of resistors. The resolution of film-type elements is dependent .
upon the amount of contact friction between a contact wiper and film resis-

.tor. When a larger capacity ¥s required,-the contact and resistance mate-=

 ridl must be of rugged construction, thereby requiring a substantial operat-
< ' 5 . ’ |
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ing force. For most measurement and control applications, the electrical - .

1& e

WIRES 'OR MOVABLE
CONTACT

N . . - the bridge circuit is ad- -
. 7 justed for a null (or a bal- 5
LINEARMOTION - anced bridge[éeondition.
POTENTIOMETER ! 3
Res S When a movement of the wiper

' ]
< VOLTAGE
R, MEASUREMENT

uad . . I 1

- signal level is low and the operating.§orce needed is small.

When the,contact on the
.linear—motion potentiometer
is in the ‘mid-position R3 on

occurs, the bridge wilt be
unbalanced, resulting in a _
voltage measurement on the
bridge voltage recorder -or

\1BRmGEPowsn Ry < .. .Jndicator. A displacement
supPLY' 2 g . [
|\\\ *in one direction will cause
- STANCE-MEASURING
' AI 'RE%RmeschwT Ca yvoltage measurement of a
Figure 3, Linear-motion potentiometer and . particular polarity. When"

J

C

resistance-measuring bridge circuit.

the opposite direction, the voltage po]arit} will be reversed.

———— 3 3} R 4 2
Lhe—disptacement—is—in

plication ‘- where

it is desired to measure displacement in both directions -

For such ap-

. a center-reading Sklzagep\evice must be used.to measure the bridge unbal-’ ] .
Most industria] applications invplve a unidirectignal measurement’,

whereby a displacement in one direction results in a voltage increase. When ' T

the direction of displacement changes, the voltage measurement decreases.

'with the 1inear-motion ggtentiometer described, relative motion as great as

be measured., For very small .measurements with extremely re-

ance.

six inches ¢
1iable and precise results, Tinear-motion inductors ,.and transformers are

L used. : T . : '
. - | s . /\ : ‘
Linear-Motion Variable Inductor co . ‘

A 1ine9(;motion.variable inductor consists of a spool, or core, that is
- wrapped with a_coii of wire. Re]ative motion between the core and coil will
result in a change in the, inductance value of the coil that is proportional

) - to the amount of motion.'gThe circuit used to measure relative motion is an A
: i — B S S
Page 6/1C-05 _ , L ' I ' .




. x .
oscillator, and movement of the coi1.changes the frequency of the output os-
cillations. This device is more rugged than the potentiometer. It also nas
11tt1e friction and more freedom of movement with greater Tife expec-
tancy. Input and output circuits are e]ectrica1?y iselated - which is-a

. great advantage in prevention of spuriouds voltage disturbances. Although it
is used in tuned circuits in the communicatiohs industry, the V;riab1e in=-

. uctor is not as common, to other industrial app11cat1ons as the linear vari-
\\égle differentia] transformer (LVDT) . %

Lipear Variable Differential Transfdrmer (LvoT)
, . A

The LVDT contains all of the advantages of the variable inductor, ex-
. cept that it is more expensive. This device is more sensitive to very

“SIGNAL
't CONDITIONER

—
|0C SIGNAL
ot

L7

VARIABLE A
INDUCTANGE 7
1 lo—- TO MEASURING

7 clrcuIT ) ’ ) .
a. Varisble Inductor ‘ b. ’WOT ,

-
\

- - Figure 4. Variable inductor and LVDT. .

small movements - to a few ten-thdlsands of an inch. An additional o
. .aovantabecof the LVbT is that thé output voltage, which is d.c,, is oolarity
sensitive to\core movement. A variable inductor and an LVDT are illustrated
in Figure 4. - o ‘ '
¢ The LVDT is used in many industrial pfrocess transmitters to measure
such quantities as flow, 1eve1, and pressure. Figure 5 shows an LVDT with
auxiliary c1rCu1t components. The primary coil 1is- connected to an a.c.
1nput source. The two output coi]s, or secondar1es - which are mechanically ’
and electricallysimilar - are symmetr1ca11y 1ocated with reference to the

2

primary coil. . L -

R B ‘ ‘1551 IC-OS/Page 7




SECONDARY st

DISPLACEMEN 1 F

" + L

uT 0.C.

* AL, VOLTAGE Ac. VOI.TABE our

. . souRce Oy ’
. ' .
" wovasLe core <7 . +
) o2 MOVABLE con
- _— + 02
' X

SECONDARY S2

-

X

SECONDARY S

-

Figure 5.

BVDT with §igna]ﬂgoggitjoq,g1nggjts.

ﬁith,the core positioned so that it is exactly centered electrically

between Sj and S; on the positive half-cycle of The input waveform,‘tﬁo out-
When“the
input wavefonm goes negative on the next 180° phase of qénerat1on, current
and, Ry is blocked by D, and Dy, and Egyt

The “current flow

put current through Ry and R, will be as indicated jn Figure 5a.

through the output resistors R{

"is zero. Resistance values of R; and Rz are equal.
through the reststors is equal because of the electrical similarity of the
coils (S; and Sp) and the symmetrical Tocation of the core‘with respect to
The voltage drop (IjR;) across Ry is equal to that across Rj.
Polarity of the two voltageé }s opposite’Becau§e of the. opposite direction
Therefore, for the ‘condition just described - with the

core positioned between the secondary coils - the output'vo1tageg(Eouf) is

the primary.
of current flow.

equal to zero. ‘
When the core 1s pOSTt1oned more’ toward S1» Ih will be greater ‘than Iz,
and the vo]tage drop. across R1 will be yreater than that across Rp. Point A
‘on the output will be more pos1t1ve than point B, and Eout will be posi-
t'ive with respect to common. When the core is positioned more toward S5, I2
wiTl be greater; and, for the same reason stated above, Eqyt will bé nega-
. * ]

. tive.

T with respect to the center ‘or rest position.

.

Page 8/IC-05b
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The magnitude of Eout 1s proportional to the position of the core, , °

The greater thg ﬁisp]acement,

.

»
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-

/

¢

3 -

the greater the vo]tade - the polarity of which 1ndicates thé direction of
the core from the center positign. In practice, Jdt is common to measure the
core d1sp1acement in only one direction - from the center .position. Output
voltage is a function of the core movement in one direction and then back to
rest positibh. This movement generates a voltage that changes from iéno to
a maximum and back to ‘zero. ° ' )

B}

By 'the action of the diodes, D; and Dy, the waveform of the electrical

output is half-wave rectified. When a capacitor is connected from points A

and B across the output voltage, a d.c. output voltage is obtained.

However, it may be desirable to use the output as an a.¢. waveform. In
this case, the rectifying diodes and resistors are omitted from the circuit,-
and the windings of the secondary coils are connected in a series opposition
arrangement. The output will be a phase-sensitivé, variable’ peak voitage,\
a.c. signal that has a frequency that is the same as that of the input
signal. This app]isation - using the output as an a.c. signal - is not as-

~'common a§_that pPEvious]y described when the output is a half-wave rectified

Var1abkp Capac1tance for Linear Measurement

d.c. waveform. - A : - © o

PRY

A group of Tinear. p051t1on detectors operates on' the pr1nc1p1e of vari-
éb]e capacitance. . N1th other factors that determine the va]ue of a capaci-
.tor being constant the capaci-
/ -\ tor value is a funption of ‘the

L ARM L ‘ distance between the capacitor
M_EAsURED °|3PLA/$EMENT 3 s

plates. A- 11near variable

]

capacitance transducep is shown

HOUSING
N ,in Figure’ 6. The capacitance of
| MOVARLE PUTETTE Ll sl L ‘-f//’;",xffg_ this transducer is very small.
' /g?ﬂzz;ﬁzgégéﬁgziz:ZLéxﬂd Although the variable capaci-
é . -

LEADS TO MEASURING ClFiCUlJ’ tance may be measu";ed with a

DeSanty bridge, stray capaci-

L

Figure 6. Linear variable
capac1tance transducer.

tance from connecting leads can
swamp the transducer capac-

jtanes and cause erratic and erraonequs measurement values. For this reasony”

v

. o
~ . te .

. fC-OS/Page 9
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’ . 4 j
the leads of the transducer. usually ére connected to the tank circuit of an
oscillator. A ch@nge in capacitance will result in a cﬁgnge in frequency.

The variable frequency is then usually converted to a signal having an am-
p]itu&e that is frequenty-dependent. Use of variable capacitance trans-
ducers: is gaining

ominence in transmitters used for process measurement.
I ‘l - ) ’

"MOTION DETECTORS - ROMRY .

Rotary position, angl¥gr motion, or angular displacement detectors 0| -
erate on principles simlar to the linear position detectors discussed pr
vious]y.* The fg}]owing ;exf will reference the operation of rotary motipn
detectors to.that of their linear .motion detector.counterparts.

Rotary Potentiometers

The angu1aﬁ motion variable potentiometer is perhap§ the most common ‘ -
" © type of rotary motion transducer used commercially. Rotary potengiometers
‘are of either the wire-wound type or the film-composition type, and the type
to use is determined by jphe specific application. The wire-wound potentiom-
eter is used for more precise oﬁerations where very small movement or very '
small increments of resistance change are desired. The motion that drives a
rotary potentiometer can be restricted to 360°, or several complete revolu-

tions. Multiple rotation potentiometers (2-, 5- or 10-turn "pots," as they
are called) are available for use in many industrial applications.

The term "potentiometer" is

MOVASBLE (SLIDING)

AsLE oL UNIFORM COILS derived from the fa'ctg that; a

4——"- OF WIRE , .
uniform and proportiqgnal drop in
- . voltage (potential) is produced

as a result of the d1$p1}cemgnt

. of a movable or rotating contact
£ } & from the displacement of a mov-
hl”}; - able or rotating contact from'a
. . TS-APPUED VOLTAGK (2 g) reference pointeeErom this r‘* ’
Figure 7. Wire-wound rotary sult, the voltage at the sliding
" potentiometer. contact is directly propor-
' page 1041C-05 SR -
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tional to its distance from the reference end.  This copcept 1;:111ustrated
—-f~/" in Figure 7. A

The resistance of a potentiometer is the value of resistance, as mea-
\‘subed from A toB (Figure 7). Although this value could be any amount, .
, standard values are as follows: 10 Q; 25 @, 100 2, 1 k@, and so 6n. The
" resistance from A to C is Ry; and the resistance from B to C is R,. The
total resistante of the potentiometer is expressed in quation 1.

-

RT = Ry + Rz Equation 1

Wherezl R. = Total pétentiometer resistaﬁce. .

T
N\ R, = Resistance from A to C in Figure 7.
R2 = Resistance from B to C in Figure 7.

.The voltage from A to C in Figure 7 is E,; and voltage from B to C is
E,. Total voltage is expressed in Equation 2.

ET.= E, + Ep Equation 2
where: E; = Total applied voltage. .
.Ey1 = Voltage from A to C in Figure 7.
E, = Voltage from B to C in Figure 7.

The relationship between voltage and resistance (R, and E; and R, and E,) is
expressed in Equations 3 and 4.

-

_ Fy = ﬁ__glﬁ_ (Eg) - Equation 3
' : - M 2

Voltage from A to Cin Figure 7.

where: Ey

. Ry = Resistance from A to C in Figure 7.
Ro = Resistance from B to C in Figure.7.
E5'= Applied voltage.
Ep = — N2 (E) Equation 4
R1+R2

1C-05/Page 11




Voltage, from B to € in Figure 7

Resistance from A to C in. Figure 7.

Resistance from B to C in Figure 7.
= Applied voltage.

L

The previaus discussion and stated equations indicate that the valtage

\from A to C in Figure 7 will 1ncrea§e as the sliding coﬁtact rotates clock=-

wise and that the voltage from B to C will decrease with a clockwise rota-

tion of the slider. Of course, when rotation of the slider is reversed, the
¢

Vb]tége values previously described will assume the opposite values.

. Example A will he]b.to explain the concept. of rotary potentiometer
operation,

)

F-J

* EXAMPLE A: ROTARY POTENTIOMETER -OPERATION.

Given: The fq]]owing information:
‘ a. Rt =.1000 @
b. Es =10V ‘
¢. The maximum rotation of the slider is 0-300°.
rFind: . Voltage from A to C when the slider rotates 35°.

» B

Solution: By referring to Figure 7, 'and assuming the relationship between °

slider movement and resistance from C to A or B s proportional,
R, will be resistance value proportional to the amount of rotation
of/the slider from 0-35°,

-

LY

po=  35° ) \
o= 22e(1000-0) =116.66 2 -
3000

£

From Equation 3,‘
' R
E:E_=_;.E
1 = Ea-C R1+R£(Q

_ 116.66 @
1000 &

= 1.166 V

Page 12/1C-05
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Note: The steps included in Example A to calculate Ry could be omitted -
since, in a vo]tage divider network, voltage and resistance vary in dJrect
proportion to each other, Therefore,

' 35
Ey = =2 = 1. .
T (10 v) = 1.166 V

b > <

The above demonstrates that, by use of a rotany poteﬁfﬂemeter, rotary
motion - which can be an inferred value - can be determined by a voltage
measurement .’ : i

In order to reduce the current’ flow_in.the potentiometer and -thereby—— — -~

reduce the total maximum power dissipated in the cfrcuit, Tow  voltage and
high resistance are often ysed. This probably will reduce the measured
vo]tage value to the point at.which amplification may be required. However,
most process 1nstruments will measure voltdge in the millivolt range; there-
fore, when using such devices, amplifitation may not be required. : ’

»

PX3

3

L]

SET-POINT POTENTIOMETER (S 9.}

MEASURING POTENTIOMETER (P.v.3

o . ERROA SIGNAL
€SP .pV

———

a /T

Figure 8. Two-potentioqeter error-detecting circuit.

In controf®and measurement applications, it is often desirable to de-
tect the difference in relative motion. This can be done with two potenti-
ometers. This principle, which 1nvo]ve§ error-detecting circuits, finds
specific use in measuring the error between setpoint va]ue and “controlled
variable measurement in closed- Toop control systems. Such an arrangement is
shown iR Figure 8. '

IC-05/Page 13
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The ‘error Signa] E in Figure 8, is a function of the relative motion
of the sliders in the setpoint and .measuring potentiometers. When they are
at the exact same refeggnce point (50% of maximum rotation, for examp]e),
the error vo]tage is zero. If by some unusua] circumstance both sliders
moved an equal amount in the same direction, the error voltage would,still
be zero.. When the SP value, which represents the real reference value, is
held constant) and the PV slider position changes as a result of* a change in
the process condition, error voltage.will increase-by an-amount proportional
to the difference in the position of the two sliders. In this case, the er-
ror signal would provide an input to an amplifier having an output that
would position a final contro] element in the control 1oop to brfing about a

,g,change in the proceéss condition. The process would continue to change until

the errdr signal again became zero. This sequence describes the action
taken by a controller in a closed-loop control system.

~ °  The accuracy of a potentiometer transducer depends upon the_propor-

100%

OUTPUT VOLTAQGE

_ shown-in Figure 10

tional change in voltage with respect to resistance. When this relationship

is linear - that 15: when an increment of shaft rotation of a rotary poten-

t1ometer causes an equal increment of vo]tage variation - the measuring de-
vice is said to be linear. The term

4
LINEAR RELATIONSHIP
,

"1inear," as it is ,used in thjs case,
does not describe the type of mdtion;

NONLINEAR instead, it is used to express the
““RELATIONSHIP

MEASUREMENT ERAOR CAUSED
BY NONLINEARITY

degree by which measured voltage is
representative of the contact posi-
tion. The curve in Figure 9 shows

— linear and 'nonlinear relationships be-
CONTACT POSITION' 1008
. < tween measured (output) voltage and

Figure 9. Linear and nonlinear contact or slider position. Nonlin-.
re]ationships. earity must be eliminated or held
to a minimum.

When a measuring instrument.or 1opd resistor is attached to the measur-
ing circuit, that resistance is parallel with a portion of the potentiometer
slidewire and will chqngé the circuit resistance to a value known as the
equivalent resistance. (Req) In Figure 7, output vo]tage measurement is

E; “acrods Ry, which is a portion “of the potentiometer slidewire. This is

¢ m -

4
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‘ As a result of the addition of
o c . RL to the circuit, the equivalent”

-—— s - —

‘w A resistance value of the -circuit in-
A PORTION OF '
. b the parallel combination of R} and

RL. This is accomp]ished by using
Equation 5. When the value of R| i§
_large compared to Ry, the value of

Figure 10. -Effect of R on a ' Rquwi11 be appro,ﬂmate]y equal to
potentiometer measuring c1rcu1t. Ry; and the error caused by the

[]
A SUDEWIRE ’ , .$ ' Figure 10 is determined by calculating
R R
v 3
i
]

A W N S

addition of R_ to the measuring
8, . . .
circuit will be minimal.

Equation b

Rotary Variable Differential Transfermer (RVDT)

The rotafy variable differential transformer '(RVDT) is commerc?a]]y
.éiggﬁgsfgﬁ%or énguJar motion detection, It operatés on the same princip]e'
as the LVDT, with the majof difference being in the slug or core movement.
The core rotates in the RVDT; but it has a.linear movement in the LVDT. . The

" core rotation is usually limited to 45° in either direction. The RVDT, as
shown "in Figure 1la, produces ‘a differential output voltage that is a func-
tion of the coil rotation in elther direction from the center, or rest posi-

.tion, at which point the output voltage is zero. N

A two-coil version“of an RVDT is the variable re]é%tance angular posi-
tion transducer. This device is the result of om1tt1ng the primary coil and

connecting the a.c. source, as shown in Figure 11b. -’
- — Y . /

/
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DIFFERENTIAL QUTPYT

omensnlnummu-r ‘ VOLTAGE
VOLTAGE

AC, . l ¥
‘ SOURCE 0815

§
r
O

v

/ N, o anavor,” o Az AVT -
Il. - ’ Al .
// Figure 11. Rotary variable differential transforf@r.
J - ‘\ -
\ : .
Synchro Systems _ T )
A synchro is a rotary transducer that provides a transformation of
angular displacement or motion to a proportional a.c. voltage or an a.c.
- vo]tage ta. a rotary mot1on. .

Synchros resemble a.c. motors in phys1ca1 construction and operat1on.
They have 'a rotating armature, or rotor, ‘which is connected to an a.c. exci=-
tation voJfage source, and a stationary field, or stator. The stator con-
sists of three individual windings, each spaced 120° from the other. The

- three coi1§fare connected together at one end. Slip rings or brushes are

utilized toxcohngft the excitation voltage to the rotoq.

The currents induced into each of the stator coils are a function of
the positiod\of the rotor coil. They are relative to each of the three
stator windings. By comparison of the currents in each of the stator wind-

- ings, the rotator position can be determﬁned. Changes in the stator c&rhent

’ are also an indication of the d1rect1on “of rotor rotation. ) .

) Synchros are also used in pairs to measure angular rotation. In such
applications, one synchro is cg]]ed,a control transmitfer and one is called
a control transformer. Synchro pairs are often used to measure difference
in the,speed of two rotating shafts in order to produce an error signal that
is usgd to cgntro] the speed of one shaft equal to that’of another. A Eypi-

.
- N .L_
.
\
. _——

- - )/
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'cal synchro motor is sﬁbwn in Figure 12 and a synchro pair is shown~1n
Figure 13. . N C oo
;; o * In Figure 13, anya.c. voltage is
- _Tapplied to the control_transmitter

/snroﬁ con  through burshes to the rotor. In
Ly

<

l turn, an a.c. vpltage is induced into - “i’/
o ROTOR, WINDING the coils (L3, Lz, and L3), the amount
- o 120°—  -of-which—ts—determined by the angular
. / . _position of the rotor {relative to ~ ~
each coil) The voltage on each coil
' - of the transmitter also appears on the
) ™~ sTATOR cOILS” , . .
corresponding coils of the trans-
_ kgrmer. The coil voltages on the °
Figure 12. Synchro motor. transformer are then induced into the .
! , o _rotor of the transformer - which,
through brushes, appears at the transformer output. .Therefore, the output
vo]tagé\is a function of the angular position of FQ? rotor in the control’
- transmitter. Transformer output voltage is described by Equation 6.
)bl/\ ;( ) L~1 K \
g ! CONTROL TRANSFORMER
CONTROL TRANSMITTER L N\~
, Figure 13. Syhchro angular displacement transtce}.
) s - ] ' Eout = (Em Cos 8) Sin Wt : Equation 6
) N . ( -
, .
. . o ' o 1C-05/Page 17 * - .
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J o~
Outpdt voltage of the transformer.
Maximum output voltage amplitude.
Angular ‘displacement of the transmitter rotor. '
Frequency, in radians, of the voltage applied to the
¢  transmitter rotor. ] L. ier

"

“where: Eoyt

.
w 3
nou

T
n

<

Flyball Governpr , N

J The f]yba]] governor . (mechdnica] angular motion detector) 15 one of thd>
——w—x————~f~-oldes%ﬁrotany-motion detecting devices. It was‘first used 4in the original
steam engine as the measuring means of a closed-loop control system to con-
" trol engine speed. It still is used to reg%}ate the speed of steam turbines
, that drive large compressors. Such speed-control devices are known as cen-
trifugal governors. , - : .
“ The centrifugal, or flyball, governor shown in figure 14 has two spher-
.ical yeights attached to a cotangg/shgft by two arms (for each weight).
The number of weights can vary from one to four. One arm is pivoted to the

-

WEIGHT
MOVEMENT
vOoT

N~ N

X / 4 i us ?
.
MEASUREMENT [« N R P
omuctunf‘r M ve FIXED PIVOT Muwnm:m
]

Figure 14. Centrifugal or flyball governor for ‘speed
measurement and/or control.

= shaft end, and the other arm is frgslto slide on the shaft. Rotary motion
- of the shaft creates a centrifugal forée on the weights. The Force is nor-
mal to the shaf% (points radially out from axis), and it causes the weight *

Page 18/1C-05




to be hurled outwardrand upward, creating a motion of the weights. The
-, amount of weiglt ‘motion is a function of centrifugal force created by the
shaft rotation and the opposing force "of gravity acting on the we1ghts. At
any speed great enough to cause the weights to move, the centrifugal and
gravitational forces acting on_the weights are out of equi]ibrium. As grav-
. of shaft rotational speed. This movement causes a sliding sleeve to be
— - —positioned up -and -down the—shaft+ -Position of the steeve is an 1nd1cat1on

of the_sﬁaft speed.

P

jtational force on the weight is constant, the weight movement is a function

s s emrees s ————— P et e e B e TP -

VELOCITY MEASUREMENT - ROTARY

Velocity, the rate of change of displacement or d1§;ance, is measured
in angular rotation per unit of time. Any of the linear- or rotary-motJon b
devices mentioned can be used for ve]oc1ty measurement but only when the
displacement measurement is made with respect to time. The flyball governor
can be used for velocity measurement by simply using a scale graduated to
read rotary or angular velocity - r/min, for example. It is strictly a mo-
t1on, and hot a position..measurement device. . The other devices mentioned
“in this module are position detectors. To measure<velocity from a position
indicator, it is necessary to measure the time reuired to change from one
position to another and to express that amount of movement with respect to
the amount of time required to make tﬁe movement.

’) ’

)

" Tachometers , .. >

L] -

A tachometer is a device used to measure angular ve]ocity. The zﬁyball
governor, is a mechanical tachometer. E1ectq#€a1'tachometers norma]]y’are
small generators having an output voltage that is a funct1on of this angular
velocity of the rotat1ng armature. Output voltage of a generator is ex-
pressed in Equation. 7. i

SN -
- EL = LBV . a Equation 7

Voltage. generated by, the* ta&hometer.
{ol

Length of the conductors in the armature.

£
b= 4
[12]
3.
(1]
m
—
]

’

.
. r- X
u
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B = Flux density of the
coil.. ' *
V = Velocity of the armature

By designing a generator wit
and doing the following:
~++ expressing velocity of the

(the anguiar velocity is revolutions per minute),

1

g

gnetig) field established by the field

terms in Equation 7 constant ...
uctors in'terms of an average radius

. establishing the exact number of conductors with their exact léhgth

(

< - p

Page 204{C-05

and . ) o R , .
I dgtermining total voltage on the tachometer output by computing the sum
of voltages induced in each inductor ces - - B
the tachometer outpﬁt voltage is d termined by Equations 8 and 9.
EF KES Equatiohn, 8 R
o B T\.
kg = 2nRENL Equation 9 .
6Q ) . Q:%
. 9 ‘
- where: E = Tachometer output voltage. 1 o :
. .55 = EMF constant, in V/rpm. ) ¢ ANy '
$ = Amgular velocity of the armature, in r/min. \ -
R = Average radius, in meters (m). ; s @
.. B = Flux density of the fagnetic field, in weber$ per square  _
meter (Wb/mz). X ‘ .
.+~ N .= Effective number of conductors. ) )
"L s Length Q{\each}conductor, in m. \ﬁ
= — N
) - EXAMPLE B: -TACHOMETER?ﬁUTPUT‘VOLTAGE. _ //
Given: . A d.c. tachometer with the following specification values re]ating
to Equations 8 and 9.
R=0.06m =
B = 0.1 Wb/m?
N=236 ) .
L=0.2m .




’ e

£y

: Solutioﬁ:

‘ and:,a’JtOutﬁut¢Joltége for the following speeds: o .
" a. 1000 r/min . , : v
: b. 2500 r/min B : 5
c. 3000 r/min - - ' '

Using Equation 9 to find Kg:
_2n RBML
60

Ke

’(6.28)(0.06 m)(0.1 Eg)(ss)(o.z m)
. m N

]

o ~
L]

o N
Q

Fo
o -

Usiﬁg Equation 8 to find outpu
a. E = KgS.
. V K vl
0.0045 —— (1000.r/min) -
r/min ( _ /min)

"

4.5 v
0.0045

11.25 V

y ‘
r/min

.
-

(2500 r/mih)‘ -

-

s €

V-

r

=-0.0045 (3000 r/min)

(9]

.

m
I

, EXAMPLE C: REVOLUTIONS PER MINUTE. -

.~ {Find: ~ °

. A d.c. tachometer with the specifications Tisted in Examplé B.

Revolutions per pinute for the following output voltages:
N . )

Q. 3«65 V " . R - . ~ , - LY
b. 4.58-V ’ T
e, 7.3V ‘
. . L
g \ j , ‘ .
\ »

?
P4
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Solution: Rearranging Equatiom. 8 to solve for S:

From Example B, Kg = 0.0045 V
_Solving for S: '

E | 3.55 " s y
. S T e = /.__ = 811.11 "
3 Kg  0.0045 r/min
' 4,58 ‘ ’
B ’b. S = 0035 ~ 1017.77 r/min

; 43 i -

c. S=5L"_"-=1651. i

¢ 50045 1 11 r/min

E)

P

 FORCE SENSORS

: Measurement of mot1on, movemeht and d1sp1acement has been d1scussed
A anﬂ several means to measure both linear and rotary motion have been ex- .
p]ajned. “An equal]y 1mportant measurement is that of force. Force hmeasure-
' _ments. can .be -"and, in fact often are - inferred values from both linear-
and rotary-mot1dh detectors, wherg the measurement is based on an amount of'
force requlred to produce the: measured motion. Other ‘force-measurement de-

_ _vices, thoughﬂgenera]ly operating on the same pr1nc1p1e, are not considered
”r“l}’to\be ‘motion sensors.‘ ‘ : . L a
-~ ' e 0% Lt . < ° 3

K STRAIN GAGE ' ‘ e
> .y ‘7

;_f:'. . . The stra1n gage ‘is one of the simplest and most prominent types of

Force sensor in commercial and industrial use. Operation of the strain gage
is based upon the effects of physical deformation caused by app11ed forces

= on the electrical resrstance of a wire conductor.

<
3 -
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.

Thej electrical resjstance of a condhcting‘wire is determined by "the ’

equation} - . , .
a' ' ¥ . . '
SRR R = o (L/A) ' :
where: R = Electrical resistance, ohms. . i | '
P tharacteristic resistivity of 'material, ohms/inch. L v
L = Length of conductor, iAches. .- .. - -
A = Cross- sectional area ‘of conductor, inches?. o

s 0 i

Neg1ect¥ng temperature changes, the resistance of a conductive wire will re-
" main’ reasonab]y constant as long as its phys1ca1 d1men/90ns are unchanged
When a force is' app11ed~that results in a conductor 1ncreas1ng its 1ength
its cross-sectional area w111 decrease - resulting in a great]y 1ncreased
resistance. Change 1n res1stance is proport1ona1 to the amount of force ap—,
plied to the wire, thus present1ng a means ta measure force 1f the propor—
tionality constant is known.- . n T S /
Strain gages are constructed by attaching a 1ength of wire to a p1ece
. of paper or plastic 1n such a way that no//e1at1ve motion can exist between <
the two items. The support1ng paper then is fastened to a load co]umn that
:?;subjected to deformat1on when undergoing an app11ed force. ., Bonded wire .
strain gages have excellent resistance to vibratign and mechanical shock. ,'
They can be’ covered with a protective coat1ng for protect1on from corrosive .
atmospheres. Some .can even *be submerged 1n water. . Life -expectance can be
. long when’ care is taken that the device is not over-ranged or stra1ned be- *
yond its elast1c.11m1t. A bonded wire strain gage is shown in Figure 15.
: - woustng ¢

LOAD COLUMN . | TO BRIDGE OR OTHER . s
-~ b & MEASURING CIRCUIT : Lo
PRESEURE 7 R ‘ .

OR FORCE > - . .
g : . CONDUCTORS STRETCH UNDER -FORCE
~ AND CHANGE IN LENGTH AND RES{STANCE

- \

f

Figure'15. Bonded wire strain gage. oo

.
. . .
- - . . \. ¢
.“" n .
.- ¢ .

. . - .
! . -
s ’ 2 . . -

3 . . . ’
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The electrical output usually creates a very small variable resis-
tance. Total resistance of the device may be around -100 ohm§, but varia-
tions of less than one ohm may resuit from some app]ications.~ The problem
of measuring fractions of ohms is solved by using d.c. resistance'bridges.
Nith good design and sensitive bridge detectors, accurate and reliable sma]]
res1stance measurement is commonplace in the industrial. 1nstrumentat1on
field. )

. . 2

PIEZOELECTRIC CRYSTAL \ _ _ n
,’ » Ny -

A piezoelectric crystal is a device'made from Rochille salt. It is a
'thin s]1ce of quartz that generates a vo]tage when subjected to a force.
Nﬁhen the ‘crystal is distorted by %an applied external force, a voltage ap-
pears at the crystal surface. The crystal has an extremely low power gener-
ating ability; therefore the voltage generated is soon d1ss1pated. Thus,
voltage appears more as a change in force rather than a static fofce mea-
Yurement. ) . o

" In industrial applications, charge amplifiers that can re;pond ‘to .

low-Tevel signa]s are used to increase.the output of the force crystals;

Applications involving the biezoe]ectric c¢rystal dnd the associated

amplifier are (1) vibration'monitoring and detectfion and, in some cases, (2)

alarm circuits. A piezoe]ectric crystal is sho

~

in Figure 164 .

' PRESSURE APPLIED OVER THE ARH
RESULTS IN A FORCE APPLIED TO THE

L

*

. CRYSTAL ':;é,-;;;;;/;‘ By
e e — f?'(\:“'
L3 ",

Figure 16. Piezoelectric pressure}force transducer.

2

. PROXIMITY AND LIGHT DETECTORS

The prox1m1ty detector does not fit 1nt§ithe linear- or rotaryxmotion<
category - or even the motion-detector category. It is used to measure sthe
physicaJ c]oseness, presence, or prox1m1ty of obJects. The two types are
the contact and the noncontact. Proximity detectors are usually digital-
type signa] generatrng .devices since the signa] is ON or OFF or HIGH <or

3

» L T
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~LOW - depending upon thé absolute eresence or absence of ‘an object in the

proximity of the detector. However, some detectors can monitor, the close-
ness of an object. This type of proximity detector is usually the noncon-
tact type.:

- CONTACT-TYPE PROXIMITY DETECTORS

. ‘Contect detectors normally have a lever of. some sort resting on the ob-
Ject or situated close to the object. When the lever is moved after being
stroked by the object, a set of electrical contacts operates, thereby gener-
ating a signal. This type of device 1sfcommon1y known as a limit switch.
Limit switches are used in the process and,mqpufacturingeindustries to moni-
tor valve positions as OPEN or CLOSED, to monitor assembly-line objects, and
to perform other such functions. |

NONCONTACT-TYPE PROXIMITY- DETECTORS

- In some industrial applications, it is not practical to contact the ob-
ject of which proximity is being measured. '1n such cases, a magnetic field,
an ultrasonic, or an optical-measuring device is employed. Air jets or air
streams have been used. Perhaps the most cemmon type of optical noncontact
proximity detector is a light striking a photocell. Presence or absence of

a the light will céuse a switch to be opened or c]osed and thereby, sound an
alarm or 1n1t1ate control-circuit action. A very common utilization of this

i' . app11cat1on is the automatic door that operates in supermarkets, hospitals, .
and s0 on. Such a device is shown in Figure 17.

PHOTOCELL
~ ‘LUGHT SOURCE - AND AMPLIFIER
.
t
— -
X LIGHT BEAM o |
‘ N OUTPUT TO CONTROL
A S — ] . | OR DETECTOR CIRCUITS
4 N - ) ————
e / :

Figure 17.. Optical proximity detector.

*,
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When an object blocks the light beam from the Souréé, the“absence of
1ight striking the phofoce]] causes the amplifier output tb decrease. This
decrease in signa],.thfough a relay or another type of switching device,
generates an output thatvperforms the desired function. The 1ight need not
be in the visiblesregion. UYltraviolet and infrared dptical de 'tectorg
are available. 4 . '

) Industrial applications of optical-proximity sensors include optical-
concentration analyzers. In these analyzers, the amplifier output is anpro—
portional signal relative to the amount of light blocked or absorbed by
material in the light beam. The property of the turbidity in water is often
measured by flowing the water through a tﬁﬁﬁsparent cell and focusing a
1ight beam on the wall. The amount of 1igh£ 1eaVing the cell is a function
of the amount of light absorbed 6r blocked by small, solid impurities sus-
pended in the water.

APPLICATIONS

]

The previous discussions on detectors were concerned with an output

- (usually-electrical) that was generated or altered in some fashion by a

changé in motion, force, or some .other median on the input. The output sig-
nal generagedAQy the detector usually must be conditioned or, at least,
scaled before it can be used successfully. When this is accomplished, the

“transducer input is used to proJuce a scaled output signal of sufficient am-

plitude and strength to perform a function. This describes a. sensor or
tfansmitter. A pressure transmitter, for example, may employ any of the

'transducqr inputs discussed and transmit a scaled 4-20 mA signal. A scaled

input, 0-100 psig for instance,.can be used to produce a 4-20 mA output.

When this situation exists, the overg]]-device (the Erdnsmitter with the

transducer input) performs a very necessary and useful function. At this ,
point, a rgview‘d? the block diagram in Figure 2 would be helpful to the

student.
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- EXERCISES

10.

" surement applications.

By drawing a sketch and Jsing mathematical calculations, show how volt-

‘ age across a portion of a potentiometer is affected by Ehe position of

fhg slider. .

Explain how the principle established above éan be used in process-mea-
L3

Sketch and explain how the variable value of resistance of a potentiom-
eter can be measured with a resistance bridge eircuit..

Exp]ain the operation of the LVDT shown in Figure 5, and 1ist the spe-
cific function of each component. )

Compare the usefulness of the LVDT device with that of a‘variable-
capacitance transducer with respect to the measuring circuit used.
Compare the measuring circuit used with a variable inductor to that
used with.a variable capacitor. What is the normal output of each mea-
suring circuit? *

Draw a twolpbtentiometer measu}ing circuit. Explain its operation, and
list a possible use. o o

List a possible cause of nonlinearity in a variable potentiometer mea-
suring circuit, and explain how this error can be reduced or elimi-
nated. ] ”
Explain how the velocity of rotary motion can be measured by the fol-

Towing: ‘ . . .
a. A flyball governor. : . .

b. -A d.c. tachometer. . . !
How can the flyball governor be used to eontrol the speed of a steam '
turbine? ) ' ..

Sketch and explain how a strain gage can be used for force measurement.

4 : “
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LABORATORY MATERIALS . .

A differential-pressure transmitter, using a LVDT'as the input transducer (a
Foxboro brand). \

A differential-pressure transducer, u;;EB';hVarjable capacitor as the input

¢ transducer (a Rosemont brand).

Instruction and service manual with parts lis

each instrument used.

A manometer or test gage capable of reading 200 inches of water - 2%.

A 0-100-V variable d.c. power supply. .

A time-base oscilloscope capable of‘frequeﬁcy and voitage easurément in the
audio frequency range and haying a sensitivity of~1 mV/cm.

A variable pressure regulator 0-20 psig with 1% regulation.

A 0-50 mA current meter. & ' .

As;orted wire, tubing, and fitting$ for calibration of the d/P cells.

A 0-20 psig air supply.

.

L ABORATORY PROCEDURES

LABORATORY 1. OPERATION OF AN LVDT DIFFEREyTIAL-PRESSURE TRANSMITTER

- ]
1. Locate the LVDT on the differential-pressure transmitter, and identify

the means by which a differential pressure produces a core movement.

2. Using the electrical schematic in the instruction manual, Jocate the
LVDT on the print and note the method of ouﬁput generation- by coil
position. : -

3. Refer to the 1nstruct1on manual and to F1gure 18, and connect the d/P

cell to the proper pressure and electrical connections foq check-out

and/or calibration. | . .

4, Before ‘turning on power supply, check instruction manual for the proper
level, and set the voltage to adjust for this value. Apply thfs volt-
age to the d/P cell by turning on the power supply.

5. Open both vent plugs on the d/P cell to app]y atmospheric pressure to
‘both sides of the capsu]g. ’

’
¥
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- MILLIAMMETER FOR d/P CELL '
OQUTPUTWMEASUREMENT

« VENT TO >
hd T ATMOSPHERE
- '. VENT PLUG FOR CALIBRATION
CLOSED FOR '
OPERATION

T R . .
* 53&8:3% HIGH-SIOE | LOWSIOE
VARIABLE N—p
PRESSURE REGULATOR A :
121 h 3
. r B 1
- . L

20 B/in® S
AIR SOPPLY HEADER -

Figure 18. Experimentatl set%P.for Laboratory 1.

M .

6. Use an oscilloscope and measure the oscillator voltage on the primary

of the LVDT. .
7. Use an oscilloscope to measure the‘output°of the secondary of the LVDT.
8. Close the-vent—on—the high-side, leaving the low-side vented to atmo-

sphere. With the variable pressure regulator,-increase the pressure to
the high-side, appjyihg a differential pressure to the'd/P'ce11. Note .
the change in the secondary output voltage and d/P cell output current,
as read, in ‘the output ‘meter.”
9. Reduce the pressure on the high-side by adgust1ng the pressure regu-
lator and opening the high- -side vent plug.
¢ 10. -Locate the zero adjustment and, if necessary, adjust for 0% output.
" Most transm1tters have 4-20 mA d. c. output therefore this value
should be 4-mA, ., Co
11. 8lose the high-side vent plug and apply a pressure to the high -stde
* that is equa] to about half of the full-scale adJustabJe range. The
adjustable full-scale range ‘will be listed on the name tag of the in-
strument, with date and specifications pertinent to the d/P cel] Note
the output meter indication. If full output (20 mA on 4-20 mA trans-
mitter) is reached before half the full-scale differential is qpp]ied,
reduce the differential pressure to zero and increase the range adjust-’
‘ ment setting. If the.full-éta]e output does not occur when half of the

- IC-05/Page 29 .
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full-scale range is applied, reduce the pressure to zero and decrease

the range adjustment setting. Continue this procedure until the full-
" scale output coincides with the pressure’ of the half-full-scale range.
12, Repeéi Spepi 9, 10, and 11 for complete calibration of the selected
half-scale .value of applied pressure. - '

© L

LABORATORY 2. OPERATION OF A d/P CELL WITH A VARIABLE CAPACITOR,_ -

1. With the use of the instruction manual and a d/P cell with a variable
* © capacitor transducer’on the input, locate the input capacitor and
associated measuring circuit. ) ) -
2. |Note the method of output generation by disp[acement.
3. epeat Steps—3, 4, and 5 of Laberatory 1.
4, sing an o{???loscope, measuce the frequency of the variable frequency
scillator, The variable capacitor having value chanbes as a result of
11fferentia1 pressure is'theE/Eonnected to the tank Eircuit of this
goscillator. . . N
5. Close the high-side vent valve, leaving the low-side vented fo atmo-
sphere. With the variable pressure regulator, increase the pressure to
?'the high-side, applying a differential pressure to the d/P cell. Note
" the change in the’osci11ator frequency that occurs with a change in
differential pressures . ‘
6. Repeat Steps 9, 10, 11, and 12 of Laboratory 1. ) -
7. Procedures are now complete. Turf off the power supply, disconnect the

‘

d]P_ce11; and secure all equipmént. - : -

REFERENCES , . '
> ‘
" Bateson, Robert E. Introduction to Control System Technolpgy. 2nd ed.
Columbus, OH: Chaq1es’E. Merrill Publishing Co.,.1980.

Hunter, ﬁpna]d P. Automated Process Control Systems, Concepts and Hardware.
Englewood Cliffs, NJ: ' Prentice-Hall, Inc., 1978.
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- Sensor:

- _GLOSSARY
;o ' \ °

Movement along a straight line. oo N

Linear motion:

’

Rotary motion: Movement in a circular path.

‘A device that often uses ansducer as an input sdurce'tb gener-
ate ‘a scaled signal representing a measured quantity. .

Synchro: A rotary transducer that provides a transformation of angular dis-
placement or motion to a *proportional a.c. wvoltage or an a.c. voltage
to motion. ’

Transmitter: Same as sensor..i

/

“v
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Matching: Match the following terms with the appropriate dafinition:

‘a.

C.

d.

f.

g'
h.

Je

Force.
Work (displacement or motion).
_Potentiometer.
Transducer. .
Flyball governor. ~
Strain gage. e
_Linear variable differential transformer.
Transmitter or sensor.

RN

Synchro.
Tachometer. !

\
\

A dev{ce used to convert one form of energy to another more useful
form.

An instrument that generates-a sc%ﬂed signal from a transducer input.

A'rotary transducér that provides a transformation of angular
displacement or motion to a proportional a.c. voltage.
The ability to do work. v
_Force operating through distance. ' e
‘A variable resistance device. 3
A variable inductance device. *
Produce a change in resistance when under force .or stress.
Measures circular velocity. '

A mechanical tachometer.

177
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INTRODUCTION .-

B ’

Y

When contro} system& were f1rst be1ng deve]oped,,mechan1ca1 and hydrau-
lic mechanisms were the modern~day marve]s of a young industrial era. The
first automatic feedback comtrol system was 1ntroduced in 1774 when James -
Hatt§ used a device to contro] the speed of his steam ,engine, ‘Dliver Evans
used the same technique 10 years later to automatically control a flour mill
in Ph11adéph1a. As ,other 1ndu§mries began to develop, the need for~auto-
mati%,control ‘systems grew; and, by 1930, direct-connected pFocess instru-
ffents were béing adapted to process contro] systems. fh the 1940s, more
“complex ;ontrol systems were developed, a]qng with transmission 1ines that
were usedito connect local field-mounted instruments to centrally-located
contro] houses. Pneumat1c control.systems were popylar in this decade and
reached their peak of deve]opment in the m1d to late 19503 - when e]ectron1c
control 1nstrumentat1on,devé]opment began. With the w1despread use of
sol;d’state e]ectron1d%devices and the development of 1ntegrated circuits
and micro-electronics 1q,the late 60s, obso]escence was pred1cted for the
preutatic instrumentation 1n2u§try. However, because of some distinct:
advantages, pneumatic 1nstrumentat1on tont1nues to be\w1de1y used in the

‘“r

-

.contro] 1ndustry. K
Fhis modu1e exp1a1ns the .operation and use of pneumatic 1nstrumenta- ’
tion and control systems. Advantages and d1sadvantages of pneumat1c devices

.. de d1scussed [ as we'll as staudard applications and 1atest deve]opments.
. ° U
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PREREQUISITES

‘The student shou]d have a basic understanding of algebra and Ahys1cs
" and shou]d have comp]eted Modu]és 1€-01 through 1C-05 of Instrumentat1on and g
Contro1§. :
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OBJECTIVES

(O8]
)

<

4

Upon completion of this module, the student should be able to:f’ ) ‘

Define the following component parts of a pneumatic transmission sys-

f'

tem:

‘a. Flapper.

‘b.  Nozzle.

c. Restrictor. )
. d. Relay.

e. Feedback bellows.

Var1ab1e ga1n unit.

[

y

/

AR

Exp1a1n.the operation of a pneumat1c transmitter to.measure the fo]]ow-

1ng variables:

D
e
-

ad. ,femperatyre.
: ; ‘ y .
b. . Level.
/'c. Flow. & y"* -~ ; <
d. Pressure, s
Identify the component parts of a pneumatic transm1tter. A
Explain the check out and calibration pgatedures of a pneumatic trans- )
mitter. : . ) L
- =S ‘ e
L] 22\’ , '. -
i ° -
, ; L . .




- %, SUBJECT MATTER.

PNEUMATIC TRANSMITTERS - FORCE BALANCE TYPE >,

Pneumatic 1nstruments have been des1gned to perform a]most any functaon
that can be accomp11shed by electrical or electronic instruments. In pro-
‘cess-contro] app11cat1ons, common uses of pneumatic 1qstruments are as
trqsmtters and controllers.” These 1ﬁstruments are Yransducers that con-
vert mechanical motion to a pfessure signal. A blo ,gaa'gram of a pneumatic .

" transmitter is shown in Figure :1., s ~)</ .j. g

TRANSDUCERS. * SCALED

1
1]
- | PNEUMATIC
- |/ SIGNAL
PRESSURE PRESSURE' . MOVEMENT FLAPPER=~ 3
- _ELEMENT —  ozzLe ]
v <

) . . MECHANISM
- - 'ws PNEUMATIC
-~ L : ' ;, TRANSMITTER
. e s
S |
. TN
1 N : .

Figure’l. Block diagram of a ppeumatic t'r rztitte.ﬁrv,

o,

- L P

Pressure elements, as discussed in ModuPe IC102, .are used, to convert
pressure to mechanical motion. Because many types a#?gava11ab1 , @ rev1ew“ -
of their operation is -recommended. A rev1eW Qf Modu]es TC 02, IC- 03, and .
IC-04 will refresh the 'memory concerning the ‘principle of process measure-
ment whereby fluid flow, pressure, timperature, and’ 11qu1d lavel can_all re-
act on a pressure element to produce movement Th1s movement is then con-

verted to a scaled pneumat1c s1gna1 by a ﬂapper-nozzle mechanism, !‘

- - . -
r . . . L. . . N
- “ =

FLAPPER-NOZZLE . ) .

- ¢

; . Al act1ve pneumatic devices (those that generate a scaled signal for -
transm'ission) dse, the flapper-nozzle. This mecham-sm is shown in F1gure) 2.
Tth'an' supphed through the fixed restrictor and nozz1e is constant for-a
given amount of c]earance between the flapper and nozzle. WNhen the flapper
1s-closer t% the nozz]e the flow is less because of the increased restric-’

* . . ‘ %}’.{ - > L.
SRS s S
N . . . y . 1C-06/Page 3
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R tion. When the nozz]e is moved farther away from the nozz]e, the air ﬂow
. will be greater ‘because of the 1ncre?sed f]apper-nozz]e cYearance. There- .
“fore, the air 11ow through thﬂe nozzle'is.a *function of the ﬂapper position

4 ”

, . ~ Nozzre*messuae - : . .
- . . L . «.,
. - @ . w§ ol

FIXED 20 psid AIR sueet.v

- ) | TS AIR FEOW e
s . THRQUGH NQZ2ZLE \ F|XED,AIR T,
- . . . o #low ResTRICTION, . .

[y
o
ey

14 LI . 4 -
FLAPPER TRAVEL ‘ SRS

L
IR . :
> . . ” * v 0
. .

PROCESS MEASUREMENT APPLIED HERE se ‘ . <

F1gure2 F]apper-nozzle mechamsm. . . - -

- 4 . - . ¢ > . ’
'4 .

Y. T,
. as it relates to the nozz]e. This process is a .resu]t of the movement of

. the pressure element, and the movement is a function of the process measure-
: ; ment applied to the pressure eJament Because of this,” a chanqe in ,process ot
measurement produces a change' in the nozzle Back-pressure. To*detect very )
smatl changes 1n flapper movement and small changes in the element FEsponse,
8 : it is necessary to detect very sma]] changes in nozzle back pressure. For
' 'th1s reason, nozz]e pressure 1s amp11f1ed The amp11f1ed nozzle~ pressure is ]
the Qutput of a pneumatic transm1tter. It #s a sca]ed signal represent1ng a 'ls
) process quantity. A pneumatic re]ay, Tike the one shown in Figure 3, is . 1
. Lused to amplify the nozzle back- pre§$ure, In’ addition to ampT1fy1ng nozz1e N ’
. . pressure, the re]ay increases a1r vq]ume of theJénstruMent s output. Y
t - Without this boost in volume, the output pressu&e’change wou]d be s1ugg1sh . .
o because all of t?e output air would have to flow through the? restr1ct1on in
. - the nozzle tube. Just as ra1ncrease in. pressure would be 1‘1m1ted by
' . the constriction of air f]ow, the decreasev1n pressure ‘would similarly be
E11m1ted by the Slow rate of air flow through the'nozzle to the atmosphere.
* The relay overcomes these 1im1tatioqs.




-.Relay

REDUCING TUBE

AIR SUPPLY

AlR=SUPPLY,
CHAMBER ~

VALVE SEAT

.

. FLEXIBLE -~
DIAPHRAGM

EXHAUST PORT

Figure 3.

¥

Pneumatic re]aj‘schematic.

‘ -~
-
.

An increase in nozzle préssure applied to one side of the relay dia-
‘phragm causes, the d1aphragﬁ‘to moye to the left (F1gure 3)..
‘positions the batt farther away frop the ball seat and aT]ows more air. to ?

flow from the re]ay.
diaphragm opposate to the nozzle pressure,
that side of the diaphragm and opposes the nozz]e pressure,

"does not buird up to the full output pressure because the exhaust port ‘vents

the pressure. to the atmosphere."For any given flapper nozzle reﬁ!tionship, ,
the’ diaphragm is 1n'a state of‘equi]ibrium with equa] pressure on bdth )
The d1aphrd§m will mov9°the ball: in thghcorrect direction and by the

sides.
L}

amount required to provide equi]ibrium. ’ ¥
..A _' - ’ ) R . 4 .

., ~ \ - .

NOZZLE (TO FLAPPER)

The output pressure is also app]ied to the 51de “of the,
This 1ncreases the.pressure on

.

.
P

This movement

The pressure.

-
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A decrease in nozzle pressure, caused when the flapper is positioned
. away from the nozzle, will cause the diaphragm to move to the right. This
movement causes the Spr1ng to position the ball more toward.the seat.' This
reduces the a1r flow from the air-supply chamber to the output port. This

. ... reduction, in turn, reduces output.pressure unt11 ‘the pressure on the d1a-

phragm is aga1n equa] on both sides. Nhen the ball is posit1oned to allow

more a1n-to fiow from the air-supply chamber to the'%utput port, the valve -
is positioned closer to the seat, thereby reducthg the amount of air flowing ~
into the exhaust chamber. Converse]y, when.the ball is moved c]oser to the

. seat, reducing air flow into the output port, .the valve moves farther from

the seat, allowing more air to flow from the output port to the exhaust
port. ' o I
The'outputnport will be connected to another pressure element in a
receiving instrument, and there will be an air flow frem'the air=supply
chamber to the input port only long -efiough to reach a state of equilibrium
after a change in nozzle pressure. Air flowing from the output port‘to the
._exhaust port, which is regulated by the valve position w1th\respect to the
“ valve seat, is constant for'every cond1t1on of ‘equilibrium. This will

change on]y.when the nozzle pressure changes. Air flow from the ihput port
_to the exhaust port will imcrease with a decrease in nozzle pressure, and
decrease with an increase #n nozzle pressure.

The réducing tube that controls<dir flow through the nozzle a]so Timits
the flow to just thelampunt that can flow through the nozzle when the

. .
° ~ . '

f]apper-ngiz]e c]éarance is greatest. ‘ B
The gaiﬁ of most pneumatic amplifiers is usuvally about 15 _ze-20. A
.v . very common amplifier used in many'ﬁndustria1&ihstruments has a gain of 16. :
For this relay, ‘a change in nozz;e presspre of 0.75 psig results in a change )
.. in output of 12 psig. This-output change're§p1ts from about 6 0Q5 inch of
' f]apper trave] Figure 4 i]]ustrates a pneumatic re1ay.

-
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Feedback

As notgd prev
span (12 psig) is

SCREW

r
ASSEMBLY SCREW

DIARHRAGM ,

VALVE STEM

SCREW

OUTPUT— - — "

‘ XHAUST VALVE
EXHAUST —— ] . _
SUPPLY VALVE

TENSIdN SCREW

@ -

Figure 4. Pneumatic relay.

jdusly, flapper travel required to generate a 100% output
very shdall. To-eliminaté erratic dutput responses by
Wity of pneumatic devices, a technique of applying nega-

increasing the sta
tive feedback.yo”"the flapper-nozzle mechap}sm is used tp achieve an opera-

tion principle\kno
trated in the.:émb
. ~The two force
create an'eqhilibr

wn as force balance operation. This principle is illus-
e;aturé transmitter shown in Figure 9.

s acting .on the force bar (Figure 5 "are balanced to
jum ¢ondition in such a way that there is no movement of
the bar for a stabfe operating'poikt. When temperature of the bulb in- _

creases, the mea the meagsurefment force.

“ - -
rement bellows expands, increasing
v A o

[ e

. .o . v

o~
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' oo .t
Feedback force here varies with 20-PSIG
- flapper-ndzzle distance g SUPPLY

i
. <"' Pueuwmc S AR
NO

FEEDBACK

, : ' o BELLOWS
, OUTPUT
' B . | . 35 psia
' . . V! o @ - ——
] 'Fdrce'baa; and ﬂapper/ ) ]

\ ] ‘ ‘ MEASUREMENT -
A )
| m/"- BELLOWS CAPILLARY TUBING :
Fuleru ‘ »
- : TRy S ] TEMPERA-
, { TURE BULB

| FILLED

r{ - THERMAL SYSTEM
easurement force’ here varies WJt\/

temperature of the bulb

L . R e -
P ]

Figure 5. Force-balance temperature transmitter.

This causes the force bar fh rotate in a clockwise direction around the
pivot oint,'or fulcrum,, ,This'action brings the'i¥apb§r closer to the noz-
zle a jnéreases the nozzle back-pressure which is amplified by the relay.
The red1t is”an increase in o&tput pressure, which is then applied to the
feedback bellows. ,This increase in pressure causes a forcespn the force *
_ Qét - which results in/g;eounterclockwise rotation. , The force app]ied‘gz
P ‘ ; the feedback- bellows will be sufficient to restore the force bar to
-__equlllhnlum.(no_moxementluﬂ___f e
The force bar (flapper) is s]ighb]y c]oser to the nozzle, and outpyt
. pressure has increased tg a new 1eve1 that 4s proportional to the tempera-
ture that caused the increase in measurement force. In the force balance
:terminology, the initial measurement force is the force, and the resulting
force generated by the feedback bellows is the ba]ance. For every change 1in
temperature, an output will be pfoduced and app]ied to the feedback be]]ows
that will counter’ the initial measurement force. -It can be seen that

- . {‘ © o o
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the amount of balance needed to counter a given measurement force will be
governed by the fulcrum location a]ong the force bar. In practice, the ful-
crum point is adjusted to establish the mechanical advantage of one bellows .
in re1at1onsh1p to another in order to Set the measurement *span of the

instrument. - ) :
’ »

i

Force Balance Differentia1:§re ure Transmitter _g 1‘;

The pneumati¢ d/P cell shgwn in Figure 6 is used in many 1ndustr1a1
app1icat1ons to measure fluid fFlow, 11qu1d level, and pressure. The process
is connected to the low- and high- pressure connections of the instrument..
The pressure connection arrangement must be such that one pressure must
always be greater bnan the other. This causes the d/P cell output a1ways to
be positive with respect to. a reference level.

Al
s

REDUCING TuB “: SUPPLY L
- ! N . N
RELAY
-
NOZZLE * .
. OUTPUT HIGH
. - SIGNAL - RANGE SETTING
FLAPPER~———__& ' / s
TR~ S miae e h
St 18- AANGE WHEEL )

FLEXURE CONNECTOR/ {SPAN ADJUSTMENT) )

RANGE ROD
FEEDBACK BELLOWS

B -ZERO %
k1 (ADJUSTMENT
SCREW LOwW
5 . RANGE SETTING
)

~ METAL DJAPHRAGM—__ |

¢

)

" ?1gure,6.

Pneumatic d/P cell.. . - .

J

°

»
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When pressure or the high-pressure connection is increased, the capsule
(which separates the high- and low-pressure chamber) flexes slightly and
moves to the right. This causes the upper portion of the force bar to move
to the left, bringing the flappef closer to the nozzle, thereby increas{hg
the nozzle back- -pressure., After .being amplified by. the re1ay, this pcessure

. increase is ‘applied to the feedba;k~b\\1ows, creating a balance force that™’
affects the initial change in measure force on the capsu]e. Therefore, out-
put pressure of the d/P ce]] is propo:}1ona1 to the d1fferent1aT pressure on

~ -

the capsu]e. . , X .
. The range wheel or span adjustment tan be moved up or down along the
range rod §o change the mechanical advantage of the feedback qr‘force bal-"
ance system. ‘ ’
Assuming an initial stable differential pressure. on_themgapsule and an
instrument output-in the operating range of 3-15 psig, a_phange in output
will occur only when the differential pressure on the capsule is great
‘enough to create a force on the force bar that is sufficient‘to overcome the
force exerted by the feedback'belfows. When this is the case 0utput will '
change -and w1]] cont1nue to change until the force applied by the feedback
:‘5 bellows can restore a state equilibrium on‘the force bar. When the range
wheel is at the bottom of the force bar, the mechanical advantage of the
feedback bellows is the 1east.v¢Therefore, smaller force is reduired to
dve#tome the force of the feedback bellows and to position the -flapper with
, respect to the nozz]e. This condition represents a low range: sett1ng of the
o - instrument. When the range wheel is at the top of the range rod, the in= -, ¢
strument is set jgr/a/h?;ﬁer range of differential pressures Commercia],d/P

“- - cells are available with adjustable ranges from zero to several hun@reda

inches of water prgssure. ) .

»‘ %,

Pneumatic differential-pressure transmitters;’ Tike most pneumat1c«1n-
struments, have a standard output range of 3-15 psig. The "live zero" of’ 3‘

09

psig is desirable because Jag*time in transm1ss1on lines "is reduced/frOm

i@e? what it would be if the line were empty at 0 psig. In addition 1¥,ﬁs eas1er
é&l"' e
.. I v v
)‘:}"' ? , . OV, .
. é‘a"’.t" ‘/- N . hd v S
kv ' " ‘ ’
i . ‘ e -7
“;":i*.‘:' .. . \ . - ca i
&'+« Page 10/1C-06 - P .
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- to”detect a "dead" instfument, or one that has no output in cdse of system
« malfunction. ° . , - - ' ~
~ To deterniine the relationship’ between process measurement and .a trans-
mitter output, standard sca11ng and spanning procedures are "used. That is,
percent of process measurement|TESresponds to an equal percent of trans- '

_mitted signal. This w11] be jllustrated by Examp]es A and. B,

‘4k\\\42’; EXAMPLE A: DETERMINATION OF OUTPUT VALUE. S

Given:  a. Input range of a /[P cell is 200" of water. /;//// . L
the standard 3-15 psig. * '
Find: The output value ortesponding to 35".

b. Output range i

T~ -{Sqlution: a. The percent of--input range-is: - - - 8

35/200 (100) = 17.5%. \yu A _
b. The output range is 15 - 3 = 12 psig. 17.5% (12 psig) = 2.1
. T psig. This is the amount of “oU€put caused by 35" of d1ffer—
. ’ ential. The actua1 output value is 2.1 ps1g aboJeN§ psig,
(zero reference 1eve1), ‘or 5.1 p71g. . .
"(-‘-1.\. \
. "~ EXAMPLE B: DETERMINATION OF APPLIED DIFFERENTIAL. ‘ ///_

Givén:  The input range of a pneumatic d/P ce]]ﬁés 15Q".
Ftnqi D1fferent1a1 appiied to the 1g§trument when theJGutput is 7.4

. ps1g. S, ¢
%olution: a. To find the output as & resu]t of ditferentia] pressurg
( ;ii , app11ed, the zero reference level of "3 psig is subtracted -
) from the output.” 7:4 psig - 3 psig = 4.4 ps1g. ‘ J
B b. The7444-r§presents 36.6% of the total output ’ ' -
| (m) 100 = 36.6%. , o
RE . €. _.The input that'cau§Ed thié response in odtput is: . (\ *
, . (150" water)(36,6%) = 54.9" watém. 4 I 2
S . >:. . -~ R
- - I Cpals <
R d . - B
4 ) | . S ‘ . ’~ %
{




The pneumat1c d1fferent1a1-pressure and temperature transmitters dis-
cussed are only two of several types of pneumatic transmitters in use in in- .
dustrial app11cat1ons. _A11 operate on the following force balance,or motion .
balance concept: A chanée in measured variab]e changes the flapper-nozzle-’
relationship, generating an output response that then is applied to a feed-
back bellows. This results in a ba]ance that is equal to and oppbs1te the
initial measuring force. ‘

.

<

—— PNEUMATIC CONTROLLERS - FORCE BALANCE TYPE :

*

In-spite of the many recent advancés in control hardware, the princi~
ples involved in automat1c feedback control that were first deve]oped by
" pneumatic feedbdck contro]]érs are still valid and presently being em-

ployed. Even in direct digital control app11cat1ons where a computer solves
a confro] aTgorithm to control a variable, the procedures involved are simi-
lar to those performed by a’pneumatiggfeedback controller. The major dif-
ference jn the two.operations is the speed of response: the computer is
much faster. A]thOugh speed is an 1mportant conSﬂderat1on in fast-acting
processes, soph1st1cat1on beyond that of a pneumatic ana]gg controller is
se]dom used. However, the discussion at this point is not“designed to com-
pare the two methods of contrﬁ] but to provide a basis for the understand-
. ing of‘contro] pr1nc1p1es. It is felt that this can best be done by pre-
senting the qﬁgrat1on of a pneumat1c contro]]er. MWhen confronted with other .
. control’ methods, one rea]izes that 1dent1ca1 functions can be performed by a .
V 1ess comp11cated pneumatic contro]]er, as shown in Figure 7. . o "3‘

.l

,5\_ . . N . v

o>
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SET POINT GAGE ‘ ’
REGULATOR . - -3-16 PSIG CONTROLLER -
. ; / N OUTPUT, TO-VALVE - N
- . ——  PNEUMATIC L —— :
AIR SUPPLY ) PNgglI-AAAYTlC
: v | J .
SET POINT . = {
. NOZZLE ’ B
9 % B

FORCE BAR -
AND FLAPPER

FULCRUM B * -

, S
PROCESS LOW GAIN ¥ HIGH GAIN OR -
BELLOWS ——— ] —— OPPOSING
- /,epntne
) 0
A ]
PROGESS MEASUREMENT
[~ FROM TRANSMITTER ‘
. e . . [N
- ’ . I ¢ .
, . ; & . ‘ : [y -
Figure 7. Prieumatic”controller. Cw =

' : The puhpose‘bf.a controller is to balance supply and demand in a pro-
.- cess at-a desired condition. The principle was discussed in Module 1C-01;
therefore, & review of that module is recommended at this time. A process
supply “and demand is achieved when the set p01nt and process bellows in-th
" controller generate equal. forces~on the force, bar to produce an equ111br1um
state. When-this cond1t1on is met, the force biar will be stable and the
flapper-nozzle re]at1onsh1p will be 'such that the contro]]er output is pos1-
tioning the control valve to ma1ntain the process at set po1nt. A load -
change or set-point change will upset the equilibfium and cause the force ~
bar to move. This changes the f]apper-nogele relationship, and then the
contro]]er output changes. . « o .
Assume that the-contro11er ¥n Figure 7 is contro]]ing a level process
o and that the pressure in all bellows is such that the force bar is in equl-
1ibrium. If the controller output were connected to a va]ve, adding mate-
rial to a level process, the valve would.be pos1t1oned by the contro]]er to
manlpU]ate the liquid supp]y to the 1eve1 process equal to the materia]
leaving the process. If flow that goes out of the process is the load or

» ~

. 2 .
N . .

4 1 < . *
0 . .
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[ to 1ncrease the level ,to the desired contro] value as specified by the set-

' to which the. process éan respond For example, the temperature of a shower

A

4

R

demand, and the controlled flow that goes in is the supply, the level will

be maintained when the two flows are equal. The controller's function is to

maintain this cond1tton. s v . - T s
If one desires to increase the contro] po1nt of the 1eve1 in the pro-

cess, the operator can increase the controller set point to this new desired

value. The controller - if it is perform1ng its function proper1y - would
position the “control valve'to 1ncrease th§*}1ow of mater1a1 to the process

point.
Note that in F1gure 7 an increase in the set point to the co troJ]er
(that is, an increase in pressure 1n the set po1nt bellows cause by chang- |

. ing the set-point requlator) will cause the force generated by the set-point

bellows to overcome that of thg process bellows’, causing the force bar to

rotate counterclockwise. This wi]i position the flapper closer to the noz- . 5553
zle and cause tﬁ% contro11er output to ‘increase.” The output will increase _' i
until a force is generated By the feedback bellows'to balance the force, thaw
produced the output. The force balance principle still ﬁorks. As explained

earlier, the increased controller outputr!ljl position the valve to increase )
the Tevel. T . \ ( ) . o
PROPORTIONAL CONTROL MODE . &

~ Some prOCesses can'absorb e; sudden energy bursts; whereas others ..

would be dr1ven beyond control point{ by -suc changes. Recall from Module
IC-01 that a contro]]er must add ‘material of‘energy to a process, at a rate

cannot be contro11ed w1th1n tolerable 11mﬂ§é:y turning either the cold or
hot water off. and OQQ ‘A bathtub, (with prop m1x1ng), can be cqntrol]ed by
ON-OFF operat1on of either the hot or ¢old water va]ves. \ e

Industrial processes vary, 1n dynamic characterist1cs, and to ba]ance g/ ’
the process supply withgthe process demand (1oad);ucontro]1ers a]so must™ . ~ L
have différent. dynamic character1st1cs. The most important\co;zror1e§ char-

+w




held constant (Figure 7), contrpller output is a function-of the flapper

movement caused by the process bellows. ,If the fulcrum ig moved to the left

(Tower gain), the mechanical advantage of the feedback bellgws is greater -

and a -smaller force.is required to balance a change in force caused by the

- process“bellowgn Conversely, when the fulcrum ig moved to the right (higher™

ot gain), a larger ba]ance force is requ1red. Since the balance force is pro- ]
vided by the pressure in the feefiback bellows and.a greater output.is re-
quired for a greater force, the controller gain is varied by mov1ng the ful-

: crum, . Moving the iﬁfCrum establishes the mechanical advantage of ‘the feed-
back be]]ows .for the para]]e] lever-type controller (Figure 7). » .

A proportional contro]]er will have a fixed output that is determined

by the controller ga1n and the error signal on the*1nput. ‘This is the H1f-

ference in pressure on the set point and process bellows. This d1ffe(ence

in pressure, or dev1at1on, is called the error signal. The error signal is

necésarry for any controller action. The output of a proportional ‘con-

troller is equal to the error s1gna1 multiplied by the controh{er gain .
. (Equat1on 1) -

—— - - - .. _ e

Outputgog Proportibnal Coqtro]]er = (PV-; SP)(Gain) Equation 1
LRI i" ._Q‘
where: PV = Process on mea;ured variable.
° .1 " SP = Set po1ot. ; . R - - )
o ““'If a 1oad'Eh;hge or,a process required a 10% change in contro]]er out-
:\\‘ put to posit1on the valve enough for the supply tq agaim equal the process

*. demand or_ 1oad the amount of process change requ1red to create an.error _ .
4 $1gna1 1arge enough to-produce the 10% change in output would be determined

»

1 by the_contro11er gain setting (Equation 1). "
< e - <y, > f

o  Output = Gain (PV - SP)

Gain (error signal)

!
\

]
’

¢

\.
When the SP value is constant, the error signal can only be a result of
a deviation in the process variable. The following is offered as an example

N « h— P

‘ (Erample C): ..

-~
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EXAMPLE C: CHANGE IN PROCESS VARIABLE. .

|Given: A controller has é gain of 0.5. The required. controller output to
compensate for a load change on the process is 5%.

Find: The change in process var1ab1e required to .produce the des1red

output. d

Solution: The error signal 1isted‘in Equation 1 will he expressed as a per-‘ ,_;\

! cent that is equal to the amount of change in process variable ., -
. ’ hd . * . . ~ /

. % required.

_ . ' Error signal = utPut _ 5% L T
( Gain 0.5 ‘
) . 10%.

u

-

As shown in Example C, when gain is decreased, the required deviation
to produce a given output increases. \Thus,.the need for automatic reset -
1ncreases with low-gain controller applications. '

In situations where a low contro]]er gain is necesary to maintain pro-

-

.o.cess. stability, a cond1t1on known as res1dua1 offset will result. Residual
.offset is" character1zed by a variation between the process variable and the
set point after a response "to a process disturbance or load change. An
- ' example of this- would be:
A water tank employs a proportiona] pneumatic contro]]e . N
. to regulate the water Tevel to a depth of 15 feet (set,
. " point). The controller has a low gainy thus, when there
is a sudden change in the amount of water flowing from
- the tank, the inlet valve does not oﬁen until the level
of the.water had dropped several feet. This depressed
level will Be maintained until a decrease demand causes
the input to fill the tank faster,' thus causing the pro-
cess varieb]e to approach the set-point level.

— P
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PROPORTIONAL PLUS RESET CONTROL DS

o

, From the previous, discuss1on, one can see that a contro] action that
will cause the controller output to continye to change is needed to elimi-
nate the res1dua] Qffset.. This function is provided by the reset control
mode, which repeats the proport1ona1 output until the residual offset is

eliminated, Reset units arg expressed as minutes per repeat, or repeats per ,
minute, where the term "repeat" refers to the proportional output. .

The. contro11er in Figure 8 is like the prdport1ona1-on1y controller in
Figure Z except that a reset.’and derivat1ve control mode is added. This
type of controller is ‘commonly referred to as a PID contro]]er. The "1" '

refers to 1ntegra1 _whtch is the same as reset. .
To explain operat1on of the reset portion.of the controller, assume

that the restrictor on the der1vative portion is fully open, reset restric- —
.tion is partially dpen, set-point bellows pressure is equal to the measure-
‘ment bellows pressire (9 psig, for examp]e),.ana the controller is in equi-
11br1um wih a 9-ps1g output, Suppose then, that a load change on the pro-
cess occurs - an 1ncrease for examp]e which wou1d-cause the pressure on

the measurement bellows to increase. This sequence of events would cause-
the force bar to rotate counterc]ockw1se aboup the fu]crum, thus pos1t1on1ng
the flapper closer to the nozzle. Output would increase because of the in-
crease .in nozzle back-pressure, and the increase in output would continue.
until "the prgssure on the feedback be]]ows ‘is great enough to create a force
on the fe?EE'bar to offset the initial change in_ force created by the mea- .
suring be]?ows.‘ The procedure Jyst described defines proportional action of -
a force balance controller. With a proportional-only- controller, the output'
c¢hange proeuced by the increase in process measurement wnuld establish a new
equilibrium condition on ‘the controtler, and the output would.be stable at
this new value. MWith reset:action, however, the controller is not in a
stab]e'state after the proportione] output? has ‘been generated. The reset .,
'mode will continue to change the output. '

.
& * R .
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VR _ " CONTROLLER QUTPUT T
_AIR SUPPLY . TO VALVE
- —> | pneEumaTIC >
FROM PROCESS ~ RELAY
MEASURING TRANSMITTER - | ‘ I DERIVATIVE UNIT
_— , ADJUSTABLE
MEASUREMENT RESTR c OR

BELLOWS

CAPAC!
TANK

FORCE BAR [ |n
AND FLAPPER ‘;BZZLE " FEEDBACK
L JELLOWS

RESET

SET POINT
FULCRUM BELLOWS

BELLOWS ADJUSTABLE

RESTRICTOR

PRS-l B G

CAPACITY
TANK }

RESET UNIT

SET POINT REGULATOR

7

Figure>8. Proportional-plus-reset-plus-derivative controller.

+

Before the change occurred in the process measurement, tpe contro11er
was in a stable state. The pressures in the feedback and reset belTows were
equa] The proportioning action of the contro]ier - after the change in
process measurement - increased the pressure in the feedback bellows. At '

T: that instant (at the end of the proport1ona1 act1on) the pressure in the
feedback bellows is greater than that:of the reset bellows. This is because
of the -reset restrictor, which limits the flow of air from the output line ’
into the reset bellows. As air continues to f]ow through the reset restric-

-tor, pressure in reset bellows will 1ncrease, mov1ng the f1apper closer

to the nozzle.
the initial pfopa
'tion of the n
duces pos1t1ve fe

'utput will cont1nue until the process TS returned to set

This/move will cause controller output to fncrease peyond £ .
jonal output 1eve1. The reset\act1on opposes the opera-
ative feedback, or proport1ona1;be11ows, dnd, in effect, pro-
ack in the balance port1on of the control]er. This ad=
ditional reset

| . . '
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point - at which time the pressure in the reset bellows will equal that in
the feedback bellows. The procedure of.setting the reset restrictor at a
value that will allow the process to change in accordance with the reset
output will be discussed in "a later module of this course.

A decrease in process measurement will cause a decrease ‘in contro]]er
output: first by proportional act1on, then by reset. Instead of pressure
building up in the reset bellows over a period of time to increase output,
pressure in the bellows and the reset capacity tank must.JEErease and cause
a continuing decrease in contro]]er output.

When the reset restrictor 15 fully OPEN, the conto]1er operates as a
high-gain controller. When the reset restrictor is fully CLOSED the con-

[4
~
€

troller acts as a-proportional-only controller.

PROPORTIONAL-PLUS-DERIVATIVE &ONTROL
. . % N
The derivative control mode is needed in most temperature processes 'to

increase controller output beyond the proportional level to overcome therma1
momentum of the process and equipment, The need for derivative occﬁrs wheq
the process is changing' from set’ point; ard it is greatest when the proces§

is changing at a high rate of speed. Because the derivafive control mode %
\

operates on the rate of cRange of the process variable, it is sometimes .
- ~ A

called rate.

In explaining the‘pperat1on of the derivative control mode (refer to i
Figure 8), assume the contro]]er is in equilibrium, with all forces balanced Qé i
and with a stable output. The adaustab]e derivatjve restrictor is partially

]

\
¥

OPEN. An increase in procéss measurement will cause an increase in output
as a result of- proportional action. The derivative restrictor will delay
negative feedback of the feedback bellows by restricting air flow into the
bellows. This w111 cause the output to be greater than it would be with
proportional action only. The\contro]ler acts as if it .were operat1ng at a
different gain caused by the delay in negative feedback.- The amount of de-
lay in negative feédback is determined by amount of restr1ct1on in the air
flow to- the feedback be11ows. The derivative contro] mode w111 respond on]y
to a rate of change of error signal (the d1fference in process measurementv

* and set po1nt) because the greater the change, the greater the pressure drop

Al ’
¢ .o
S
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across the derivative restriéforf Amount of derivative output is determined

by the setting of thé derivative restrictor. As with other control-mode ad-
Justments;-th1s amou?t should be matched to the process. These adjustments
are-made when tuning the contro]]er.

e t - -

CONTROLLER ACTION

Controllers may be either the direct-acting type of the ‘reverse-acting

This concept was covered in Module IC-01. A direct-acting controller

type.
wi]] have an increase in output, with an increase in process measurement.

Reverse -acting controllers will have a decrease in output, with an increase
in process variable. The controller in F1gure 7 ¥s a reverse-acting con-

troller because_ it shows an increase in pressure on the measurement bellows
moving the flapper away from the nozzle and, thus, decreasing the controller
output. The controller shown in Figure, 8 is a direct-acting controller be-
cause it shows an 1ncre;Ee in process megsurement causing an increase in

éhe controller output. Contro]!er_act1on can be established by instrument
connection or, more'commenly, by a switching block that selects the desired
pressure -bellows orientation. ~In some controllers - usually the mot1on bal-
ance type - the action is determined by positioning the nozz]e with pespect

to the fu]crum of the force bar.

- '

Y

CONTROLLER SPECIFICATIONS

. Most industrial process controllers can be purchased with the following
options: '

« Proportional-only.

. Rroportional-plus-reset.

-'Proportional p]us-der;vative.

. Proport1qna1 -plus-reset- plus der1vat1ve.,

-Proportional- on]y contro]]ers seldom are used because of the residual of fset

in such applications - even w1th high controller gain.- Derivative control-

lers are used most often with temperature processes. The reset and deriva-

tive control modes are independent of each other. Although processes that

require derivative controllers will operate at a moderate-to-high gain, they

N . .
@ . '
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3
will still need reset; therefore, PID cootr011ers'are'used. The selection
of control modes for controller applications usually will be either, propar-
tional-plus-reset or proportiona]-p1us-reset-p]us-derivative. When.specify-.
ing contro]]ers.for,process control appljcetions, it is best to have the
control-mode option available. If, when putting the contro]]ers into opera-
tion, it is determ1ned that reset and/or derivative is not needed, these .« .
control modes can be e]1m1nated by adjusting each mode for the m1n1mum

©

amount .

]

MOTION BALANCE PNEUMATIC INSTRUMENTS ) ’

" The force balance pneumatic 1nstruments “that have been d1scussed comprise
one broad classification of pneumatic instruments. Mot1on balance 1nstru-*‘
ments - divided into angle-motion and linear-motion types - .are another
classification. Motion balance instruments generally perform the same func-

‘tion and share similar operation principles with force balance instrtiments. :}

The angle-motion” type of mation balance imstrument is the more popular of

. the two. . . ’ ' . -

>

| . .
ANGLE-MOTION BALANCE INSTRUMENTS ., .

A fundaﬁenta] Type 3, angle-motion balance mechanism is shown in Fiqure
9. The measurement motion is produced by a pressuré‘é]ement connected to -

. the process, 9nd the balancing motion is produced by- the generated output.

The detector, a f]apper-nozz]e arrangement, is positioned 'to detect any di%- .

placement of the floating lever. , ) )
To understand the operation of the mechanism in Figure 9, assume, ini-

tially, that the system is in a stab]e .and ba]anced condition with a steady C.

output. An increase in the mea;urement s1gna1 will rotati;tze f1xed mea-

surement level counterclockwise, thereby 11ft1ng one end ofNthe f]oating

1ever that rotates about the balancing floating p1vot Thig raises the cen-

ter portion of the floating lever. The detector responds to this displace=

ment of the floating lever by decreas1ng the output pressure - which then is

applied to the spring-opposed feedbed!’be]1ows. This decrease in output

pressure produces a cﬁange in the ba]anc1ng motion and, thus, rotates the

H
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balancing lever counterclockwise. The balanced end_of the floating lever is_
* lowered, balancing that"end of the lever. Recall that the measurement sign-
al inttia]]y raised the measuring floating pgint, thereby raising the center

-

<

FEEDBACK BELLOWS'

FROM
MEASUREMENT DEVICE
FLOATING LEVER .

FIXED ,
FLOATIN FLOATING
PIVOT SVOTG PIVOT

.
.

~ FLAPPER-NOZZLE |«ERROR \INK BALANCE
MOTION

) . - . —

AIR SUPPLY - A . . INSTRUMENT OUTPUT
' PNEUMATIC RELAY ~

(ERROW DETECTOR CIRCUIT)

= + Figure 9. Type 3, Ang]e-motion balance mechanism.

v 'S ‘ ’ o .
’ portion of the floating lever. This action generated an output, which

created a balance motion that offset the initial measuring. force. Negative
feedback is still work1ng . 1

The motion balance transmitter just descrfbed (Type 3) generates a
pneumatic output proportional to a measurement input motion. Therefore,
output is proportiona] te input. This action fulfills the purpose of a ‘
transmitter - wh1ch is to convert a measurement to a proportional pressure.

Besides the Type 3 motion balance mechan1sm Type 1 and Type 2
mechanisms are also available. Type 2 has one fixed pivot and one f]oat1ng
pivot operating the f]oat1ng lever. Both floating- and fixed' pivot points:
are eliminated in the Type 1 mechanism. Types 1 and 2 mechanisms are shown
in Figure 10. Oberation of these devices is similar to that of the Type 3
system; tHerefore, further dtscussiqn on the operation is not necessary. -
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- MEASUREMENT BALANGE

~ MOTION ’ MOTION
. A)
£ e
- ) | FLOATING LEVER . FLOA/TING PIVOT ' ‘ -

, ) ‘J \ Py L N
’ -

RN C R Y
T Ny, t

: ERROR LINK—>] : : - AN
' § .. | /DECTOR CIRCUIT FIXED PIVOT

: ot b. Type 2 : .
MEASUREMENT ¢ . BALANCE
MOTION . ) : ) MOTION
- »
. FLOATING LEVER .
[} -v. ) . - .
N 3
. (ZQ 1 . LZ)
.. ERROR LINK./WV DETECTOR CIRCUIT.

a, Type 1 ‘

-

- : Figure 10. Types<l-and 2 angle-motion balance systems.
* " ’
\

. SIGNAL TRANSDUCERS
Many control loops dtilize both electronic and pneumatic instruments.
“<: A diaphragm-operated control valve, which is positioned by a proportional
3-15 psig‘sibna1, is usegd: as the final control element in most
app11cat1ons. When e]ectron1c transmitters and controllers are employed, it
is necessary to convert the e]ectron1c signai®from the controller to.a,

proportﬂona] 3-15 psig ‘signal. A current-to-pressure transduceg44I/P) is

<

used for th1s purpose,
A\

. CURRENT-TO-PRﬁSSURE<TRANSDU§ER$

“The block diagram in Figure 11 shows an application using an I/P trans;
> ducer. The operation of the force balance I/P.transducer in F1gure 12 is
<~ similar to the other force balance. discussed. The signal from the contro1-

. 3 | \ ',\l g
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ler appheq to an electromagnet creates the measuring force on the force

bar, which is rotated c18ckwise about: the po1nt The flapper is positioned * .
toward the nozz]e, increasing the back-pressure and output The, pneumatic

outSut is apphed to the feedback beHows creat'mg a Balance force on the

force bar. For any part1cu1ar inpyt and correspondJng output, ‘the force: bar - ,

v . oy

s in equi_1.1br1um. ' e . 2 s
. , Y . \" . N L} . ’
‘ . : > .o : . . .
: . PROCESS . .
CONTROLLER OUTPUT - " AIR SUPPLY -
! AN ELECTRONIG, CURRENT e 3-16 PSIG ‘ ls“”” ’
SETPOINT : : ‘ ) ; . : ) .
X ELECTRONIC} X . NE 1c .1" |ELECTRONIC ‘.
—>ICONTROLLER———  'TIP P vk’f_‘v” - PROCESS |— " TRANS-
' . [4-20"MHe \ MITTER - .
‘ QR - | : . ‘
10-50MH | . |- )
' ELECTRONIC CURRET SIGNAL L ‘
N < . - NI A - -
o " .k - ) N \
Figure 11, Apphcat1on of a current t9 pressure transducer .
: ’ in "a control loop. .
. & ) .
AR suPPLY | pnEUMATIG" 3-15 OUTPUT
. T " RELAY - S —
IRON CORE R 1
< FEEDBACK
ELECTRONIC - BELLOWS
» . . . S
CONTROLLER : ‘ | NozzLe |
Daamnn FORCE BAR S
<7 A2 FLAPP\ElFI : . N ' -
P - R
_ . RON PLATE ‘ BALANCE FORGE BAR PVOT
MEASURING FORCE . . 1
g . Figure 12. . 1/P transder. . T 1
. ) . [ ‘
PRESSURE-TO-CURRENT TRANSDUCERS
* Though“not as common ad I/P transducers, P/I (pressure-to-current) s

transducers ‘sometimes. are used in control loops. A pmeumatic transmiitter . . .

[l v

¢ T X -
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4 M ’ “.. .t
may be used, and- the 3-15psig signal could be changed to a 4-20 mA signal
for an electrogic controller. Then, controller. output probably would be

‘converted back to a’pneumatit s1gna1 -to operate a.ya1ve. .Th1s<doub1e con-

_version is not-feasible, but it may be necessary in some applications.
Operation of P/I transducers ut111zes a force ba]ance pr1nc1p1e. The

1nput pneumat1é signal is app11ed to a pressure element that moves the con-.

tact on a var1ab1e resistor, thereby changing a current va]ue. The current
changes the strength of an e]ectromagnet to prov1de a ba]ance force to off-

set the measurement force of the pressure e]ement. \
i

I

. : . GENERAL APPLICATIUNS OF PNEUMATIC INSTRUMENTS

Two major advantages of pneumat1c 1nstruments are_their s1mp11c1ty and
their reliable, safe operation. They can be used in hazardous explosive at-
mospheres where e]ectr1ca1 and electronic 1nstruments cou]d ignite an explo-
sive mixture and cause an exp]os1on The greatest d1sadvantage to the use
of pneumatic instruments is their slow response time when cohpared\to their
“electronic counterparts.

TRANs:i;SION A - . ' S
. "'l ¢ * ~ ~

T or -
ansmission lag in pneumatic instruments is Fﬁe time required for a'

pressure change at one end- of the line to effect a responsg on the receiving
end. Of course to reduce the overa]l instrument’ response time, the trans-
mission lag "time should be he]d,tg_a minimums This ¢an be done by reducfng
the voJume of -the line and of the receiving 1nstrument and Qy keeping the_
transm1ss1on distance to a minimum, Standard transm1ss1on line size is 1/4"
1ns1de-d1ameter (ID tub1ng, and the term1nat1ng volume of the rece1v1ng in-
strument’ should be no greater than twofcub1c inches fdr minimum acceptable

" and reliable. results. Max1mum transm1ss1on d1stance depends~ﬁpon specific

\\app11cat1on, but it is ggnera]]y 1ess than 2, 000 feet.‘ To reduce-the effect
. of transm1ss1on lag t1me, volume boosters and va]ve pgs1t1oners should be'
‘ .. . /
USEd. e . . J . ! * . ' N

- 1
- .
{ . . . N
- » - ks
.
. .

\
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Volume Boosters
~

-

o A volume booster i$\a relayt dberated deivce that maintains a pressure
at the receiving end 3f a transmission line by uszng a supply ‘at that end.
This reduces the time required to maintain a pressure at the rece1v1ng end
from a supply at the ‘transmitting end. Figure 13 111ustrates the principle
of a volume booster. Thq'much-reduced air flow through the transm1ss1on
distance greatly reduces the time required to maintain transm1tted pressure
at the receiving end.‘

EQUAL PRESSURE

PRESSURE AT
TRANSMITTING END » AIR SUPPLY

~{C < 2 l

) I s

—

- TRANSMISS{ON DISTANCE

. \7 PRESSURE" AT
- OLUME BOOSTER RECEIVING END

Figure 13. Block diagram of volume-booster application.
" - ! -

-
N ~

* Valve Positioners

Pneumatic confro] va]ves - particularly those with Alarge diabhragms -
greatly increase volume in the controller output circuit. A vo]ume booster®
sometimes is used for the purpose of reduc1ng time required to position a
control va]ve(_\Fowever, a valve pos1t1oner is more commonly uséZ .because it
not on]y can act as a.volume booster, but it is a true valve- -position con-
trol]er. " A valve positioner is mounted on the valve, with a feedback line
connected to the valve stem. It is 3 ‘motion balance device. Input motion
is provided by a bellows that receives the contrq]]er output signal.- The
bellows positions a pilot valve (similar.in function to a pneumatic relay)

‘ \which produces dn output. The pilot valve output is applied to the valve
. diaphragm and the valve diaphragm positions the va]ve until a ba]ance
motion is: generated by travel of the valve stem. A b]ock d1agram of a valve

positioner is shown in Figure 14. R
3 ‘ .
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‘ ) \<— TRANSMISSION DISTANCE ——> , 1
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-

. , . _ FEEDBACK LINK ®’
[ »»‘ r"l\-" @ '{‘; . . . .
Figure 14. Block diagram of a valye positioner.
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‘, -No attempt- has. been made in this modu]e to discuss use and operation of
) :-a11 pneumat1c dev1ces. Genera] operat1ng Br1nc1p1es of all active pneumatic
instruments - those that generate a- s1gna1 or output proportional to one or
‘more 1nputs - haVe been presented Those operating- pr1nc1p1es are either a
‘force balance operation or a mot.ien ba]aqce operat1on. When these qgncepts
‘are realized and applied to appropriate devices, understand1ng of pneumatic

“+. + >instruments can be*demonstrated N ‘ ,
1 : - . o \ 4 )

EXERCISES

re s

) v
Y 1. . Draw a functional diagram of a pneumatic transmittef. List and -
describe operation of" {he fo]]owin&-components:

a. Flapper.

b. Nozzle. -
.c. Air-flow restrictor. f ) \
T d.  Feedback bellows. .- few L S
2. Answer the following questioﬁ”"{ — oo ‘\1“_\
: a. Mby is the flappler sometimes called-a baff]e? o S

b. Why is the feedback bellows sometimes called a proportioning
« bellows? ' . B -

. " v r i P‘ * . . : .
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~/ c.” How is feedback action gelated to instryment gain?

3: Draw a functiona) diagram of a pneumatic controller. List and describe
the operation of the components listed in Exercise 1.
.4. Answer the followihg questtons. < T ’ .

"a. What "is an errorsignal, and how is it detected?
b. Exp1a1\the proportwna] act'ion of the controller.

c. Explain the-operatien of reset with regard to.feedback. Vo
d. What causes the demvatwq.output? Is this negative or positive’
. feedback? . ’

5. A controller can be divided into:four mechanisms:
»0 Deteg{:io; mechanism. ‘ ' , ',
b. . Comparison mechanism, ' . \
- ¢c. Feedback mechanism. N ) :
o d. Gain mechamism. i ~ ’
Identify and explain the operation of each mechamsm on the controller
drawn in Exercise 3. How does operation ofy a‘pn'eumat1c controller com-

. ) . pare‘\;n'th that of a Wheatstone bridge? '

$ ¢

- : ____ LABORATORY MATERIALS

A moment balance version of a force balance pneumatic transmitter, such as a

Foxboro Mdyel 13A d/P cell or a Taf]or Model d/P cell. It is important

that,a complet alibration and instrument \manua1 be available.

* A moment balance v;/:/on of a force balance pqeumat1c controﬂer, such as.a ‘\
Foxboro- Mode/ 58 with field-mounted connection b]ock a Taylor Tran-" i
scope ser1es, or a F1scher and Porter Model 45. It is 1mportant that a

' < ™ )

wt

comp]ete 1nstruction mgnual be available. . - s
A pneumatic test bench with the fo?Tby1ng ‘

2 - 0-20 psig pressure regulators. ) .
\¢ L 1 - mercury mangmeter OT Pressure gage to r'ead mches of water. o —

‘ S| - mercury manometer or pressure gage to read pounds per \§quare 1nch .
of pressure (0-30.psig). .




Assorted tubing and piping to connect the equipment and test instru-
ments for calibration.and alignment procedures.’ -
N NS

i

. \\/ LABORATORY PROCEDURES

-

LABOR'ATORY 1. OPERATION AND CALIBRATION OF A d/P CELL.
) . \
V1. ’Connect the  pneumatic d/P cell, as shown in Figure 15. Instructions_

g1ven are generaTQun nature to outl\ne standard calibration proce-
dures. Actual calibration procedures for a spec1f1c instrument are
given -in the 1nstrumenf's 1nstruct1on manyal; they should be *followed

in exact procedures.

_ . 201b
' 0-200'' TEST "AIR SUPPLY . '
GAGE OR MANOMETER . N ouT ‘\\
' . ——] (EJ'sSb PSG:G
BLO K‘VA : 3 AN
L/ LVE . « OR MANOMETER"
, .
T " HIGH 4 X .
. = m : SIDE g .ls—%"é VENT PLUG
PRESSURE ) AIR SUPPLY HEADER 4 : -

. REGULATO _
_Figure 15, Pneumatic d/P cell.
cerl

2. Visually“espect the d/P cell; and, with the aid of the instruction
mariual, locate and identify the following:
a. -Range adjustment. i

b. Zero adjustment. . ; :
. c., Feedback bellows. "

d. Re1ay.( ) ' : )
", e. Réstrictor. S )

f. Force bar.
g. Flapper.
h. Nozzle. ‘ "

S . ’ ¢‘ *

.

~ . . s . '
. ) )
‘ “
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3. Using calibration procedures listed in the instruction manual, cali-

_brate the d/P cell~ for two.different ranges within the variable full-

scale range,” L

4, Observe (end note for later dis;ussion) the following: .

-~

a. Range-change mechanism. v,
b. Zero mechanism.

c. Force bar operation.
L}

LABORATOﬁY 2. BENCH-CHECKING A PNEUMATIC CONTROLLER.

. P .

The following procedure is to demonstrate operation of bench=checking a
pneumatic controller. , In checking a centro]]er, the fo]fewing ca11brat1on
procedures are performed: )

.

- Calibration of input or measuring portion.

- Calibration of set-poin adjusEment.
e« Calibration of manual qutqu gneration and measuring portion.

- Controllér alignment. .
The first three functions can be performed by simple calibration procedures
out11ned in prev1ous modules. of this series. Because actual procedures vary
w1th control]er types, ca11braQ1on proqédures in the 1nstruct1oﬁ manual for

the contro]]er in use shou]d be, followed. General calibration procedures

-

_are (1) to apply @ measured simulated input to the device under test, (2) tos

accurately measure output or response, and (3) to make appropriate zero and °
range adjustment? as needed to cause output to coinelde with the correspend-
ing input. * ‘

Controller alignment is needed to make certain that the compar1son

mechanism, feedback mechanism, detector mechanism, and ga1n mechanism all

* are properly related to each other. This usually cag’be»done in either \

open-loop or closed-loop app]fcations. _The actual procedure used will de-
pend upon the controller -and the instruction manual.

)

1. Connect the cohtrolie} to the test equipment used in Laboratory 1, and
calibrate the measuring pertion of the controller. .The controller
shou¥d> be 'in the manual mode of operation for this and. all fo]}owing
proceeures. : '

>

-

Y

/.
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2. Ca1ib}ate the manuaf.output regulator and valve loading indicator.
3. Calibrate the set-point regulator and set-point indicator.
'\'4. Perform contrvller alignment procedures, as giQen in thé instruéfion
manual. ‘
5. Disconnect and secure all equipment. Procedures are ndw complete.

. : B '
. N ' REFERENCES -~

Anderson, Norman A. Instrumentation for Process Measurement ana Control.
2nd ed. Philadelphia, PA: CHilton Company. '
Instrumentatibn Training Course. Vol. 1, "Pneumatic Instruments."  Howard
W. Sams Technical Staff, ed.. Indianapolis, IN: Howard W. Sams and .
Co., 1978, ’ -

e ~ . GLOSSARY

1

L .
Active pneumatic instrument: Deviceg‘that generate a signal;_usua11yﬁfor
_ transmission,

Control mode: ControTler characteristics that determines the relationship

~ between a control]ec's‘input and output. S

Derivativé control mode: Control mode that generates a controller output
-» - proportional to the rate at which the error signal is occurring (also
. called rate). ‘ ' :

. Flapper nozzle: A device used to,detect a small amount of movement and, by
: doing so, generate a usable sidnal.

" Force balance: The operating principle of most active pneumatic instru-
. ments. A change in measurement generates an output applied to the
" feedback mechanism. Output continues to change until feedback force is’
equal to measuring force.

~

. Force bar: A lever used in pneumatic instruments with the measuring force
. applied to one end and the output force applied to the other end. An
unbalance in forces causes movement that changes the-flapper-nozzle

" relationship. . ‘ -

Pneumatic relay: A devicﬁ used to amplify nozzle pressure and increase o
volume. - :

. 1; e
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Negative “feedback: The means of utilizing a portion of an instrument's out-
put signal for stabilization by generating a force equal and opposite
to that which produced the initial output. y

Proportional controller: A controller that°§enerates an dutput proport1ona1
to the amount of deviation between process vdriable and set point
(error signal). N

Reducing tube (restr1ctor) A restriction port in the relay, usually remov-

2 able for cleaning, which 11m1t? air flow to the nozzle to an amount

* that can flow through the nozzle without creating a back-pressure.

Reset control mode:. - Control mode that generates a controller output propor-
-tional to- the time of error signal (also called 1ntegra1)

Residual offset: Difference between process measurement and set point after
a proportional response to a process disturbance or load change.

Transmiss1on lag: Time requ1red for a signal change to effect a response on
" the receiving end. U .

Valve positioner: A position controller mounted on a control valve to cause
the valve to assume the positidn specified by the controlier output.

-

- \ ‘ ’ ‘
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v TEST

'INSTRUMENTATION AND CONTROLS

Module IC-06
"Pneumatic Controls"
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Matéhing:' Match the following :lrms with the appropript;.definition:
Reset
Negative feedback
Positive feedback
Prop%rtiona]
Force Balance
Derivative
Controller Tuning
Residual offset
* Transmission lag

ANRRRRRY

Controller gain -

A

Feedback applied to an instrument input that opposes the ch ée that'
Jjnitiates an original output. 5 a
An instrument system that produces an output, generating*a force equal
_ to and opposite the measuring force that caused the output,
Control mode that acts on the amount of deviation.
. Control mode that acts on the time of deviation.
. Control mode that acts on the rate of change of deviation.

Derivativg output is a result of delayed negative feedback or ...

Delay time in signal transmission.

ﬁeset control is used to eliminate ...

The need for reset control .is fnverse]y related to ...

The procedure for determining the correct coptro] mode settings is

accomplished by a method of ...

-
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Equipment, systems, and processes can be controlled by a var1ety of
techn1ques and. instrumentation control systems., Some’techn1ques, systenis ,--
or components will provide a “higher qua11ty“ of cont?o] than others.~

Fhe "qua11ty“ of an instrumentation contr01 system is a re1at1ve mea-
sure of quantitative variations in the process’parameters, The 1dea1, or
perfect]y-contro]]ed, system or process would be in’a steady@state, i &y
the contro]]ed parameters of pressure, temperaturep speed and so on, wou]d
be he]d to constant desired Tevels (set po1nts) In practice, system opera-
tion 1s not ideal; parameters will vary betwgen ﬁome upper and lower bound-
aries. (For example, temperature may fluctuate between 100°C and '110°C. )
The width of these variations and the frequency with which a~parameter
¥ oscillates between the boundar1es determ1ne the degradation in. control .

“quality. ' .

The ‘purpose of th13amodu1e is to descr1be the procedure by which the
dynamic performance of each controllcomponent is evaluated. Control- qua11ty
evaluatien is d1scussed _and methods are presented for match1ng the dynam1c

4

properties of the contno]]er to the process.: ..
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The student should have a basic understan\1ng of a]gebra and phys1cs .
and should have comp]eted Module 1€-01 through IC- 06 of Instrumentat1on and
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OBJECTIVES

P b4
€

Upon comp]et1on of thi$ module, the student should be able, to:
1. Imp]ement the operatlon df a closed-Joop tontrol system by performing
the following: .
2.\ Install closed- 1oop control components on a comb1nat1on level-flow
_ o process. ) ‘
S b.  Connect.the ipStruments to perform cIosed-]oop control functions.
c. Make instrument adjustments to provide optimum process control.
C o~ This includes'contro11er tuniné, transmitter range selection, and
) adJustment.
. 2. Describe a method.of qpntro] qua]ity ev/ﬁuat1on and relate the effect
of each control-loop component on the quality of the process. This
will include.a definition and exp]anaiion of the fb]]oQing terms:
a. Gain: . ‘
"~ (1) Process.

(2) Instrument. - . .
. ’ 1\ ' . *) -
o . — b, Capac1ty. - o\
c. ' , ’
»
\ .
d. L3 -
e. Protess stability.
f. Process disturbance. ) L
x " .- N
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. ' . SUBJECT MANER

CLOSED-LOOP CONTROL'S VERSUS OPEN-LOOP CONTROLS

The princip]es of closed-loop and open-loop controls‘wer dfscissed in
Module IC-01, and an open-]oob control was implemented on a‘ lekel progess.
- For stable p;ocess operation containingbfew load changes or dist rBances,
'open-loop control techniques may be adequate, However, this condition can-
not be assumed in most industrial pbrcesses. Although some open-loop con-
trol app]icat1ons exist in industry, they are the excepg1on. Most control
systems are c]osed -loop automat1c fegdback systems. ’
*  When proper]y adapted to a process, a closed-loop control system will

perform its function of maintaining a balance between the supply an
of a process.

»

CLOSED LOOP OR AUTQMATIC FEEDBACK CONTROL AND CONTROL MODES

A
Most processes conta1n material and energy inputs and outputs. A

's1ngle var1ab}e control. system, the most common type, can control a balance
«. between mater1a1 or energy, but it cannot-control both. Level processes are {f
controlled by ma1nta1n1ng a material balance; whereas temperature processes

are usually . contro]]ed by manipulating a mater1a1 quantity - fluid flow, for
example. *

~ P M

|

The princip]e; of closed-Toop control should be briefly reviewed. Con- : «

sider the concept involved: A process will ‘be stab]e-yhen,materia] entering ‘

(the supply) is equal to material leaving (the demapd). To illustrate the - ( . ‘

princip]e‘inVolved, refer to the process in Figure 1. The level wi]] be _ ‘
constant when flow leaving the tank is equal to flow entering the tank.

Since flow entering Eisﬁiank s an uncontrolled variable as_far as the con-

f~eroller is concerned the only means of controlling a material balance is by

|

|

man1pu1at1ng the floy leaving the tank. The control Toop will perform this. ) v
_function. g '

-~

Review Module IC-01 for the function of each component used in the cgn--

type and can operate by either e]ectr1ca1 or pneumat1c transmitted s1gnals,

trol system. A]though 1nstrum3h{5>d1scussed in this modu]e ﬁin be of any
- _operating functions are the same as those explained in.previou dulds,

~

PARNYE
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' o
UNCONTROLLED FLOW INTO PROCESS /

N ‘ 3
, .
I - LEVEL PROCESS , ’ 8ET POINT (S P) -
f MEASURED .
‘ ) \ VARIABLE " . ouTPUT
v | _/
4 _ LEVEL ‘CONTROLLER
= . LEVEL TRANSMITTER -
- F: = /
. .. E
* Wy
2 ]
V4
~ LEVEL. CONTROL VALVE

;/com;}ousn FLOW OUT

>
e

. o .. Figure 1. Closed-loop level process.

’ Assume that initial operating conditions are such that flow entering
' the tank is eqda] to flow leaving the' tank and that.level is stable. Con-
sider the effect ‘that an 1ncrease “in the uncontrolled flow entering the tank
would have on the _process, W1th flow out being unchanged the level would,
of course, 1ncrease. Contro] action now begins. L . :
. The increase in level is detected by thé level transmitter, which sendst‘ \
an increase signal to the controller. Prior to this level increase, the
process was at.the control point. The measuring.bellows and set-point bel-
tows of the pneumatic” controller d1scussed Jin Modu]e IC-06 were in equ111b-
rium. As.a result of the level-increase, the increase in signal to the mea- .
.suring bellows upsets this balance, and the controller output will change to
. open the control valve. This action increases flow out of the fank to cont-
v peﬂsate for increased flow into the tank- The operation just de%cribed '
makes automat1c feedback COntrol sound very §1mp1e - which it actual]y is.
However the. explanation d1d tend to overs1mp11fy the concept; several ,
5

) important. cons1derat1ons were over]ooked
' When the set-point va1ue is contant (as it was in the previous examp]e))
the on]y variable that will.cause a stable contro]ker output to change is

>
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the process - by way of the gna] to the input bellows from the trans- R
mitter. The relationship beE&een the input and output of a contro]ler is

described by_the controller' s, transfer funct1ggL,_Ihls_depends on the con-

trol mode used and its settings. The fo TTowing paragraphs exp1a1n how the
process would react to a high-gain controller without reset or deviation.

»

ON-OFF CONTROL s ' ] - LT

A controller with'a high gain will function as an ON-OFF, or two-posi-
tion, controller. This concept specifies that'the control valve will be
either fully open. or fully"t]osed. When the 1eve1"1n Fi;ure 1 increases
above the set point, the error signal causes'the va]ve to open completely.
This will redue® the level; but with the valve in the w1de -open pos1t1on,
flow out wi]l‘exceed flow in. In this case, the level will fall below set
point, at whﬁch time the valve abain will close. Then, the level process is,

. in an unstable, or cyclic, condition. Amplitude of the cycle wﬁ]] depend on
severel factors, the mpstpprominent being the physica] and dynamic proper-
ties of the process itself. : )

It can be seerf that, if the tank is narrow, the level will respond more
to valve operation_ than it would if the tank had a relat1ve1y 1arger diam-
eter. Actual size (volume) is not sd much ofLa determining factor ténsider-

* ing the f]ow level relationship as is the vo]ume to-height ratio. A wide
tank, for examp]e would undergo a much $maller change in level with sudden

gf]ow chan es_than a-tank that had a low volume-to-height ratio (such as a
-very narrgw Daak). The size of the valve and piping will also affect the

" Jevel- f]ow\re1at1onshib. Regardless of specific_process charatteristics,
when dynamii characteristics are such that an ON-OFF controd can be used
with an acceptable amount of pracess instability, it should be - and prob-

ably will be ‘- used. However, most industrial proceises require more stable -

control than the ON-OFF type can provide. * - . .
' Many‘;}ociises around the home are controlled by ON-OFF cont{ollers. A
furnace or air \conditioner is tunned on or off as required to maintain a
temperature.y The tenperature 1s not controlled at an exact va]ue, and "
cycling always whil exi§t w1th two- position contral. ‘But temperature /
1nstab1T1ty is w%th1n tolerable limits. Another example of ON- OFF control )

o . \1 / s - . »
- ’ ) (‘; . '> . T h -
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appiications is control of la!iz in § tank by'contrgj?ing a pumb motor on
and off by a pressure of Tevel ‘switchy 5 .

PROPORTIONAY CONTROL o : B -

A much more stable control can be accomplished when “the materiai can be
mbrg evenly b@lanced. The ON-OFF controller is able to control the process,
as illustrated by the_ prewious explanation. ‘However, this. cannot be done at
an exact point.If f]bw\out of the tank were caused tb increase by an
amount equal to flow entering the tank, thevlevei would not’ cycle; but it
would reach-a stable cdndition following_a change in load of disturbance
variable. In other words, flow out should be in proportion to flow in Qor,

" more precisely, proportional to the error sidna]. Remember'that controllers

react to the error signal or deviation in process and set point. If there
js no deviation, the coptroller output wi]i not change. Output ‘of a propor-
tignaggpontrql]er w111 be in proportion to deviation.

In Module ICaOG; it was explained that the output-of a proportiona]
controller is equal to.the product of the deviation (error signal) and con-
troller gain. Th1S product is the instantaneous output that results from an
error 51gn2§ caused by a ioad change or sét/point change. When there is no
error 51gna1 the- contro]]er will not function and- does not seem to havéﬁa
purpose. Actually, for.this condition, the. controller is doing exactly Vhat
it’?\~§upposed to do: maintaining a balance between supply and demand at a
desired value. The real function of a controller is to, compensate for load

- changes. The following ex ines operation -of a proportional controller with

Proportional Output and Gain

respect to load change (cau ing a deviation or error signal) and cgntro]ier

gain. _ ' : .

For a controller with a dain of one, output will change.the same amount
as input. A 1%-deviation cauysed by a 1% change*in either the process or the
set point will cause a 1%, change in output. A 100% change in deviation will
cause a.100% change in output. Thus, output is in proportion te a change in
deviation, with the prdbortion being governed by the controller gain. Equa-

L
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’ t1on 1 expresses the relatiopship between gain, output, and dev1at1on -
.wh1ch is the error signal applied to. the contro]]er input and is the differ-
. ence between process measurement (var1ab1e) and set point (PV - SP)P

%

.

v Co = (PV - SP) G™+ K " Equation 1

where: Co = Controller output. -

Process variable.

pV =
SP = Set point.
G = Controller gain = output/input.

0

Preévious output of the controller, or the value before a

change .occurred. //

ai

Gain ot a controller can also be expressed as thé percent of change in !
process variable needed to cause the contro11er output to change 100%. This
gain expression, called proportional band, is the inverse of gain. It is t
expressed as a percent. If the output of a proportional controller changed ;
100% when the process changed 50%, the proportional band of the control]er o
would be 50% and the gatn would be two. ‘The re1ationsh1p between propors } ‘ ,
tional band,and gain is expressed in Equation 2. \\\\\

S T
Proportional band (PB) = 1/gain (100) , S .
. Gain = —+ (100) Equation 2 "
> /‘ PB . ——
. . . . & « ]
The terms are &s prev1ous1y explained.
- - - \ R '
EXAMPLE As CONTROLLER GAIN.
Given:. a. A controller has -a §pan of 4-20 mA.
b. The controller has an output of 18 mA. . N
c. A process change of 10% causes output td go to 15 mA.
Find: Contro]]er gain. . (d'_;;,,—~\\ : E




:, " |solution: To avoid unit conversion requirements, this and all such scé]ing

problems should be carr1ed qut with the s1gna1 lTevels converted to
C _a percent of full-scale va]ue. : -

a. 18 mA - 15 mA (

20mA - 4 mA

v/\‘. " a | i 1]

b. The deviation (PV - SP = 10%), assuming that the deviation
was caused by the process changé. )

100) = 18.75%. of total change

c. From Equation 1:

»

c .
. g = 0
: BV - 5P) .o
1
6= 1875 _ 1 g5 ‘
. 10 :

’

Note: The “"K" term was not needed in this exercise bécause
it was included in the given information.

EXAMPLE B: PROPORTIONAL BAND .OF CONTROLLER. ~
~ -
! Given: Values in Equation 1. g
Find: Proportional band of the controller. \
Solution: Using Equation 2 and solving for PB,
. 1 '
PB°= 100
Gain (100) .
. -1 (100) =538 °
1.875 g

Proportional Control Application

To explain how to overcome the disadvantage‘of cycling in the ON-OFF

e —— L

level control system (Figure 1), proportional control will be discussed.

Page 8/1C-07




1. Controller is direct acting with a

3. }nitia] conditions: Flow in = flow out

-~

The level process is shown agafn in Figure 2. To illustrate proportional
control principles, make the following assumptions:

FLOW IN

) | \ LEVEL PROCESS
. / ( )\Levsl.
40% RESIDUAL ~ - CONTROLLER
OFFSET N . LEVEL
{ : TRANSMITTER
8p = 0% > GT)‘
- C
/ i
= /LEVEL-
, : CONTROL
) I. VALVE

l-—_—» FLOW OuT

Figure 2. Leve1;procéss on proportioqa1 control.

gain'of 0.5, or PB = 200%.

2. The valve is air-to-open and changes the flow rate at 2 gal/min/5%
opening. o ‘

=, 20 gal/min; SP =

[y

PV = 50%;
and valve is 50% open..
4, _Flow in is suddenly increased by 8 gal/min,

«

When flow into the tank is increaéea,(the level will increase because flow
out is still at the 20-gal/min value when the flow in is increased to 28
gal/min. For flow out to increase to 28 gal/min, an 8-gal/min increase to
balance the increased flow in, the va]vg must move 20%.

«

~ _
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This 20% change in output from the controller will requ{re a 40%.change in

input. -

C Deviation »— 9‘%‘1’_:1 - % =401

This means that the level must chanbe 40% to change tﬁe contro]]ér outpuf

20% to increase the flow out by 8 gal/min. The level is then at a 90%

.value, or 40% above set poiﬁt. This is called residual offset.

If controller gain were higher, thg process would not need to deviate

~ as far from set point to change controller output the required amount. - If

gain were increased by a factor of four to a value of two, the residual off- <

set would be décrgased by the same factor to a value of 10%. Gain of a pro-

cess controller should be as high as possible to reduce the amount of resid-

ual offset. Maximum allowable gain will be determined by the overall pro-

cess gnd equipment gain, and will be determined when the controller is tuned - x

to the process. Regardless of controller gain, proportional control will be
N characterized by residual offset because, operating on a féedback principle,
i offset is, required for caprective controller action. Even with ONeOFF con-

trollers (which, in theory, have infinite gain) an amount of‘prqcess devia-

tion js required to initiate control action. _If the gain valye were infi-

nitely large, zero deviation would produce a 100% controller output. Rea-

. soning will dictate that this-is an impossibility. It should be ‘derived
from the previous discussion that residual offset is inversely related to
controller gain - which should be the maximum leue that will maintain
._stable process operation. To eliminate residual offset, the' reset control

-

A

mode is used. -,
' .~

RESET CONTROL ' ‘ 0

14

~

When the controller has made a proportional response to a load chaﬁge,
the reset control mode will continue to chanbe controller output in the same
direction as the proportional action .., and at a rate that is determined By
-~ —-the reset value set-on the controller.

-

(3]
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'74 ! Reset output is a function of the time of deviation between process -

H var1abJe and set point. This’ contro] mode repeats the proport1ona] output.
The réhét adJustment deﬂénm1nes the amount of time requ1red to repeat the
proportlonal output. Id\the previous discussion, proportional output was

égﬂ%af This 20% change vm controller output was not sudden, because the in-
crease in flow into’ the tank (in view of tank capac1ty) would not result 1n
a'sudden change in, 1eve1.__Th1s change would occur over & period of time.

iy

h

“In:fact, the valve wou]d open gradually, and the deviation would be contin-
N uobslyﬂpecreas1ng because of ‘the gradual valve opening. Exact conditions
gjyen in the previous exp1anat10n would exist in theory bnly if the t¢hange
-, DR the controller input. were sdﬁden (a step ch¥nge in set point, for exam-
pfe) If prﬁport1ona1 output sudden]y changed by the 20% value’ 1nd§cated
thé réset*contro] mode would repeat th1s 20% value by the reset setting on
_ the contgpl]er. ’

Reset units are expresseg as m1nutes per repeat, or repeats ber minute,

_depending upon the brand of controller use. > units were repeats per

minute and the proportional output were 20%, the output would continue to

change at- a rate of 20% per minute, and it would continue at this rate unt11

the process was back at set point. If, for some reason, the controller in-

créases to a 100% value and the process has not returned to set point be-

cause of equipmeqt malfunction (a stuck or undersized valve, for example), a

condition known as "paset wind-up® exists. I this condition, the control- .

ler is out of control. This, of course, is an abnormal condition and should
. be avoided for-the'fo11oW1ng?reason° ‘When normal operat}on of the process

reoccurs, the contro]ler will be out of correct operat1on for as long as the
reset w1nd -up cpnd1t1on exists. Some later-model contro]lers have an anti-

reset wind-up feature to avoid this problem, 5.-* : 'g?:'
- . gz,' g AN
* - ;1: :{;4 M
EXAMPLE C: RESET CONTROL. ES
T

‘[Given: The reset of a controller is set for four minutes per repeat. .
Find: Corresponding reset value in ::peats per/ilgﬁte, ny .
. (A
s‘{f’ ¢

. -
-

'S

VA, ~

I

‘I . -
< ) ) 3 #
Al .
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So]ution:‘The two reset units are reciprocals of each other.

a

. Repeats =. 1 !
min min/Repeat
min 1 - I )

Repeats  Repeats/min

4 min _ 1 Repeats _ 0.25 Repeats

Repeat 4 min min

-7

DERIVATINE'CONTROL . o

K sl

It should be emphg§1zed that the control modes required are determined
by the process characteristics, especially the dynamic qua]\t1es (process
behavior with respect to a disturbance). It has been shown that the con-
troller QEin and reset requirements depend upon the process gain - which is
determined Dy the physical design and relates input to, output with respect
to amplitude. The derivative control.mode is concerned with the time re;

" quired to méasure a process disturbance, to change the process, and to mea- .

sure that change. These time-related characteristics are important in pro-
portional and proportional-plus-reset control; but they are not great enough
tb warrant special considération. If they are, derivative control is
necessary.

Recall from Module I1C-06 that the derivative action of a contrO]]er is
caused by a delay in response of the feedback mechanism. Furthermore,
remember that the amount of negative feedback that, results from an input
disturbance affects the 1nstrument gain. In effect, the derivative control
mode changes the contro]]er ga1n for the amount of time of the de]ay in theﬂ
negat1ve feedback. This operat1on will result in an increased contro]]er
response greater than that which wou]d be generated by the proportional re-
sponse alone. . v

Derivative control is used in processes that are slow to respond to a
change. Temperature.processes are typical of this type of process. The
characteristic that depict§ the slowness to respond'has been referred to as

A\ ) B . >

3 * [

AY

o ‘ N\
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therma] momentum. ’Tﬁérmal momentum is related to the flywheel effect of
rotary motion. ’To«help to overcome this s]ugg1sh response, the derivative
control mode adds an additional burst of energy to the process.

Controller output caused by the derivative control mode is used to give
a lead in the controller output to compensate for dead time in the process;
| In,a]J,contro]]ers, derivative response is measured tn minutes. It ds the
time that derivative outpu%‘ﬂeads proport1ona1 output. For a step change in -
set point or process measurement, derivative output will go to a very high
value (probably to the level of maximum output)-and will return to the pro-
portional level when there is no longer a change in error or derivation be-
tween set point and process variable. Becalse derivative controller output '
is a funct1on of the rate of change of deviation, it w111 be present on]y s

during the time of a changing value. Because of the very fast rate of

change of error signal caused by step changes or spikes in the process,
derivative output for such a‘situation will be large and will decay when the
error ceases. However,.derivative response to a stowep/cnange in error sig-
nal causes deriuative %utput to continue and to be proportiona] to the rate' .
of change of error signal. . ‘ \\
The additional controller output caused by derivative action is useful '
(jn\processes with large capacitance time constants and large dead time.
This helps the process to recover faster from upsets for the following ‘rea-
son: controller output changes a_large amount when a change is first de- .
tected and changes by a Jesser amount when the process is changing at’ a '
slower rate. , s ’ . ‘
The advantage of the derivative control mode can be realized by refer-
ring to the temperature process in Figure 3. Assume that the cold product
flowing in is at a constant rate and temperature, and that temperature of
the product flowing out is maintained. at a desired value by a constant steam .
flow rate thrgzgh_the valve and steam Goil. The controller therefore
is positioning the steam value in order to maintain a balance in the heat
energy in the process. Consider the effect of an increase in flow of the
cold product into the process. This cools the product, which then must.

* . ) (] (] (] - (] -
‘result in an increase in steam flow. This increase will not be immediate,
. .- AN

1

¢ -
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however,” because the
TEMPERATURE CONTROLLER
SET POINT

THERMOWELL A change in temperature

ot is not instantaneous.

TEMPERATURE .
The heat epergy in the
ggmq,ftm;e ’ ’ process gust be
absorbed by the colder

HEATEO PRODUCT omI I = TRANSMITTER

L]

STEAM FLOW i

sﬁ.%;?nne tncoming product, the
\\T\\M_ ] thermowell- must lose -

cmﬂg?:F‘ r 4 heat energy to the
— : h Lt cooler product, and

the sensing element of

ool | :
oD FRODUCT T . the temperature also °

Figure 3. Temperature process. . . must lose heat energy ’

s . T to the thermowell.
“ ’ . A1l of these energy

&

transfers must thke place before the output of the temperaturg transmitter .
can change. Once th1s change occurs 4 deviation will exist hetween the
value of the process var1ab1e and set point, and controller output will
change.‘ With proportiona]—onTy control, output will be proportional to the
magn1tude of the dev1at1on. If the increase in co1d~product flowing in were
very great temperature of the product passing. the surface of the steam co11
would be less than the temperature of the product at the thermowell. In
this case, a change in controller outpit caused by an amp]itude of dev1at1on
would not result in a“valve opening to a sufficient amount to heat the
product to the desired value, Additional heat energy is required because of
the difference in temperature of the product’that is caused by time lost in
the transfer of energy throughout the system.: Thg/derivative control mode
supp1ies this additional energy. The amount of additional energy needed is
dependent‘upon the dynamic error in temperature measurement, or the rate at’
which the temperaturefis changing. This eoncept is iﬂ]u’trated in Figure 4.
_The'contro]]er output .curve shows that the.proportdona1 output follows,
and that it is proportional to the contro11ér error.' However, total con-
tro]1eg’%utput ijs the sum of propor jonal and der1vat1ve contro] action ®
Der1vat1Vé output is Sign1f1cant when the maount of error is changing.

-
a
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Derivative output immediately e UTPUT N )
_ goes to this value,which would PERIVATIVE OL ! ' '
be reached one derivative time . .
;(\ unit later (Ty = To) by propor- q——--l . ) .
N . .
tional action. A 0 )
. 7t - s
+ /N
, ) . / PROPORTIONAL |- .
T ! ‘ouTPUT N
g ,,’l :
"OUTPUT o +—H L
DA : : : N s
‘ ! ! . .
] ] -
- L *
-1}- » : 1
A 0 i
(R ! .
. | ' ] .
i/ !,REsmUALOFFSET ! ; —_
[ : 1 : i
ERROR VA W LA :
- . b i ! N I | RESIDUAL OFFSET - -
b : . n i
¥ P ! ! lL ~
- To T4 T T4 Ts

Figure 4. Derivative response to a process. “change for a
proport1ona1 -plus-derivative contro]]er. L

[ ]

14 - s L4

. When the error is a steady value, dérivative outbuf is zero,-and total
controller output of the proportional- -plus-derivative controTler i§ causéd
by the proportional control response. ' . ‘

At Tg, when change in deviation is Just detected by\the control]er, the
derivative output goes to a level (shown “in Figure 4) that would be reached
one derivative time unit later by proportional action. The derivative time
unit is the time interval between Tq and T,. Der1vat1ve output leads pro-
portion{] output by the amount of time that is one der1vat1ve time u)it -
Derivative quts normally are.measured in minutes. After the.initial -deriv-
ative response at Tg, there is no further change in derivative output until
T, --at whith'time the errot signal becomes stab1e. Derivative output at Tz
(decreases, returning controller output to the proportional level that {is
maintained until T3. -The error signal egain starts to change at I3, buf in
a different direction. The derivative résponse to this change immediately
decreases controller output to a level that would be_reached at T, by pro-

@ k¢

’” «
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portional ‘action. The time interval T, - T3 is one deri&atiue time unit be-.
cause the derivative control mode causes output'to 90 to a level that wouid
be reached at T, by proportionai action. At Tg, derivative controi returns
‘controiier ouput to, the stabie proportionai value. - -
It should be emphasized that a derivative response occurs oniy when -
there is a change in error signal and that amount of derjvative output is a
" - function of rate of change. Each time there is a change dn this rate of
change, derivative output will go to a new level. .
Der;yative action (as explained and 1f1ustrated in Figure 4) will com-
pensate for the dead time in the process and lag time - usuaiiy measurement
lag - in the, instruments. Referring back to the temperature process in
Figure 3, derivative response will add the sudden burst of energy required
.lto compensate for the difference bétween actual temperature of the process‘
and measured temperature value, Derivative aiso helps to overcome dead time
in the pfocess - which is the™time requiﬁed for the process to respond to aN
change in energy suppiy. ' . . Tt
Aithough helpful, derivative contr01 in processes with long dead time
tcan be detrimental to control quality. ,This type of control shouid never be
used in processes that respond quickiy to disturbance variables and that are
1ikeiy to have spurious response: DeriVative contro] is.. not compat151e with
rratic pr0cess behav1or and soon can cause the process to cycie v161ent1y
d go out.of control. The selection of proportional and .reset contro] for
processes is also impartant; but it is not as critical as derivative con=
trol. .. "

-

PROCESS DYNAMICS AND CONTROL-MODE $ELECTION

. ’
Optimum control foWFa process will be realized when the proper selec-

tion of controi-mode combinations has been made and when they-are used #n

the reduired. amodnt. This is done by tuning the controlter. . Controller
tuning is a process used to match the dynamic coptroller qual ties with the
quality of the process. For th4$ matching, it is necessary fto determine the
dynamic'behavior of the process and to obtain data that can be‘used to -t
establish compatible dynamic qualities in the contrdller.. - L\\\?
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For the dynamic behavior of a process to be observed, it must be in a
state of ghange.. Although it is desirab1e to maintain process stability, it
- is necessary to 1n1t1ate small disturbances in the pvoces&,to study reaction

to 'these changes." . .

PROCESS REACTION TO A STEP CHANGE : S .

»

To determ1ne the process reaction to a step change, a step change 1s
1ntroduced into a stabﬂe process system on open-loop control. This can be
done by having the contro]ler on manual or open-loop control and by slightly
moving the cantrol valve with the manual control adjustment. \\The process
response to this step change will reveal dynamic process characteristics

'that determine the required controller dynam1c response to correct ?or pro-
cess¥disturbances. Response curves shown in Figure 5 are typ1ca1 for the

o

associated types of- processes.

FLOW CONTROL VALVE

CONTROLLER OR
MANUAL CONTROL

MANUAL ADJUSTMENT R
CHANGES VALVE POSITION

[LEVEL THANSMITTER

PLd ¢ /
X /,' - . 4——]
PAOCESS RESPONSE 1o rnocsés RESPONSE
STEP CHANGE .. . » J
INVALVE  ° - .

& SMALL-GAPAGITY SYSTEM b. LARGE-CARACITY SYSTEM
= 7

Figure 5. Level responses to a step change.




Process Gain ) -

brocess gain is the first important process dynamic qua]ﬁty to be con-
N . sidered.” It determines controller gain, and the gain determines the reset.
‘ Process gain is characterized by the slope of a line grawn tangent to the
. - response curve at its inflection point, or the-pgint of maximum rate of
The process 1n F1gure 5a-has a higher gain because it has a slope

s . . that 1nd1cates the ability to

Wt -~

. . . - -
.

1
lT!S CHANGE

rise.

reach new levels of stab111ty
: quicker than processes that
. e ’ have slow rates of reaction

i . or take longer to reach sta-
: "' bility levels. Processes

PROCESS RESPONSE TO STEP CHANGE , that’ start to react immedi-

ately following a step change i

. TIME

Y

or other changes in input ex-~

“

9

Figure 5?%

| te

L

based on gain principles - name]y, proportional and reset.
action curve in Figure 6 suggests other considerations. -

.Process response of a
mpenature system, -

o~

S

‘e

f

Jtime,’

hibit_low dead time and lag
They can_be con-
trolled by control modes .

N

.

The_process.re-'

Dead Time -

It can be‘seen in éigure 6 that the temperature process does not react

'1mmed1ate1y to energy changes. Reasons for this were given in a preyious

The combination of deag'timé and lag time results in an overall
phase shift in the control system. .. This characteristic is detrimenta1 to
the control quality of a process and dictates the necessity for the der1va-'

. tive controP mode. The contro] characteristic depicted by Figure 6 repre-
sents, a more difffcult’ control situation that is compounded when rate of .
rise is high, representing a high gain process and a large delay time.or ~ .
time required for the process to respond to a change 1n fnput. ‘This is il1=
1ustrated in Figure 7. 0, ma‘?ET}y, is, measured from zero time point

(when the step change was 1ntroduced into this system) to the point at which

discussion.

LN

’ . v - v ) \':
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.

’ i N .
~ ! —_ { - ‘ _
B . l
; TIME T
2 X ) L | -l L. N "
. R 5 | €—D—>1¢ L g 2 ¢
. ‘ . * &
‘ Figure 7.. Loop dynamics determined by response to a step change.
ﬁ, which is equal to\L/D, js the ratic of the time period of the N
g process to the time delay. This ratio describes the dynamic.behavior of the
‘ L
process. Process gain was related to the slope of the tangent line. ' P]ant e
gain includes every component of thelgontrol 1oop except the controller - ol
_ the process, transm1tter, valve, and pipe. o 5 '
Transmitter Gain® ¢ |
TFhe range of the transmitter to provi&e{wgocess measurement affects the
overall Toop gain. Because transmitter outpdt provides the recorder .
response that is the process reaction to a step change, amount of
. measurement response. is determined by the transmitter range.(ga1n)., It . .
usually is expressed as a decimal value of a percent; -and it is determined
¢ s ‘ '
- . . N ' . -
» T ; 239 ~ 1C-07/Page 19 '
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thg;tangent line intercepts the time axis.

-

- -

L, the time peﬁiod, extends from

the end of the delay lipe to the point at wh ch the tangent line 1ntercepts

the point of 100% proce measurement. . !

A
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PROCESS TANGENT LINE -2
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by dividing the measurement respon§e'resu1ting-from the step change by the
full-scale response.

-

N " EXAMPLE D: DETERMINATION OF PLANT GA{@r

Given: Full-scale measurement of a temperature transmitter is 300°F.
. Temperature variation caused by a step change is 40°F.
Percent of valve travel required to cause the 40°F q@ange was~4%

Find: P]ant gain. . :;
Solution: ?ir Gain of a component is determined by dividing output by;in—
/ ’ put. Percent of transmitter output is as follows:
40
— = 13.3%.
300

b. P]gnt-gain is:

a, .AOutput'; Transmitter change
.- Input . Valve change )
1 ‘ ] . 13.3 3.3 '
4 N
- ’ ’\\(
Loop Gain . . -
Total loop gain is the producbzof the following: .

¢ Valve and piping gain.
. - Transmitter gain. < . ) C o
f\Process gain.

. Dt:jhragm or valve actuator gain.

4

A W N
L]

. Controller gain.’

The value of the total loop gan should be s]ight]y 1ess than one. This
describes a passive system that will not oscillate. If total Toop gain were
greater than one, the systemwould not be passivei but wou]d oscilTate or*
unstable. Therefore, 1t is desirable to adjust contro]]er gain to a value

< ’ w
. A :
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to make total loop gain as close to one as possible and to maintain process v
stability. The optimum value of controller gain is deternined‘during'a pr6-

] This will beydfscussed later.

It can be Seen-that a'value of controller gain can be optimally deter-

When

any condition is changed (a trangmifter range change, for example), the

. ‘

cess of controller tuning.
mined for a given set of process and associated hardware conditions.

total loop gain is changed - which requires a new value of controller gain.

TN
The controller must be tuned and control-mode values set in order to

match the controller's dynamic qualities with the qua1ity of the process.

° —

CONTROLLER TUNING

- Many methods are used to determine the best control-mode settings for a ‘

given control situation. Some are purely analytical; whereas others are

strictly empirical in nature. Anaiytical methods are used more frequently ‘
Most technicians use empirical methods that

" dn process modeling. situations.
sfmetimes are based on analytical data. -

CONTROLLEé\}UNING BY STEP ANALYSIS . .-

When values of L, D, and G are determined by step analysis, dynamic

process characteristics are revealed.
pirically-derived equations, optimum
uation can be determined.
mode settings are given in-Table 1.

By substituting these values into em-
control-mode settings for 2 given sit-

Formulas used for determination of the control-

A 20% overshoot response is desired

when it cam be tolerated without Causing undesirable or unsafe process

conditions. This condition, representing a better control qua1ity, will be

explained later, ) ,

Data needed to make the ~calculations to determine the control-mode set-
tings is eaSy to obtain - an advantage to this method of controller tuning.
the fact that a true quality of‘control is -not tesied un-

A d1Sadvantage i
fhave been made and the process is controlled by the con-

til the settings
Control quality is ‘verified only when the process is'controlled to. -
Although not exact, this method of control-mode dete]

troller.
opt tpum.

é@ﬁnation ,
i %ﬁent1fica-

A

yields empirical ‘approximations that serve as a fairly compl
tion and determination of dynamic-behavior. i

' Q




TABLE 1. FORMULAS FOR CONTROL-MODE SETTINGS,BY STEP ANALYSIS.

* Quickest Response With 20% Overshoot
A
Step Change in Step Change Step Change in Qtep‘Chnng:
Type of Control Manipulated Variable in Load Manipulated Variable ein Lo_nd
Straight Proportional b
Proportional band 333 C 333 C 143 C . 143 C
(percent) = R R R . 13
Proportional + Reset " .
Proportional band 286 C ¥67.C 167 C 143 C
(percent) = R R
_——_—-.—————-———— s canug ASaES CERED el GEERD CEEERS SERINED GEED GSnkp Sy
Reset
, 6.67 DC D
(time units of D) = 3.33 bC - 1.67 nC 3.33 R"
Proportional + Reset
+ Derivative : - ’
Proportional band 167 C .108.2 € ©105.2 C 83.3 C
(percent) < R R
e compan cwEt . S e S| GG G SIS GEEED D AR CAEN CERED E—— R CEE— I CEEE CTESCS S CPURD D I Cm—
Reset nC . DC
(time units of D) = 1.67 DC 2.5 ¥ 1.43 DC 1.67 &
——————1——_————————==——-——_-——-——
Derivative *
RD 0.4 RD 0.45 RD 0.5 RD
. (time units of D) = 0.3 T T < T

CONTROL-MODE SETTINGS BY THE- ZIEGLER-NICHOLS METHOD

A method of controller tuning, developed by J.G. Zieg]er:and N.B.

Nichols, is known as the Ziegler-Nichols method. Theére are many
modifications and variations of this dpproach - inch is a combination

~ .

analytical-empirical technique. This method presents a classic app}oach to’
controller tuning. It, of one of its variations, is commonly used..

Control-mgde settings are bg}gd on process and controller conditions that
Just produce process instability or cycles.. The Ziegler-Nichols method ,also
has Eeen known as the ultimate sensitivity method. ) .
Procedures used for the Ziegler-Nichols method of controller tuning
will be discu$sed in the Laboratory section of this module. '

Y
\

\

\
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CONTROL-QUALITY.EVALUATION | - '

The term "optimum contro]" has been used in this module without defini-
on this point. There is almost an infinite number of possible con-
trol-mode settings. One may ask*"what defines optimum control or the best
“;ételection of control-mode settings?" To answer this question, remember that
he purpose of a contro]]er is to baiance the process suppiy and demand’ at a

process condition. This also means to return a process to 'set point after

an upset in the shortest-possible time. Consider process responsé to a step e
change, as shown in Figure 8. In each case, assume the set point value was °
— = "~——— . -\ * o . ,'- t - ) —
A4 MEASUREMENT . )
PROCESS R

a. Overdamped response b. Crﬁioally-damped responsa . ¢. Underdamped response \ o

-
4 -
ot o\
. > - e
. .
.

o

d: Unstable - constant-amplitude response e. Unstable - incfeasing-amplitude response

Figdre 8. Contro]ibd protess responses to a step change.

. on the x axis, or at the bottom of the curve, and that the set point was
moved to a new, teve] at the center portion of the curve. The total amount
of ti/g/that tﬁ% procéss is away from set point is represented by shaded
_ areas of the turye.\ The response shown in Figures 8a and' 8b returiis the
process to set foint without ovenshogt, but the total time that-the process U
is away from set point is greater than the condition represented in 8c.
Conditions shown in 8d and 8e are not acceptable for obvious reasons. The /
underdamped response in 8c is considered to represent optimum control qual- )

- - SN
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ity because underdamped response returns the process to set point more
. quickly, and it should be used for a test of optihum control-when overshoot
' can be tolerated. It is termed "quarter-amplitude decay damping" because
the amplitude of each successive cycle is 25% of the previoos cycle,'and the
process is returned to set point after four cycles.

EXEF&C:SEST | ~ .

1. Using graphical analysis, show the following contro11er responses:

+ . a. Proportional contﬁb11er‘response to a step change.
b. quportiona] cqntro]1ér response to a gradual load change.
c. Proportional~-plus-reset response to a step change. ‘
- . d. ‘Proportiona1-p1us-derivaiive response to a step chan.ge.{X
' e'. Proportional-plus-derivative response to a grgpua] load change.
What determines the output of each mode?
2, Use a process on closed-loop control to determine res1dua1 offset

3. Show how residual offset is a function of controller gain.
4, Explain how reset e]iminates residua] offset.
5. 'What are the limitations of reset control? (Hint: Remember reset

-

wind=up.) )
i 6. List advantages and disadvantages of on-off or two-position control. \
- o 7. What type of processes can be satisfactorily controlled by an on-off or

A

two-pos1tion control scheme?
8. How.is on-off controllability related to the dynamic process
characteristics? . .
9. List the reason for controller tuning. -
- 10. List two methods of controller tuning.

11. List a means of identifying or dgtefmining control quality.
° “ “

.§ « ' . | . )
+ LABORATORY MATERIALS . &

1 pump (Pl):‘_an e]ectrical]y-opergted pump that will deliver 10 to 20

gal/min of fTow against a 20 pisg head ~ T

PR ’

22;37’ - " !
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2 control valves diaphragm 6peréted by 3-15 psig. Tée valves can be single
gkated.air to open or close with‘a 1" body and 1/2" trim. (Cy = 6.5)

2 strip chart recording contrallers with a fast (1 in/min) and a slow (1
in/hr) chart speed. The controllers should be pneumatic with conven-
tional 3-15 ps%g 1pput and output.

2 tanks with apbroiimate]y a 20-gal capagity for use 'as the reservoir and

" ) précess{ The reservoir should be flat (about‘10112" high), and the one
‘ used for the process should be cylindrical (about 8-10% in diameter and
~ 8" high). Volume of the reservoir should excess that of the tank. ™

1 level transmitter with an-adjustable range of approximateﬁy 0-20" to 0-20" .

. of Hy0. (Pneumatic 3-15 psig input and output.)
. .1 flow transmitter with an'jﬁtegra1 orifice approximatley 0.250" and an ad-
justable range of approximately 0-20" to 0-200" of water.
Assorted hoses, pipe, tubing, and wife to connect the process and instru-

ments. . y .
_ { . Manometer or pressure gage to read 0-200" of water. . !
*——~"~—w20sps1g -air supply for pneumatic test bench*“m~——ﬁ-~——~——“~“ T -
0-30-psig. test gage. ’ _ - . )
Presssure reguTator having 0 1% regulation with 30 -psig input and regulation
up to 20 psig. ’ . A
Vendors' instruction manuals and parts lists for a]] instruments and ‘ ~——
: equipment. '

1 tank 8-10" in diameter and approxmmate1y 10“ high. Tﬁis is used as addéd Co-
i capacitance for the process. . . ‘
: ~ LABORATORY PROCEDURES
) s

-~

h-2

LABORATORY 1. OPEN-LOQP CONTROL.
. 1. Construct the process in Figure 9. Meu
with mpun%ing instructions provided in instpument instruction manuals.

t the instruments in accordance

—_— e . " ' " 1C-07/Page 25
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4" Pive CAPACITY TANK T
FOR INCREASED ~

) r DEAD TIME .
. (PROCESS S
‘ z_!i - CAPACITANCE) .
re LEVEL-CONTROL VALVE )

)
. 1/29~RIPE>] (PROCESS RESISTANCE)
’ ) sET mlmﬁ
* LEVEL CONTROLLER .
LEVEL PROCESS
TANK
LEVEL TRANSMITTER
seT mT-_i%f>__ 1
FLOW-CONTROL VALVE -
l oL 1
d S .
[<— INTEGRAL ORIFICE &/P ‘CELL

RESERVOIR FLOW CONTROLLER TRANSMITTER

- .
{ ¢
. | *NOTE: LRC MEANS LEVEL RECORDER CONTROLLER _ N
' FRC MEANS FLOW RECORDER CONTROLLER
‘ A

Figure 9. Flow-level process with dead time.

Lo

2. Using standard calibration-procedures, as outlined*in the instruction
hanuals and as covered in Moéules 1C-02, ic-os, and IC-06, calibrate
the level transmitter *for a full-scale range of 0-50" of water and the
flow transmitter for a full-scale range of 147.3" of water. This will
givé a full-scale flow range of 3.5 gal/min when using the 0.250-inch
integral orifice. ' '

3. Using 1/4-inch plastic tubing, connect the instruments as required,in

accordance yith instructions in the instrument manuals.

. ¢
.

¢ -

7 . ?

s 3
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4. - By referring to procedures for open-loop control given in Module IC- 01
establish a level in the process ieve] tank of. approximate]y 50%, with
the flow rate at about 50% of full-scale value. This is done by oper- <\_’,/
ating the valves on manual control from the controllers, open?ng the
. flow control valve 50%, filling the reservoir with water, and opening
the feve]-contro] valve about 50%. The pump is then §farted, and the
flow- and 1eve1:con§rol valves are adjusted for 50% level at 50% flow
rate. T

Al

AT LABORATORY.Z. TUNING FLOW CONTROLLER BY THE ZIEGLER-NICHOLS
ULTIMATE-SENSITIVITY. METHOD. ¢
1. Remove all reset and derivative from the, controller, and set gain ad-
justment for'a low value. If reset is, measured in minutes per repeat,
the reset is eliminated with the highest setting. For repeats per min-
ute, the setting §hou1d be the 1owe§t.setting. If gaig is expressed as @
proportional band, the setting should be a high value - 300% or
. Higher. “For a controller.with gain or sensitivity settings, a Tow
value should be used. Put the controller on "éutomatid."
2. Gradually increase prépbrtiona] gain by decreasing the proportionaﬁ
setting or by increasing the gain setting until the process-just begins
to oscillate or cycle, as indicated on the recorder’on the high’chart

speed range. To start osciliations, it may be necessary to 1ntroduce
small disturbances by slight mavement, of the set point,
3. Note controller gain that just produces the oscilTlations. This is the
critical gain: Gc. ‘ S ‘ ,
4. Measure period of oscillation on'the strip chart recorder. Note this
time, which is Teo ' : ~
5.  Because dead time. is not significant. on the flow contro]]er, derivat1ve
wi]] not be used. The controller will be proportioqﬂﬁ p]us -reset.

L

o~
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6. Compute the optimum gain and reset values by the following eqba\ions:

a. Optimum gain = 0. 45 Gee -
i . .
T .
b. . Reset time = Tj — _min__ (
' . 1.2 Repeat

Reset time = Tj = %—E ‘ES%EEE_
‘ c in

c.. [If proportional-only contrdl is used, optimum gain is 0.5 Gc.

7. Set gain and reset control-mode settings to the value determined in’
Step 6. , .

8. When the process is stable, introduce a small step change into the sys-
tem by increasing set point by about 5 to 10%. \

9. Check for quarter-amplitude damping. ]

10, Youch-up the control-mode settings if_necessary to achieve quarter-

amplitude damping. Adjust gain for the correct number of cycles, and

*adjust reset until residual offset is eliminated.
. > 3

4

_LABORATORY 3. TUNING LEVEL  CONTROLLER BY THE ZIEGLER- NICHOLS .
. _ULTIMATE SENSITIVITY MEHTOD.

1. Repeat Steps 1 through 4 df/Laboratory “for the.level controller.
Level contro]]ers normally do not require vative control,sbut the
added capacitance and resistance-at the top of the level process will
introduce significant-dead time in the System, .

2. Derivative controll will be added. Level control will ‘be propor-

-tionaT-pTus reset- pTus derivative. Compute control-mode settings by

the following formulas: .
a. Optimum gain = 0.6 Gct : .
b. TN T -
7" Reset time'= S —mn_ .2 Repeat
) 2 Repeat T min
'Co ‘ T ) .
- Derivative time = . — min <

—
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3. Repeat Steps 9 and 10 of Laboratory 2.

4, Procedures are now complete. Stop €he pump, put the contro]ler in the
- manual operation mode, and close both the level and flow valves.
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Controller tuning: The progedure 1nvolved in matching dyﬁiﬁﬁc\groperties of .

a process with those of a controller. '

Dead time: Time between a change -in process d'oturbance or input and a pro-
cess change. J .

Process gain: Ratio of output to 4nput of. a‘process. More specifica]]y,
the amount of process change wit respect to an_input change.

Lag. time: Time “between a process change.and an ingtrument response.’
 Loop gain: Total gain of all combonents in f};untroT loop.

‘Optimum control: [Control-mode settings that gSroduce quarter-amp]itude
damping.of a process.

Reset wind-up: Condition that exists when a contro]ﬂer output has reached
either’of the two extreme conditions wifﬁout returning or maintaining i
the process to set point. .

5 « O
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Residual offset: Difference between process measurement and set point after
a proportioha1 response to a process.disturbance or load change.
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Matching: Match the following terms with the appropriate definition:

. Related to proportional control.

Lag time. y .
Total loop gain. , I
“Cyclic action or process instability.
Dead t;me. .
.. Residual of fset. ’ o . .
Process gain.
Reset wind=up.
“Ziegler-Nichols.
Capacity. . )
Quarter-amplitude damping. '
Controller tuning. ,
L/Pﬂ -

TARRRRENRRRR

Characteristic of on-off control.
Characteristic of proportional control.
Character*rsﬁc—of*reset‘contro% e -
Measure of control quality. ] e
Matching controller dynamic characteristics’ with those of the process.
Ability of process to store material or energy.
Inst rument responsé time - cause of dynamic measurement error.
Describes the dynamic behavior of a process. '
Method of controller tuning.
Characterizes or deferminestihe fneed for‘deijg}ive'control. - , o
Product of the gain of all components in a closed-loop system.

|
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-/ . MODULE 1C-08

'BOILER AND OTHER SPECIAL CONTROL SYSTEMS




N - INTRODUCTION.

R Y

\ oo The theory, application, and operating principles of a simple, sing]e-
variable, feedback control loop system have been§%1scussed in prev1ous mod-
ules of this series. Although many control app]ications uti]ize this method

f control, process control has been shown to be enhanced by refining, com-
bin;~3} or a]tering the basic feedback 1oop.' The refinements, combinat1ons,
and alterations were discussed in Module 1C-07, “Automatic Contrb] Systems."

This module eXp]ains the concept of cascade, ratio, and “feedforward

\»ontro] and shows how these contro] systems can be ipcorporated in boiler

control app1ications. Although most modern boilers rely on computer con- .

4

trol techniques, the basfc premise to be developed in th1s module can be
understood by students who do not possess a knowledge of computer applica-
tions or operat1ng principlesn The boiler control concepts presented in
this modu]e were utilized long before d1g1ta1 .or even sophisticated anatog
computérs were devé]oped. + Pre- ex1st1ng control technique hag been refined

: by the use of process control computers, but the basic pr1nc1p1es still
hold+ R . ke

19

» M - T L . ¢

_ | _, _PREREQUISITES.

L The student should have a basic understanding of .algebra and physics™
" and should have cOmpTeted Modules IC 0% through IC 07 of Ihstrumentation and

‘¢Contro1s. s T ) y
PO cu\\ A ’
, -OBJECTIVES
s Upon comp1etion of this module, the student shoulq.be able to:’ °_

1. Define the foTlowing terms:
& _ Cascade control:

(1) Primary control (master). . .

(2) Secondary control (slave). gb

. : . P

. IC-08/Page 1




.
-

‘b, Ratio\controlr
i © (1) Wild flow.
) (2) Controlled flow. | |
c. Feedforward control (aqd feedforward control equéfion).
-d.  Feedback trim control.

' . 2. Explain -the principles of operation'of each of the qgﬁtrol types listqd
in Objective 1 above, and explain_their use in a boiler control system. o

-3.  List an auxiliary fuel control technique for boiler control.
4, ‘Descrite the operation of fuel and " qir cut-back systems or overrides =~ T .

- used in maintaining boiler operation safety. .
5, Explgin the purpose and operation of a méthod of feedback trim control )
for boiler operation. g ‘ o S e
6. tist boiler shutdown conditions. o
7. Explain the purpose and operatioq of a thrge-element drum 1§ve1-controT

system,’ - Lo r -

-

>
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S - . SUBJECT MATTER

CONTROL QUALITY

Tne test of true control quality is the degree to which a proéess con-.
dition is maintained at a desired value. The occurrencé of load changes;
time rate of the changes; and interval of occurrence, along with static
(physd cal) and dynamic characteristics, define the difficulty of obtaining

] - and.maintairing-an-acceptable degree—of control—quality. This usually can
_ be accomplished by proper selection and adjustment of control-mode combimna-
", tions. Some processes require additional control system design, beyond that
. of a simple sing]e-variab]eufeedback control system. *Cascade control sys-
tems are based on the feedback control principles discussed thus far; how-
" ever, they generally are concerned with controlling two.variables.

.« 8

N L

. CASCADE CONTROL

£ ) .
¢ Although not precisely.defined as such, a cascede control system

usually involves at least twdﬂcontrol1ers that are connected in such a way
that the output of one controller drives the set point of a secogd control-
Jer. Each’ controller, which is the controlling means of an independent
ciosed~}oop control system, controls separate but reiated variables. Cas-
cade control systems discus;ed‘nn'thﬁs‘modu1e are of the general type, In

these systems, primary quantity is measured, and then variations change the
set point of one or more secondany contro]]ers that control a second quan-
tity by operation of a S1ng1e final contro] element.

The four primary purposes <for use of a cascade contro] System are as

fo11ows' -7 . .
"1. _ To maintain a desired relationship between variables. . o
2. T8 accurately 1imit a secondary vartable. e ' oo
" 3. To, reduce load changes, nonlinearities, and discontinuities near xheir -
| SOUPCE. ) s .
- 4, To improve the contro1'cﬁrefit te reduce effective time lag. v

* . A desired re]atﬁonshqp between- variables is accomplished by a special
cascade apﬁ]icatfon (called ratio control), which witl be discussed later.

N -
3 LA ’

~

. . - °" :1C~08/Rage 3.

o | . 249,
. . B -~ .

-~




The. second purpose, to Jim%t a'secoqdary variable, is a fairly uncommon
application - at least in boiler 'control -applications. Agvalve positioner
is a true position contro]]er that is mounted on a control valve to agsure
that a valve will assume a position as specified by the output of a cen-
trally-mounted contro]]er.) This application is defined by the third purpose
1isted above. The fourth purpdse - the most common and useful application -
1s discussed in the fo]]owing paragraphs.

NEED FOR CASCADE CONTROL . - - i

A temperature process, as shown in Figure 1,'ut11izes a steam reboiler
or heat exchanger to maintain a process temperature. The temperature is
controlled by manipulating the flow of éteaﬁ\dnto the tubes of the reboiler
to regulate heat energy. The purpose of the control system is to maintain a
balance on energy in the process.

On the cascade system shown in Figure 1b, the quantity of steam flow s
regu]ated by the flow controller that has a set point that is determined by
the output of the temperattire controller. In Figure la, the set point of |
the flow controller is set manually by an operator.

Assume that initial conditions in Figure la, are such that the tempera-
ture of the product is stable at a desired v&lue for a given load on the

—process (that is, a given product” flow rate—through the heate;). A cﬁange
in product flow rate - for example, an increase in cold product flowing in -

Wi11“Eaﬁ§é‘a—toolih§'fﬁ’thé‘ﬁ?ﬁEéS%. As .is true with nearly all temperature
processes, the process will not change immediately because of the 1arge\
caoacitance (op thermal momentum, as it is called) of the process. A.trans-
?er'of heat energy must take place in the product. When the product temper-
ature changes, heat energy must be transferred between the temperature-mea-
" suring ‘element and the process. This is a double-capacitance process: the
capacitance of the process and that of the measuring means. The temoéfature
transmitter cannot 1hmed1ate1y detect a process disturbance. By the time
the, controller senses a process change, the disturbance may have receded,
Eausing‘the process to return to normal operation. ‘Cyclic act¥on probably
will result. ' ‘

”
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Another disadvantage of the single-variable temperature control system
shown %n Figure la is the effect of load changes near the source. The steam
valve, which is positioned by the controller to maintain a process, tempera-
ture, will change only when a load causes an unbalance in the process. This
results in a temperature change. If a di;turbance in the steam.flow process

&

4su;h as a variatiop in steam header pressure) causes steam flow fo change,

the steam value will not be repositioned €6 correct for this disturbance
until process température‘changes. Therefore, the contrpl_systemﬁcénnot,Ah__‘_, _
correct for steam Ioad.changeg near the sJurce. This is anopher
disadvantage of the single-variable temberatuqe control ‘process. A casque
system will provide better control by doing the ‘foliowing: ’
+ Improving control quality by reducing the effect of lag time, and ...
+ Reducing the effect of .load chadges near the source.

- CASCADE CONTROL THEORY

The caﬁca&e control- system has one final control element, with one

- manipulated variable, two measuring elements, and twg controllers, - The tem-
peraturecontroller is the master, or primary controller because the prime
function of the system is to control temperature. The steam-flow controller
is the slave, or secondary, controller. The purpose of the ma§ter control-
ler is to generate a set point for the slave that maintains a steam flow at

—— - a value dictated by the master. When steam flow is controlled at a value - -

required to maintain a produét temperature, a disturbance in the steam flow )

process will be detected 1mmeqiate1x_by the steam-f]ow transmitter and will-

be corrected by the slave.controller before temperature of the process

changes. In theory, because of the nature of feedback control systems, a

disturbance varigble in the fTOWLﬁroce%s will cause a variation in steam

flow befare correction. This, Ehen, will cause a change in process tempera-

ture. However, because of the magnitude of capacitance in the temperature

process, this temperature variation will be negligible When the system is

tuned properly. . e
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OPERATION OF A CASCADE CONTROL SYSTEM

W

. Control systems aré‘de§igned and adJusted to contro] a process under <
’ normal load conditions at the normal operating po1nt. Therefore, processes

uSually .are started by manual or open-loop control. When they are stable, , .
they are switched.to automatic feedback ‘control by the "auto-manual" select

4

_ .switch located on the Sontro]fer, o
Cascade control systems generally are started, checked-out, and tuned

‘by decoupling the temperature ard flow controllers. A manual loading sta-

i tion provided for this purpose is located in the secondary controller set .
point circuit. To decouple the cascade control loop, a signal manua11y "
regulated from an external source supplie3 the set point for the secondary
controller. OQutput of the temperature controller is dead-ended,,and it has
‘no way of altering control of the temperature process. To prevent a reset ,
wind-up condition of the temperature contro]]er, it should be 1n the manual
mode”of operation when the cascade 1oop is decoupled.

\
With the manual-loading ‘station set so that the secondary controller

”

set point is supplied from an external source and both cdntro]]ers are in

» the manual mode of operation, the system is 'started by positioning the

.- Steam-control valve with the manual adjustment from the Secondary.contro1- ;
ler. .The manipulated varjable - steam flow, in this case - is regulated to
establish process temperature at a desired value as indicated by the temper- -
ature controller-recorder or indicator. When the process is stable, the '
secondary controller is switched to automatic,. using standard, ‘bumpless
transfer procedures. The secondary contro11er then is tuned as a flow con-
tro]]er to maintain steam'?TBW\at a value spec1f1ed by the external set
point & Regard]ess of steam-f1ow disturbanre, steam-f]ow value will be main-

tained by the secondary contro11er. For constant loads on the temperature
process the temperature value will be mainta1ned by the steam f]ow as con-
tro]]ed by the secondary or Steam-flow contro]]er. However, the set point
'i . of the secondary .controller must be changed as }oad on the temperature pro-
cess varies as evident by a change in process temperature. The function of
the primary or temperature controller is to chande the sed point of the

secondary controller as required to maintain yrocess temperature. S
. V4 . 7 , - . ‘K.
- " ° p - -
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When process temperature is stable with the secondary controller in the

automatic mode, manual output of the primary controller can be made equal to
*» the sef point value of the secondary controller. Process temperature now.{s
controlled by the manual output of the primary controller. Again, using
bumpless transfer procedures, the primary controller is switched to auto-
matic and tuned as a temperature controller. The cascade loop is now in '
service, and the primary controller is confrolling process temperature by -~

:generating a set point for the secondany controller. _The secondary control-

ler maintains steam flow at a value specified by the output of the tempera-
ture controller. This cascade operation -improves control quality by reduc-
ing the effect of lag time, and it corrects for load chénges near the
source. It will be explained later in this module how cascade systems are
used to improve gquality of boiler control.

- RATIO CONTRQF ~ ~

As the name implies, ratio control is the process of ma%ntaining one

variable as a fixed ratio of amother variable. ' The most common application
of ratio control is maintenance of-two flow va]ues in a fixed re]at;onship.
-One flow rate (Ql} is controlled by means other than the ratio controller;
the second flow rate is maintained at a value that is a multiple (N) of Q -.
such that Q, =NQ,. More common terms to define variables in a rat1o control
loop are "wild flow" and "controlled flow" - where the wild flow %s not con-
trolled by the ragio contro]]er7 A typical application of a ratio-control
~ system is to regulate flow rates of material into a.vessel to obtain a

e

- proper or des1red mix or blend.

The rat1o-contro1 system shown in F1gure 2 is used to contro] flow Qg
in exact proportion to flow Qa. The ratio controller has two inputs, one
from each of two flow transmitters. One output is generéted, and it is dsed
to position a valve that regulates the controlled ‘flow value QQh Whén the

f]ow rates q/g\measured by head-type flow-meter1ng devices, ‘such as or1f1ce
’
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- Figure 2. Ratio control system.

-

'plateé and d/P cq}]s, square-root extractors are needed to linearize expo-
nential signals from the flow transmitters. When one flow rate is control-
- Ted proportional toranother flow rate, scaled signals must have a linear re- -
lationship between actyal flow and magnitude of the measured value. The '
‘signal 1evé]'from a he:§>type flow transmitter varies as the square root of
the difﬁeréntia] pﬁessure across the,differqptiaj producer, as covered in
Module 1C-02.

’ -

“THEORY AND DESIGN OF RATIO-CONTROL SYSTEMS

When designing ratio-control Toops, it usually is desirable to have a
ratio flow setting as close to 100% as possible. Refer to Figure 2; suppose -

it i; desired to maintain flow Qg at a value four times as great as flow
Qa. The ratio of Qg to Qa s therefore 4:1, and the span of, the flow
transmitters should be in the same ratio. If the span of flow transmitter A
(controlled) i set to measure a full-range flgw of 100 standar§ cubic’ feet -

.
-

J
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_per minute (SCFM) arfg the wi]d flow meter range is 400 SCFM, the actua]

" ratio may be determined from

fhﬁsggil\ratio =

/

>

The dial of the ratio
of flow Qg to-

Equation 1.

Controlled-flow range (106%)
Wild-flow range -

100 SCFM

kbl Equation 1 |
400 SCFM quaten

(100%) = 25%

controller would be set at 100% to control ratio,
flow Qp at_4:1.

EXAMPLE A: DETERMINATION OF ACTUAL FLOW RATIO.
. . \ .

Given: a. Wild-flow range of a ratio-control system is 1200 SCFM.

*b.  Controlled-flow range is 300 SCFM.

c. The setting on the ratio controller is 100%. :
Find: Actual flow ratio.
So1ut16n: From Equation 1:

o Contro]]ed flow range
Aetug] eat1o Wild- flow range (100%)
300 SCFM
= —— < - (100%) =.25
., 1200 SCFM (1002) :
.‘V
* EXAMPLE B: DETERMINATION OF ACTUAL ELOW RATIO.
? Given:  Conditions in Example A, with.a setting of 50% on the ratio con-

troller. ° ‘ ' .
Find: Actual flow ratio, - i
So]utien:

i ’ 300 SCFM /
- ; - Actud t S — = . .
’ ctudl ratio 300 SCFH (50%) = 12 5%
\\ \\\\\\j o AN
L4 . /
) Page’ 10/1C-08 .
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FEEDFORWARD CONTROL

Feedforward control applies to control systems where a balance betwee@

- supply and demand is accomplished by measuring both demand pbtentia] and de-
mand load. From these measurements, 1nformationjis obtained that can be
used to regulate suppTy at an amount to control the process.’

To apply feedforward contro] the contro]]ed process must be comp]ete1y
" understood so that.equations can be written that state the material and -
energy bé]ance’required. Any interaction between material and energy bal-
ance also mast be understood. In a sense, feedforward control systems cor-
rect for a load variation before a process disturbance exists. Consider a
simple level process with two input flows, A and B, and three output flows
C, D, and E. When total flow into the level process is equal to fota] flow
leaving the process, the level will be maintained. The following expression
must be satisfied: 2 .

L , .
A+B=C+D+E ' Equation 2

where: Terms refer to flow rates, as explained. ;

A3

Normally, one variable will be selected to correct for a change in any
of the other variables. If it were desired to manipujate flow C to maintain

a material balance on the leyel process, the feedforgard eqhation (simi]ag
}lid'for flow C with the {

to Equation 2) would be sq

= ﬁ;:~8 - {D +°E) Equation 3

-

where: Tefms define flow rates, a;:Lreviously digtussed.

Toﬁimp1ement the feedforward control systef defined by Equation 3, flow |
rates would be measured: A and B would be totalized, as would D and E. The
s&m of D apd E would be subtracted fram A and B. When Eithér flow changed ,
values, the amount of change would be reflected in a gorrespondihg value of
C. Level is then contro]]ed; based on load changes instead of an actual
pracess chénge. It ;hou]d be ﬁointed out twat, if any variable changes -
other than those expressed in the feedforward equation - no correction will
be made. ’ It is also significant that measuremen of the process is not re-

>
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quired for feedforward é:ntro1 because corrections are based on variables . -

that cause the process to change, not on the actual process change. The ob-

Qious advantage to this arrangement is that corrections for 1oad?Varf3tions -

can be made before the process is affected. In most feedforward applica- ;

tions, however, the process is measured and feedback corrections are made,

based on the error between the process value and set point. This correc-

tion, called feedback trim, is applied to correct for disturbance variables

that are not foreseen or are not included in the feedforward equation.
Feedforward control is most advantageous 1h‘processes where time lags

" are “sigmificant and where process instability caused by over- or under-cor-

rection resulting from lag time is critical. Otherwise, the added expense ‘

and complexity of feedforward contro] is not justified G?The basic concept

of feedforward contro] has been used for many years. One such application -

-_ N
boiler control - has been used with much success.

. .
BOILER CONTROL

With rising fuel costs, increased emphasis on plant operation and per-
sonnel safety, and increased competition of manufacturing costs and methods,
bbi]5} operation efficiency is an important .consideration. This is not to
say that interest in Qpi]er controls and boiler control theory is new..
Boiler control principles and applications have formed a prominent class of
process ;ontfo] systéhs. These systems have been the forerunner to, and
-peﬁhaps even spawned, development of those used in other process app11ca-

tions. T, ‘ ze

BOILER CONTROL THERY . . L

Automat1c systems for the control of bo:]ers can range. from a simple
ON-OFF pressure Switch to a sophist1cated computer program with several
hardware components. Most boiler control systems possess a complexity that
is a compromise between the two extremes. |

o *
- o

Need for Special Control Considerations

. va
L]

'A boiler is a device that converts'water into steam. In this context,
a teakettle could be classified as a boiler. However, because generation of

.
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steam is the prime functio of a boi]er, relaing a3 eakett]e to a boi]eg is

losely simulates boiler

Q&operation. Suppose the putpose of a pressure cookef operation were to gen-

-~

erate low-pressure, saturated or wet stegs is analogy, steam would”

be taken out of the vesse] and water wo added to maintain water .levely

so the cooker would not_overf]ow or run dfy. Of course, normal gperation of

« the device in question 1s‘¢o maintain-a steam pressure wi®h no”steam flow .

* applications require 1 more sophfst1cated,means of boiler control. A block

(that is, the steam is nof eenSumed) The only steam consu’ption is that
which is vented by the pressure regulator (a weight that covers a small =

" opening in the 11dL, As dressure increases, it creates a calculated force

on the we%ght. This force causes the weight to be lifted from the opening
(valve seat), venting the steam and reducing preéSure. This process
concerns a simple ON-OFF pressure control Aystem.

Now, consider a diffErent-situation. Instead of merely maintaining the

Steam pressure atla,vaiue to raise the bo?ling point of the water above
212°F at 0 ps1g, suppose it. wereidesired to take Steam at undetermined rates
from the pressure cpdker and, at the same time, keep the pressure constant.

This set’ of cond1t1ons c0mp11cates the. control techniques required. .Contro? ’

1

possibly could be 1mp1emented by ON OFF operation, but the feasibfitity of
" this would,-as ment oned}in previous modules, depend upon the degrée of
cycling that cou]d be t 1anted The control system - whether ON- OFF o\
proportional - must have a means of tevel control to maintain the f]ow of
water into the vessel at the §ame quantity a%, the steam that is bejng gener-
" ated aﬁd”remﬁved.”Thisais a material balance. To maintain the steam pres—
sure constant,Aﬂd inde dent of varying steam flow rate, fuel (energy in)
must be added to the bzfner at an exact amount needed to generate the re-
qujred amount of steam!(energy .out). Th1s is an energy balance. In many
instances material and’ ,energy balance for’boiler control (1ow pressure, 1ess
than 50 psig, and Tow-Yo1ume boilers) can be achtgﬁed with an ON-OFF 1eve1-
ﬁeontrol sw:tch that coptro]s a pump. An ON-OFF pressure-switch also can be
used to control fue] ﬂ]ow to the burner. However, most industrial boi]er

*

diagram of a boiler control system is shown in Figure 3.

® k.d%,o"‘ /
1C-08/Page 13



5
A

-

. Page 14/1C-08 . " ' "y

° R %
[T, 0]

N + ANALYSIS . .
EXHAUST &
. . GASES . <
>
WATER TANK B
s PRESSURE & FLOW
{. ¢ MEASURE
. “ N -
' : STEAM SOILER STeAm out
| WATER N : 1
FwaTeR * ] -
. Tever ” 1
| SIGNAL WATER LEVEL
I, CONTROL ]
M et e e e .
IN

i

Figure 3. Block diagram of a boiler control system.

'

Combustion Air Control

The steam production rate of industrial boilers is great enough that

static_atmosphere around the burners does-not contain enough oxygen to sup-
port qombust1on of the fuel. Air must be e1ther blown or forced into the
firebox of the boiler by blowers or fans; or it must be pu]]ed through.
When blowers force_air through the boiter, the term “forced draft" is used
to define the boiler. When air is pulled or sucked through,'the term "in-
duced draft" is used in the bailer definitjon. Therefore, boilers are the
induced-draft (ID) type, the forced-draft (FD) type, or they operate on both
principles. Regérd]ess of type, air flow must be measured and controlled to
keep an exact combustible mixture of aif and fuel. If air flow is exces-

.

" sive, the air-fuel mixture will be lean; and could result in a loss of

flames ‘When the amount of air flow is too small, the mixture is rich. "A
rich mixture could result }n undesirable conditions. such as a loss of flame
or a combustib]e mixture entering the boiler stack that could calse an ex-
p]osion or’a costly pollution of the atmosphere. The ratio of air to fuel',
flow must be controlled im exa¥t proportions to provide fuel combustion at
optimuﬁ effjciency and to avoid ‘the condit}ons listed above. Because any

" air that enters the boiler and is not used in the combustion process acts to

. | . S
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draw heat energy from the steam generation process, the combustiongair flow
is controlled as the ratfo to the -fuel flow. o @

Steam from the boiler and steam drum pressure re measured, with a
change in either reflecting a change in boiler 1oad, hich in turn will af-
fact tne combustion process. For example, ‘an increase in steam flow or a
decrease in steam drum pressure (either or both) would indicate a need for
an increase in’ the boiler firing rate. This inerease means more gas for
energy, more air for combustion, and more,water to make the steam. The air,
gas, and water must be added quickly, at a rate that will maintain the crit-
ical material and energy balance. A method to do this.will be explained
later in the module. ' e
Drum Level and Feedwater Control . ")

Drum-boilers utilize a steam drum where the water - which passed
through the tubes in the firebox and was heated.- is in equilibrium with the
generated steam. Remember the reference to the pressure cooker (steam drum)
\in which the steam and the water from which the steam was formed were in
equilibrium. If'a steam quantity were allowed to escape from the cooker,
nore mater would be vaporized to replace the steam that left the vessel. In
a drum boiler, the steam and water are in equilibrium; the steam and water
are at the same temperature; and the steam is saturated'or wet-. Most com-

+ mercial boilers have a superheater section where the wet steam is passed
through another section of the boi]er and is heated above the saturation
temperature to make superheated steam. Regardless of the particu1ar
arrangement, when more steam is used from a boiler, an amount of water equa]
to the éteam usage must be added to the boiler drum.

The boiler.drum level is usual]y_a’three-e1ement control arrangement.
The three elements measured to control drum level are steam flow, feedwater
flow, and the drum Tevel itse]f; A simple single-element level system
relies on the drum-]eve] measurement only, However, this is not adequate in
boiler app11cations because a sudden change in boiler load could result in
extreme variations in level when controlled by a single-element feedback
control. The three-e¢lement level-control system will maintain the feed-

. wateny flow rate equal in mass flow values to that of the steam leaving the

. IC-08/Page 15
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boi]er.' An increase in, steam flow from the boiler will re§§1t in an in-

crease in feedwater to the boiTer tubes. The drum-]evel value is measured,

and an error signal between the actua] value and desired va]Ue is used to
correct feedwater flow rate. This is known as feedforwardlcontro1 witﬁ’

feedback trim. ‘

‘Auxiliary Fuel Contra1

v

Most industrial boilers are powered by‘two di%ferent fuel sources.
Some boilers utilize an.e1ternate fuel 'supply; buc this supply is not always °
available. These alternate fuels are produced on an irregular basis as a
result of a product tbat does not possess a quality high enough for sale.
In most cases, these fue]s can be used in this way more e§f1c1ent1y than
recycling them through the ‘process. Other boiler applications, such as the s
ones found in hospftals, require an aUxi]iary or\backup fuel. The auxiliary '
fuel is'usua11y fuel 0il1, which can be stored in large tanks to provide
emergency operation during times of main fuel supply 1nterrupt1on. Though
th1s situation 1s changing somewhat with increased emphas1s on the curta11-
ment of natural gas consumption, stdndard, conventional- fue?%d bo11ers use .

natural gas a pr1mary fuel source and fuel oil as a “secondary or standby

source. . »
?\T Becatise of tHe difference in fuel requirements, boiler control systems
are des1gned for the primdry and, usually, the auxiliary fuel. Sometimes,
~however, the boiler must oe controlled (partially at least) by open- 1oop
"control methods when the standby fuel source is used. Flame detectgrs, con-

¢ trol syétem,'for‘air and fue], and burners norma11y will not accommodate -

both gas and 0i1 combustion. In some cases, auxiliary control equipment is

f
]

designed for the secondary fuel--
£_Fuel flow to boilers’ fs supplied at a rate that will a]]ow it to mix.
“with the air to make a su1tab1e air-fuel ratio. This is normally done by

feedback contro?]ers that utilize a feedforward concept. Fuel and air flow

Jimiting technrques are provided to avoid hazardous mixtures that wou]d
result in uniefe boiTer operation.’

«

~




WATER TUBE DRUM BOILER

-

Water tube drum boilers, like the one shown in Figure 4, have one or

more relatively small steam drums that have several tube arrangements. A

STEAM y
OUTLET SUPERHEATER TUBES

REFRACTOR

Figure 4. A water tube drum bailer.

ECONOMIZER

&
| CONVECTION *
SECTION

CIACULATING

PUMP AAOIANT =

& SECTION

Figure 5. Schematic diagram of a
forced-draft water tube drum boiler.

CONTROL SYSTEM FOR A DRUM BOILER

Thes control schematic of a water tube drum boiler is shown jn Fi

~

|va1ue.

"shgwn 1n Figure 4

mixture of steam and water flow
through these tubes, which are heated
The boiler
feedwater is pumped into a steam drum

on the outside surface.

that supplies water to several passes'

of the generating tubes. Steam is
generateq‘in'the tubes, and then a
mixture of steam and water:-circulates
tﬁrohgh the tubes and returns to the
‘steam drum. The mixture is separated
in the drum, which furnishes a steam
supply to a header-for consumption.
Pressure and flow rate dre measured.
‘These measurements determine the
boiler firing rate whigh, in turn,’

maintains the pressurf at a desired-

A water tubef/drum boiler is

Figure 5.

¢ ¥

gure 6

and the measurement and:control points are sﬁown in Figure 7. It should be

stressed again that the primary function of the contrql system in Figure 7

is to regulate the, supply of'fué], air, and feedwa}e?lat the exact rate and

in the exact proportions needdd to generate a desiredq?mount of steam at‘thi\\.,

. desired pressure. -

.

i . . ' +
.

1]

1C-08/Page 17

-

.
P

.

3

v




2 »
) = ' |
an , <
g . v
- ' ’ . ! |
® |
~ o |
— 1
' ' - groTmnAA } < |
o PRESSURE . N L SUPE R ’ ’ l
& TRANSMITTER | SUMMER RATIO SELECTOR ‘\ZE%”T‘,SS,EE |
, (o1 2\ FROM OTHER i
. v ' BOILERS * |
. ' .
« 3’ R = 3
— # |
STEAM MANUAL-AUTOMATIC LEVEL i
’ ' SELECT STATION TRANSMITTER TRANSMITTER i
. |
X FLOW % @ - |
) TRANSMITTER. SaLSRE FILTER ‘ |
. ROOT EXTRACTOR PVA § PROCESS )
. /Hic %OIL : VARIABLE-AIR )
) ‘ Low .
. SELECTOR 1 Pv.e W,
: ALGEB';lsA'i,c A[?Dg 8Py (8ET FUNCTION . ~
POINT- THIGH | QGENERATOR S8QUARE ROOT
FUEL) [SELECTOR  § EXTRACTOR . .
(BET POINT- AR
LOW PV \__/ . ' |
’ SELECTOR VA;S?&?EE FuEL)
. - AIRIFUEL
> ’ . ' A RAT'O }
e somne ! () T : . - 266
AN Aot « 4 Flow Y
. EXTRACTOR g oW TTER
‘ | Limngud,
AR 4 |
, DAMPER S ,
N r—‘ P P : D —jt;{ }—-——D
olL FUEL GAS . FEEDWATER
R r~ . .
{ . ) &1 \ . :
" ’ Figure .6, Control schématic of a water tube drum boiler. -
! . ;
- . - 9 .

- . . ~
Aruitoxt provided by Eic: “




FLOW TRANSMITTER FLOW TRANSMITTER

. TEMPERATURE 5
PRESSURE ELEMENT
TRANSM! R
TTE LEVEL

TRANSMITTER OXYGEN

MEASUREMENT

FLOW
TRANSMITTER

FLOW-
CONTROL FURNACE
VALVE
. _%)——J
—"UURNERS
—- 1\../
FUEL e~ AIR
WIND BOX PREHEATER
‘ »
S
= AR <— | [N

N
COMBUSTION AIR DUCT

FLOW TRANSMITTER
FORCED DRAFT FAN

Figuré 7. Drum-type boiler with measurement and control points.

-

Air and Fuel Control

Assume that the boiler is generating steam at a comstant rate and pres-
sure that is equa] to the ‘demand or steam load on the steam header:« An in-
crease in steam consumption will result in an increase in steam flow and a
decrease in steam pressure. To- compensate for this load change, the firing
rate must be increased, more fuel and air must be added, and the feedwater -
flow must be increased.- The steam pressure controller (PIC 1) reacts to a
decrease in steam headgr pressure and generates a signal that is t{an5m1ttgg
to the summer. A linear signal from a square root extractor that is propor-
tional to flow also is transmitted to the summer. The output of the Summer
" {s adjusted by a_ratio controller to bias the boiler firing rate when other
boilers are supplying ;team to the same headeg: If, for- example, four

-
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boilers are supplying steam to a common ﬁeader, a particular boiler can be

, biased by the ratio controller to carry any desired percéhtage of the total
load. The signal leaving the ratio controller determines the firing rate of
the boiler and, for normal operation of the manual-automatic select switch,

passes unattended through the high selector and lowaselector 1 to drive the
set pbint of the fuel-flow centroller FIC 1 and th‘
2. Both flow controllers are slave controllers of a cascade loop, and they

r-flow controller FIC

_determine flow rates at amounts determined by the master controller PIC 1. )
The low selector 1 selects the lower of the two signals - the output of
the PIC 1 or the air flow feedback signal' - that is altered by the air-fuel
ratio selector. During times of abnormal boiler operation (when the air
damper may stick, or for some reason the air flow amount would be 11m1t1ng)'
the PVp you]d be lower. "~ Under such con{itions, theigir flow would pace
the fuel flow. ‘
The high selector in the set point circuit to FIC 2 receives a signal,
PVE, which is the fuel-flow feedback signal representing the total fuel
f]ow. This signal is compared to the set point from PIC 1, and the higher
of the two is the set point to FIC 2, which determines the combustion air
flow rate to the boiler. The purpose of the high sélector is to allow air -
" Flow to follow fuel flow if the fuel valve sticks open and fuel flow is
excessive, o
Any circumstance that would result in the air-flow feedback signai
driving the set point to the fuel-flow controller or' the fuel feedback sig-
nal driving the set point of the air flow would define a stop-gap control
situation. The high and low se]ectors are used to safely control the air-
fue] mixture until the 'abnormal condition is e]1m1nated or ‘untilsthe boiler
can- safely be shut down.

’

v 4 . ‘
» Dual Fuel Control o .

The primary fuel for the water tube drum boiler is natural gas, with
fuel 01l being used as_thé auxiliary fuel, "Although some boilers can be
fired comp]etq]y on a secondary fuel, this'b9i4er and control system can-
not. The hand-indicating controller, (HIC) in the fuel control circuit is
-open-100p contrpller. There .is no feedback loop from the. ofl flow trans-

'

~
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mitter to the HIC. An amount of 0i1 flow to the 0i1 burner, usually less
than about 25% of the total fuel flow, is set on the manual controller. A.
variation in oil flow is measured by the oil-flow transmitter, where output

'is added with the linear feedback signal from the square root extractor in

the gas-ftow feedback loop.. The output of the summer provides the fuel-flow
feedback signal. Therefore, an increase in oil-flow will cause a propor-
tional decrease in gas fﬁow to maintain the total fuel flow constant. If
the oil-=firing rate set point is increased by the operator, the oil-flow
signal will increase. This increases the process varigb]e to the fuel~-flow
coqtﬁq]]er which, in turn} provides negative feedback and réduces the gas
flow. ¥ B ) ‘

The low selector in the o11-contro1 circuit allows the master s1gna1
from the PIC 1 (which is the set point to—FIC lf to cut back on oil flow, °
and it ‘keeps the oil firing rate less than the gas firing rate.

.

\
Drum Level and Feedwater Control

The three-element feedwater-control-system is the mpterﬁa] balance con-

~trol that keeps the feedwater Flow equal to the steam flow, FIC 3 (feedwater

flow transmitter). The control valve is a conventional feedback flow-con-
trol loop which controls the feedwater flow rate. For a given flow rate,
variations in flow rates will be measured and compensated in a way that is
similar to any FTow 1oop; The set point for the controller comes from the
LIC 1, which controls drum level at_a desired value. LiC 1, then, is a
master controller in a cascade loop; and FIC 3 is the slave. The set point
for FIC 3 from LIC 1 goes- through a.summer which combines the output from
“LIC 1 with the steam-flow ‘variable from.the steam-flow transmitter. A

" change in steam flow will a]ter the feedwater flow to maintain a material
balance on the steam drum. Thls action occurs before the drum 1eve1
cﬁanges. This control schenie is‘a feedforward concept, implemented by feed-
back control means. T ) <

»




Feedback Trim.Control of Atr-Fuel Ratio

-

The AIC (analyzer indicating controller) is a feedback controller. It
receives a procesé variable signal from an oxygen analyzer that monitors the
oxygen content in she flue stack. The boiler firing rate determines the
amount of oxygen required for combustion; and.the AIC set point is supplied
by. 2 function generator with an output that varies with the steam-flow
rate. The function is nonlinear because the amount of oxygen needed varies
nonlinearly with firing rate. The filter in the set poinf of the AIC is
filtered to make the load compensation a.gradual process, thereby avoiding
upsets and oscillations. In steam boiler applications, where load demands
are fairly constant, the oxygen set point usually is manually adjusted.

The output of the AIC correct%(thE‘air-flow ratio by biaging the feed-
back signal from the air-flow tran§mjtter to FIC 2. For stabple operating:
conditions, this gatio s set by the \ratio controller to control the air-
fuel ratio content in the flue stack, and the constant readGustment of the
ratio helps to maintain the ratio to establish maximum efficient operation-

Safetx Shutdown Procedures and Conditions

In addition to a control system that sypp]ies_variab]es to a boiler at
exact values and proportions, a shutdown control system must be provided.
This shutdown system causes thé boiler to shut down’safely when abnormal
boiler operations or control-system malfunctions result in hazardous boi]eri
operating conditions. . <, - .

The best and surest way to shut a boiler down is to c]q;e\xhe fuel
valve. Normally, a solenoid-operated valve (SOV) is mount€d in the fuel
1ine that leads to the burners. The va]ve S quick, sudden ‘action resu}ts in
positive shut-off. 6¥ the fuel flow. A loss in signal resulting from any
switch opening in the shutdown circuit causes the valve to close immediate-
1y. Restoratioﬁ of the signal will not open the valve; it must be opened
manually. ' '

Cond1tions that cause a boiler to shut down may vary with part1cuTar
boiler operation; gyt they usually include the following:

+ High and 1ow_s£eam header pressure.
' L. / x
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« Flame failure.
High or 1ow oxygen content in the stack. .

High or low drum level, X
+ High combustible content, or explosive mikture in the flue stdck. -

Special sensors normally are used tb detect a shutdown condition.
Pressure, level, and flow switches are commercially available to monitor
critical conditions. The measur@ment of these variables i¥s maae by proceés
transmitters, and the scaled output signals are sometimes used in the shut-
down circuits Auxiliary shutdow&devices are sometimes desired for redun-
dant operation. If one system malfunctions, a backup shutdown system is
available to assure the safe dperating shutdown of equipment.

A typical fuel shufEKQ; system is shown in Figure 8. The normally-
closed trip valve is opened manually and is held open (or energized). by the
startup switch. When the boiler is operating at normal conditions, the
startup switch is secured, and sometimes locked, in the open position. This

action averts an override of the shutdown system. ¢ -

CONTROL SIGNALS FOR EACH CONDITION

7 HOLD CONTACTS CLOSED OXYGEN CONTENT

o srEae R —— i

FATINME  LOw STEAM tevet LOW DRUM _, HGH tow

wveL
P S
- NORMALLY
. OPEN
RELAYS
N . .

UNINTERRU!
PgWEH SOURPEED START-UP SWITCH

) (NORMALLY |OPEN)
- . <f€> ‘ .
- . . L.

“

SIGNAL FHOM\‘ULL FLOW CONTROLLER

NORMALLY CLOSED
SOLENOCID

OPERATED TRIP
VALUE

————
FUEL TO BURNER

. Figure 8. Typical fuel shutdown circuit.
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The nOrma]]y-open relay switches in Figure 8 are held closed by safe
process conditions. A relay in the output circuit of a combustion analyzer
causes—the associated switch to be closed only when the mixture of exhaust
gases in the flue stack is not combustible (that js, when boiler combustion
is complete and no unburned fuel is entering the stack). . .

Thegflame fa11ure switch is held closed by an optical flame .analyzer
that measures e]ectromagnet1c radiation from the flame. The Jight from the
f]ame, usually meastired in the infrared or ultraviolet wave]anth region, is
detected by a photodetector. Current from the detector is amplified to a

level that is sufficient to energize a switch. When the flame is extin-

¥

. Quished, energy to the photodetector ceases, and the switch opens. . An
intermittent f]ame failure will close the trip valve. This valve remains
closed until opened manually. If the shutdown feature were not provided, an*®

) intermittent flame failure could fill the firebox with gas, causing a‘haz:

ardous condition. An optical flame detector is used because of the very -
fast response time. A thermocouple would.not respond_to_a flame failure
quickly enough to close the trip valve if interruption in the gas flow were
instantaneous and gas flow were sudden]y restored

The boﬁﬁer control system discussed in this module is only moderately
complex; there are several more sophisticated systems used in some applica-
tions. Programmed startup”and shutdown systems are provided for some
boilers to eliminate or reduce the necessity ‘of operator drudgery in 'he
startup and shutdown *of bo11ers.' Other, more advanced control system§ uti-
1izing microprocessor control teSin1ques are a]so employed in modern bGiler
operation. However, such control techn1ques do not deviate from the bastc
principles of boiler control presented in this module.

B
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: o . E EXERCISES

P
1.’ Draw a cascade control loop that‘contro1s the temperature of a process,
and then perform or answer the following: . .
. a. Indicate the primary and secondary controllers. .
b, Explain the function or purpose of the two Controllersa ¢
c. Explain the advantage of a cascade control gystem over a single-
' element control system.
-d. 'Give the procedure to startup and tune a cascade control loop.
e. Explain the purpose of the manual loading stat1oﬁ.
. 2. Draw a ratio control loop that contro1s one flow in-a direct ratio to
' another flow. .
3. .Explain when and why square root extractors are needed in a ratio con-
trol system. -
4, Explain the concept of feedforward control.
5. Explain the feedforwaﬁd control cbncgpt and why it is advantageous to
. boiler control. ‘ ‘ . A
6. Describe feedback trim,.and tell why it i$ necessary.
7. How is the material and energy pa]ance on a boiler maintained?
8. How are ratio and cascade control'used in a boiler control system?
9, How is feedback trim provided for the control system, as discussed in
\ this module? ’
» 10”) Why are optical flame detectors used in boiler shutdown systems?
" 'ABORATORY MATERIALS
' None. ‘
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LABORATORY PROCEDURES v
: - fr
' "\ LABORATORY 1. BOILER VISITATION.

Visit a conyentionally fired boiler installation to obs§£ve'boj%$r

bperation and contrdl. The following items should be considered or ob-
served. ' o ' : -
;o Type of boiler - water tube, fire tube q!;um, or straight}through.

1.

2. @%ET systFm - auxiliary or backup provided..
3. Drum level control (if applicable), twg- or three-element
,4. Ident1fyra cascade and ratio control loop.
5
6

-

A\]

.. Identify a method or methods to ensure optimum control operation.-

\\\

. Identify a boiler as either an induced-draft type or a forced-dtaft
: - ~ )
type. . " . s
‘v . ’ 14 v
LABORATORY 2. FILM PRESENTATION. 7

£

View the film produced‘by the Instrument Society of America entitled
"Boi]efilgnd Their Control - Parts 1 and 24" -} . .

t . -~

*~ o
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b X ‘xg"fy‘rs . B
GLOSSARY PR S .
" A3
Boiler: A device to generate a quant1ty of steam for consumption at a de-
sired pressure, .

s
Cascade control: A system that involves two contro]]ers, where the output
of one furnishes®the set point of another.,

Combustion air: The air a boiler requires to burn the fuel J/ ..

.
.

Page 26/1C-08

v b 4 o 27‘1 X .~\




« N

s ’ . M

Drum boiler: - A boiler type in which water is supplied to a‘drum that
supplies water to tubks, Water is heated in the tubes and returned to
the drum. Wet steam from the drum is passed through a superheater,

Feedforward control: A control system in which both demand potential.and
demand load are measured. A supply amount is determined. from the mea-

. sured values of potentia] and load and is used to maintain the desired

. balance. . -
. Ratio control The scheme by which two yaf1ab1es,¢usua11y flow, are con-
- troJ]ed in exact proportion to each other.

Stra1ght through tube boiler: A boiler that has water supp11ed to one end °
of a series of tubes, and steam taken from the other end of the tubes.
It cgn;ains no steam drum. - -

ﬁxyater'tube drum boiler: A boi]er that contains water on the inside of
tubes; and sheat 15 appTWed to the outside of the tubes. - . ,
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1.

[y a

List t‘ﬁ'egfour general boiler e]assificagtions.b

) 2. A three-element drum level control consists “of the following: -
- “a. N ' " o
b. RN | o
. * 3. The control]ers in a cascade loop are ca]]ed and . . )
4. Th\two flows of a ratio- control loop: are called and .
i . ‘ / . ' .
’ 5. The component used to decouple™a cascade control system i's called Tl
Lo . . " \ ' ' i - . . T
%. .In tuning a cascade control 1oop, a general: procedure is to tune the t
controller in ‘an exact order. List the order in which the controllers . R
are tuned. ) ’ ' ' (
" 7. Flame.detectors for ‘boiler shutdown circu'its are generaﬁy of the
‘ ’ type because of the . N ) R
. Q8. The feedback trim control d15fussed in this modu]e is prov1ded by wh1ch '
) measurement. , . . .
9., List four boiier cond1t1ons that norma]l.y would constitute a shutdovfn N
condition. - . . '
' 10. -Boiler control  is based on maintaining one variable constant., That ’
, variable is _, _ ' . ' , ) ’
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