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Foreword 

 

This book titled “Process Instrumentation, Dynamics and 

Control for Chemical Engineers” is a compendium of 

measurements in engineering practice with specific applications to 

Chemical Engineering. The Chapters are so designed by the 

authors that each Chapter deals extensively with particular aspects 

of measurement, method and device used. 

The book is divided into ten chapters. The first chapter deals 

with performance characteristics of measurement systems with 

focus on statics and dynamic characteristics; Chapter two deals 

with pressure measurement methods; Chapter three on level, 

height and volume measurement; Chapter four on the principles of 

volumetric flow meter; Chapter five on the primary elements of 

differential pressure devices; Chapter six on the principles of 

variable area constant head devices; Chapter seven deals with 

temperature measurement methods while Chapter eight, nine and 

ten focus on basic plant control concepts, modes of control and 

their applications, and construction with operation of practical 

controllers. 

The authors have their unique style of writing. It will be of 

interest to the reader to note that the authors attempted to proffer 

solutions to some questions in different areas of process control. 

This is a book that many students, scholars, researchers and 

teachers in tertiary institutions especially those in sciences, 

applied sciences and engineering fields will find very informative. 

                                 

                                                          Professor E. O. Aluyor 

                            Head, Department of Chemical Engineering 

                                 University of Benin, Benin City, Nigeria 
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Preface 

This book presents a comprehensive treatment of the 

principles of good measurement and instrumentation practice. 

Measurement and instrumentation control should be taught 

throughout the duration of engineering courses, starting at an 

elementary level and moving on to more advanced topics as the 

course progresses. With this in mind, the material contained in 

this book is designed both to support introductory course in 

measurement and instrumentation at the ordinary national diploma 

in the polytechnic, and also provide in-depth coverage of 

advanced topics for higher level courses in the university. It is 

suitable for all engineering disciplines and science laboratory 

technology. The prerequisite on the part of the reader is that he or 

she has had introductory courses on differential equations, circuit 

analysis and mechanics. 

In this book, the basic concepts involved are emphasized and 

highly mathematical arguments are carefully avoided in the 

presentation of the materials. Mathematical proofs are provided 

understanding of the subjects presented. All the material has been 

organized toward a gradual development of measurement and 

instrumentation control. 

This text is organized into ten chapters. The outline of the 

book is as follows. Chapter 1 presents an understanding of the 

static and dynamic characteristics of measurement system 

beginning with an introduction. Chapter 2 deals with the methods 

of pressure measurement such as the working principle and the 

application of the manometer, bourdon tube gauge, diaphragm, 

bellow type gauge, pressure recorders and pressure regulators. 

Chapter 3 presents the relationship between level height and 

volume. Here the description of the operation and use of 

buoyancy type gauges, float-operated gauges, differential pressure 
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transmitter system, purged dip pipe systems and electrical level 

measuring devices are discussed. 

Chapter 4 treats the principles of volumetric flow meter while 

Chapter 5 discusses the primary elements of differential pressure 

devices such as the venture meter, nozzle, pitot tube, orifice plate 

and pitot-static tube. Chapter 6 treats the principles of variable 

area constant head devices such as float and tapered tube meter as 

well as orifice meter. Chapter 7 covers the methods of 

temperature measurement while basic plant control concepts, the 

modes of control and their applications as well as the construction 

and operation of practical controllers are presented in Chapters 8, 

9 and 10 respectively. 

Throughout in the book, carefully chosen examples and solved 

problems are presented at strategic points so that the reader will 

have a clear understanding of the subject matter discussed. 

Furthermore, exercises are provided at the end of each chapter. 

The authors wish to express their sincere appreciation to all 

who helped in the preparation of the manuscript and especially to 

the staff and students of Chemical Engineering and Polymer 

Technology Departments of Auchi Polytechnic, Auchi Edo State 

and that of the Federal University of Petroleum Resources, 

Effurun Delta State.   

 

                                                                                             

Otoikhian Shegun Kevin PhD 
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INTRODUCTION 

 

Measurement techniques and instrumentation control have 

been of immense importance ever since the start of human 

civilization, when measurements were first needed to regulate the 

transfer of goods in barter trade to ensure that exchanges were fair 

and the instruments that were utilized for these measurements 

were accurate and standardized so that some people are not 

unduly cheated. The industrial revolution during the nineteenth 

century brought about a rapid development of new instruments 

and measurement techniques. Since that time, there has been a 

large and rapid growth in modern industrial technology. This has 

been particularly evident during the last part of the twentieth 

century, encouraged by developments in electronics in general 

and computers in particular. This, in turn, has required a parallel 

growth in modern instruments and measurements techniques. 

The massive growth in the application of computers to 

industrial process control and monitoring tasks has spawned a 

parallel growth in the requirement for instruments to measure, 

record and control of process variables. As modern production 

and analytical techniques dictates working to tighter and tighter 

accuracy limits, and as economic forces limiting production costs 

become more severe, so the requirement for instruments to be 

both accurate and cheap becomes ever harder to satisfy. This later 

problem is at the focal point of research and development efforts 

of all instrument manufacturers. In the past few years, the most 

cost-effective means of improving instrument accuracy has been 

found in many cases to be the inclusion of digital computing 

power within instruments themselves. These intelligent 

instruments therefore feature prominently in current instrument 

manufacturers catalogues. 
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A wide range of technologies and sciences are used in 

measurement, instrumentation and process control, and all 

manufacturing sequences use industrial control and 

instrumentation. This book is designed to cover the aspects of 

chemical engineering industrial instrumentation, sensors and 

process control for the manufacturing of a cost-effective, high 

quality, and uniform end product. 
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CHAPTER 1 

 

PERFORMANCE CHARACTERISTICS OF 

MEASUREMENT SYSTEM 

 

The performance characteristics of an instrument are mainly 

divided into two categories; 

(i) Static characteristics  and 

(ii) Dynamic characteristics 

 

Static Characteristics 

The static characteristic of measuring instrument are 

concerned only with the steady state reading that the instrument 

settles down to, such as the accuracy of the reading, among others. 

For instance if we had to measure the temperature of certain 

chemical processes, a variation of 0.50C might have a significant 

effect on the rate of reaction or even the products of a process, a 

measure inaccuracy much less than ± 0.50C is therefore clearly 

required. Static characteristics of instruments are given in the data 

sheet for a particular instrument. It is important to note that the 

values quoted for instrument characteristics in such a data sheet 

only apply when the instrument is used under specific standard 

calibration conditions. Due allowance must be made for variations 

in the characteristics when the instrument is used in other 

conditions. Examples of static characteristics are accuracy, 

precision, repeatability, reproducibility, tolerance, range or span, 

linearity, sensitivity, threshold, resolution, hysteresis effects and 

dead space. 

 

Accuracy 

Accuracy of an instrument or device is the error or the 

difference between the indicated value and the actual. Accuracy is 
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determined by the comparing an indicated reading to that of 

known standard. In practice, it is more usual to quote the 

inaccuracy value rather than the accuracy value of an instrument. 

Inaccuracy, also known as measurement uncertainty, is the extent 

to which a reading might be wrong, and is often quoted as a 

percentage of the full scale (FS) reading of an instrument. 

Thus, 22211 efsdefsdI mIPmIP   where P1 and P2 are the 

percentage error, Ifsd1 and Ifsd2 are the instruments full scale 

deflection and me1 and me2 are the maximum expected error 

reading (in units). Accuracy depends on linearity, hysteresis, 

offset, drift, and sensitivity. The resulting discrepancy is stated as 

a plus-or-minus deviation from true, and is normally specified as a 

percentage of reading, span, or of scale reading or deflection (% 

FSD), and can be expected as an absolute  value. In a system 

where more than one deviation is involved, the total accuracy of 

the system is statistically the root mean square (rms) of the 

accuracy of each element. Some of the formulae used to solve 

problems on accuracy are 

1. %100
tMeasuremen

Error
ErrorPercentage  

2. ErrorValuetMeasurementMeasuremenActualOfRange   

3. 
2

ValueNearestTheToDimensiontMeasuremen
Error   

 

Example 1.1 

A pressure sensor has a span of 25 to 150psi. specify the error 

when measuring 103psi, if the accuracy of the gauge is (a)  1.5% 

of span, (b)   2% FSD, and (c)  1.3% of reading. 
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Solution 

(a)    psipsiSpanPeError 88.125150
100

5.1
          

(b)   psipsixFSDPeError 3150
100

2
  

(c)    

PsiPsiadingMeasuredPeError 34.1103
100

3.1
Re   

 

Example 1.2 

A pressure sensor has an accuracy of ±2.2% of reading, and 

transfer function of
kPa

mV27 . If the output of the sensor is 

231mV, what is the range of pressures that could give this 

reading?   

Solution  

The pressure range Accuracyading
Valueinput

Valueoutput
Re  

The pressure range  

kPakPakPa 687.8313.8%2.25.8%2.2
27

321
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Example 1.3   

In a temperature measuring system, the transfer function 

is %1.22.3 
k

mV , and the accuracy of the transmitter is  1.7%. 

What is the system accuracy? 

Solution  

System accuracy  enee PPP 2
2

2
1

2 ........   

Where Pe1, Pe2 … Pen are the percentage errors of the elements in 

the system. 

System accuracy =      2
1

22
017.0021.0   

                = ± 2.7% 

It is an important system design rule that instruments are 

chosen such that their range is appropriate to the spread of values 

being measured, in order that the best possible accuracy is 

maintained in instrument readings. Thus, if we were measuring 

pressures with expected values between 0 and 1bar, we would not 

use an instrument with a range of 0-10bar. 

 

Precision 

Precision is a term that describes an instrument’s degree of 

freedom from errors. It shows how close the measurements are to 

each other. If a large number of readings are taken of the same 

quantity by a high precision instrument, then the spread of 

readings will be very small. Precision does not mean the same as 

accuracy. High precision does not imply anything about 

measurement accuracy. For example, if repeated measurements, 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 7 

say 20 values, of the boiling point of pure Water at 760mm.Hg are 

taken with a thermometer and each measurement is nearly 

identical, the results are considered precise. Suppose the results 

obtained are: 

a. 1000C ± 0.10C, the results are considered precise and accurate. 

b. 950C ± 0.10C, the results are considered precise but inaccurate 

since the boiling point of water is 1000C 

c. 900C ± 50C, the results are considered to have low precision 

because of the wide range of values obtained and low 

accuracy. 

A high precision instrument may have a low accuracy. Low 

accuracy measurements from high precision instruments are 

normally caused by a bias in the measurement which is removable 

by recalibration. 

 

Repeatability 

Repeatability is a measure of the closeness of agreement 

between a numbers of readings taken consecutively of a variable. 

In other words, repeatability describes the closeness of output 

readings when the same input is applied repetitively over a short 

period of time, with the same measurement conditions, same 

instrument and observer, same location and same conditions of 

use maintained throughout. The spread is referred to as 

repeatability if the measurement conditions are constant. 

 

Reproducibility 

Reproducibility is the ability of an instrument to repeatedly 

spread the same signal over time, and give the same output under 

the same conditions. In other words, reproducibility describes the 
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closeness of output readings for the same input when there are 

changes in the method of measurement, observer, measuring 

instrument, location, conditions of use and time of measurement. 

The spread is referred to as reproducibility if the measurement 

conditions vary. 

 

Tolerance 

Tolerance is a term that is closely related to accuracy and 

defines the maximum error that is to be expected in some value. 

Tolerance describes the maximum deviation of a manufactured 

component from some specified value. For instance crankshafts 

are machined with a diameter tolerance quoted as so many micros 

(10-6m), and electric circuit component such as resistors have 

tolerance of perhaps 5% that is, the actual value is nominal value 

± percentage tolerance value  

 

Example 1.4  

A resistor is chosen at random from a batching having a 

nominal value of 1000W and tolerance of 5%. Calculate the upper 

and lower tolerance limit. 

Solution  

Actual value = nominal value ± percentage tolerance  

Actual value WxW 1000
100

5
1000   

Lower tolerance limit, Lc WWW 950501000   

    Upper tolerance limit, Hc WWW 1050501000   
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Range or Span 

The range or span of an instrument defines the minimum and 

maximum value of a quantity that the instrument is designed to 

measure. 

 

Example 1.5  

The pressure in a system has a range from 0 to 75kPa. What is 

the current equivalent of 27kPa, if the transducer output range is 

from 4 to 20mA? 

Solution 

                              
minmax

min

minmax

min

BB

BB

AA

AA desdes









 

Where, des = desired point; min = minimum point and max = 

maximum point. 

mAmA

mABdes

kPakPa

kPakPa

420

4

075

027









 

 

 

mAmABdes

mAmABdes

mAmABdes

mAmABdes

mAmABdes

76.9
75

732

30043275

75*416*2775

16*2775*475

16*27475
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Linearity 

Linearity is a measure of the proportionality between the 

actual value of a variable being measured and the output reading 

of the instrument over its operating range. The deviation from true 

for an instrument may be caused by one or several of the above 

factors affecting accuracy, and can determine the choice of 

instrument for a particular application. Figure 1.1 shows a 

linearity curve for a flow sensor, which is the output from the 

sensor versus the actual flow rate. The curve is compared to a best 

fit straight line done with reasonable accuracy by eye or 

preferably by the application of a mathematical least squares line-

fitting technique linearity is usually expressed as a percentage of 

full scale reading the deviation from the ideal is 4cm/min, which 

gives a linearity of  ±4% of FSD. 
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Figure 1.1: linearity curve or a comparison of the sensor output  

versus flow rate, and the best-fit straight line. 
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Sensitivity of Measurement 

The sensitivity of measurement is a measure of the change in 

instrument output that occurs when the input quantity being 

measured changes by a given amount. Thus, sensitivity is the 

ratio: 

suredlsBeingMeaInputSigna

sponsenalOrfOutputSigMagnitudeO Re
 

SlopeGradientOr
xx

yy

lectionoducingDefsurandValueOfMea

ctionScaleDefle









minmax

minmax

Pr  

For example, when the output of a flow transducer changes by 

4.7mV for a change in flow of 1.3cm/s, the sensitivity 

is
scm

mV
/

6.3  . High sensitivity in an instrument is desired, since 

this gives a higher output, but has to be weighed against linearity, 

range and accuracy. 

 

Example 1.6:  

The following resistance values of a platinum resistance 

thermometer were measured at a range of temperatures. 

Determine the measurement sensitivity of the instrument in 

Ohms/0C. 
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Resistance (Ω) Temperature (0C) 

307 

314 

321 

328 

200 

230 

260 

290 

 

Solution 

If these values are plotted on a graph, the straight-line 

relationship between resistance change and temperature change is 

obvious, 

 
  Cxx

yy
Slope

0

minmax

minmax

200290

307328









  

                      Slope 
CC

00
233.0

90

21 


  

Threshold 

If the input to an instrument is gradually increased from zero 

the input will have to reach a certain minimum level before the 

change in the instrument output reading is of a large enough 

magnitude to be detectable. This minimum level of input is known 

as the threshold of the instrument. Manufacturers vary in the way 

that they specify threshold for instruments. Some quote the 

absolute values, whereas others quote threshold as a percentage of 

full-scale readings. For instance, a car speedometer typically has a 
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threshold of about 15km/h. This means that, if the vehicle starts 

from rest and accelerates, no output reading is observed on the 

speedometer until the speed reaches 15km/h. 

 

Resolution 

Resolution is the smallest change in a variable to which the 

instrument will respond. A good example is in digital instruments, 

where the resolution is the value of the least significant bit. Like 

threshold, resolution is sometime specified as an absolute value 

and sometimes as a percentage of full-scale deflection. One of the 

major factors influencing the resolution of an instrument is how 

finely its output scale is divided into subdivisions. As an 

illustration, a car speedometer has subdivisions of typically 

20km/h. This means that when the needle is between the scale 

markings, we cannot estimate speed more accurately than to the 

nearest 5km/h. This Figure of 5km/h thus represents the resolution 

of the instrument 

 

Example 1.7 

A digital meter has 10-bit accuracy. What is the resolution on 

the 16V range? 

 

Solution 

Decade or decimal number equivalent of N bits = 2N 

tervalvisionOrInSmallestDisolution

bits





Re

1024210 10

 

 

                   

mV

amplevisionsOfSNumberOfDi

Range

6.15
1024

16
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Readability 

Readability refers to the ease with which the readings of a 

measuring instrument can be read. Readability is a measure of an 

instrument’s ability to display incremental changes in its output 

value. For example, a balance with a readability of 1mg will not 

display any difference between objects with masses from 0.6mg to 

0.14mg, because possible display values are 0mg, 1mg, and 2mg 

and so on. Likewise, a balance with a readability of 0.1mg will 

not display any difference between objects with masses from 

0.06mg to 0.14mg. 

Readability in measuring instrument depends on the type of 

instrument, whether analog or digital. The major advantage of 

digital instruments is the readability of the measurement results 

because of digital readout. In analog instruments, the user 

performs the function of an analog–to-digital converter (ADC). 

The user must read the analog scale properly, possess some skills 

on interpolation, be able to use mirrored scales, and in general, 

have a good sight. 

 

Dead Band 

Dead band is a region of pressure where a change in pressure 

produces no change in measurement output or control signal. It 

describes the largest change of input quantity for which there is no 

output of instrument. Dead band is a set of hysteresis between 

detection points of the measured variable when it is going in a 

position or a negative direction. This band is the separation 

between the turn “On” set point and the turn “Off” set point of the 

controller, and is sometime used to prevent rapid switching 

between the turn “On” and turn “Off” points. Many types of 

pressure sensing devices have a region slightly above and below 

zero pressure where the output does not vary. For example, a 

pressure sensing diaphragm is considered to be at rest when 
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pressure is equal on both sides of a diaphragm which is the case 

when venting a gang reference or differential pressure 

measurement instrument. If the pressure is increased or decreased, 

the measurement output will not respond until the mechanical 

slackness of the diaphragm assembly has been removed by the 

increasing pressure difference. The threshold of positive and 

negative pressure around zero where no change in output is 

detected is called the dead band. The dead band is what is 

responsible for the dog-leg shape characteristic that is noticed in 

the measurement output when the pressure changes from positive 

to negative and vice versa as it passes through the null point of the 

diaphragm. 

Another example of a pressure dead band is how the hysteresis 

of a pressure switch is use to create a process control dead band. 

A basic mechanical pressure switch opens and closes at different 

pressure points. Take a pressure switch which is set to close when 

the pressure is increased to 3bar pressure. The switch re-opens at 

2.7bar, when the pressure is reduced. The pressure difference of 

0.3bar between the opening and the closing of the switch is called 

the dead band and this is caused by the inherent pressure 

hysteresis of the switch technology.  

The dead band produced by a pressure switch is very 

important to its operations since it provides a way of stabilizing 

control of a process without the need for additional dampened 

filters. Electronic pressure switches which utilize pressure sensing 

technology that have much smaller hysteresis will include the 

ability to adjust the open/close dead band via the electronic. Dead 

band is also known as dead zone or dead space. 
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Stability 

Stability is the ability of a measuring instrument to retain its 

calibration over a long period of time. Stability determines an 

instrument consistency over time. It is the key to predictability. In 

terms of measuring equipment, stability is determined by using a 

control chart. Repeated measurements are obtained using a 

measurement device on the same unit (frequency called a master) 

to measure a single characteristic over time. As measurements are 

taken, points within the limits indicate that the process has not 

changed and the prediction is made that it is not likely to change 

in the future. 

 

Drift 

Drift is the change in the reading of an instrument of a fixed 

variable with time. All calibrations and specifications of an 

instrument are only valid under controlled conditions of 

temperature, pressure and so on. These standard ambient 

conditions are usually defined in the instrument specification. As 

variations occur in the ambient temperature, ambient pressure, 

fluid temperature, fluid pressure, electromagnetic fields, 

acceleration, vibration, mounting position, among others, certain 

static instrument characteristics change, and the sensitivity to 

disturbance is a measure of the magnitude of this change. Such 

environmental changes affect instruments in two main ways; 

know as zero drift and sensitivity drift. Zero drift is sometimes 

known by the alternative term, bias. 

 

i. Zero drift or Bias 

Zero drift or bias describes the effect where the zero 

reading of an instrument is modified by a change in ambient 

conditions. This causes a constant error that exists over the 

full range of measurement of the instrument. The mechanical 
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form of bathroom scale is a common example of an instrument 

that is prone to bias. It is quite usual to find that there is a 

reading of perhaps 1kg with no one stood on the scale. If 

someone of known weight 70kg were to get on the scale, the 

reading would be 71kg, and if someone of known weight 

100kg were to get on the scale, the reading would be 101kg. 

Zero drift is normally removable by calibration. In the case of 

the bathroom scale just described, a thumbwheel is usually 

provided that can be turned until the reading is zero with the 

scale unloaded, thus removing the bias. 

Zero drift is also commonly found in instrument like 

voltmeters that are affected by ambient temperature changes. 

Typical units by which such zero drift are measured are 

volts/0C. This is often called the zero drift coefficient related 

to temperature changes. If the characteristic of an instrument 

is sensitive to several environmental parameters, then it will 

have several zero drift coefficients, one for each 

environmental parameter. A typical change in the output 

characteristic of a pressure gauge subject to zero drift is shown 

in Figure1.2 (a). 

 

ii. Sensitivity drift or Scale factor drift or Span drift  

Sensitivity drift is also known as scale factor drift or span 

drift. It defines the amount by which an instrument sensitivity 

of measurement varies as ambient conditions change. It is 

quantified by sensitivity drift coefficients that define how 

much drift there is for a unit change in each environmental 

parameter that the instrument characteristics are sensitive to. 

Many components within an instrument are affected by 

environmental fluctuations, such as temperature changes: for 

instance, the modulus of elasticity of a spring is temperature 

dependent. Figure 1.2 (b) shows what effect sensitivity drift 
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can have on the output characteristic of an instrument. 

Sensitivity drift is measured in unit of the form (angular 

degree/bar)/0C. If an instrument suffers both zero drift and 

sensitivity drift at the same time, then the typical modification 

of the output characteristic is show in Figure 1.2 (c) 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Effects of disturbance: (a) zero drift, (b) sensitivity 

drift and (c) zero drift plus sensitivity drift.  
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Example 1.8 

A spring balance is calibrated in an environment at a 

temperature of 200C and has the following deflection/load 

characteristics. 

Load (kg) 0 1 2 3 

Deflection(mm) 0 20 40 60 

It is then use in an environment at a temperature of 300C and 

the following deflection/load characteristic is measured. 

 

Load (kg) 0 1 2 3 

Deflection(mm) 5 27 49 71 

Determine the zero drift and sensitivity drift per 0C change in 

ambient temperature. 

 

Solution 

At 200C, deflection/load characteristic is a straight line 

minmax

minmax

XX

YY

X

Y
ySensitivit









  

                           

kg
mm

kg

mm

kgkg

mmmm
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3
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03

060









 

At 300C, deflection/load characteristic is still a straight line. 
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minmax

minmax

XX

YY

X

Y
ySensitivit
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3
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Bias (zero drift) = the no-load drift 
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iii. Zonal Drift 

A drift that occurs only in a portion of a span of an 

instrument is called zonal drift. 

 

Hysteresis 

Hysteresis is the difference in readings obtained when an 

instrument approaches a signal from opposite directions. For 

example, if an instrument reads a midscale value beginning at 

zero, it can give a different reading than if it reads the value after 

making a full-scale reading. This is due to stresses induced into 

the material of the instrument by changing its shape in going from 

zero to full-scale deflection. A hysteresis curve for a flow sensor 

is shown in Figure 1.3, where the output initiating from a zero 

reading and initiating from a maximum reading are different. For 

instance, the output from zero for a 50cm/min is 4.2V, compared 

to 5.6V when reading the same flow rate after a maximum 

reading. 
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Figure 1.3: Hysteresis curve showing the difference in readings 

when starting from zero, and when starting from full-scale 

  

Figure 1.4 illustrates the output characteristic of another 

instrument that exhibits hysteresis. If the input measured quantity 

to the instrument is steadily increased from a negative value, the 

output reading varies in the manner shown in curve A. If the input 

variable is then steadily decreased, the output varies in the 

manner shown in curve B. The non-coincidence between these 

loading and unloading curves is known as hysteresis. Two 

quantities are defined, maximum input hysteresis and maximum 

output hysteresis, as show in Figure 1.4. These are normally 
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expressed as a percentage of the full scale input or output reading 

respectively. 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.4: Instrument characteristic with hysteresis 

 

Hysteresis is commonly found in instruments that contain 

springs such as the passive gauge and the phony brake used for 

measuring torque, instruments where friction force in a system 

have different magnitudes depending on the direction of 

movement, such as in the pendulum scale mass measuring device 

and devices like mechanical fly ball (a device for measuring 

rotational velocity) 

 

Dynamic Characteristics 

The dynamic characteristics of a measuring instrument 

describe its behaviour between the time a measured quantity 

changes value and the time when the instrument output attains a 

steady value in response. As with static characteristics, any values 

for dynamic characteristics quoted in instrument data sheets only 
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apply when the instrument is used under specified environmental 

conditions. Outside these calibration conditions, some variation in 

the dynamic parameters can be expected. 

In any linear, time invariant measuring system, the following 

general relation can be written between input and output for time 

(t) > 0: 
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Where qi is the measured quantity, qo is the output reading and 

ao…an, b1...bn are constants. 

If we limit consideration to that of step changes in the measured 

quantity only, then equation (1.1) reduces to: 
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Further simplification can be made by taking certain special 

cases of equation (1.2) which collectively apply to nearly all 

measurement systems 

 

 System Response 

A dynamic system consisting of a finite number of lumped 

elements may be described by ordinary differential equations in 

which time is the independent variable. We can obtain the system 

response x (t) or qo when the initial conditions are specified.  
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a. Zero order instrument 
If all the coefficients a1…another than a0 in the equation 

above are assumed zero, then: 

 

                                  

i
i

i

Kq
a

qb
q

or

qbqa





0

0
0

000

 

where, K is a constant known as the instrument sensitivity. 

 

Any instrument that behaves according to equation above is 

said to be of zero order type. Following a step change in the 

measured quantity at time t, the instrument output moves 

immediately to a new value at the same time instant t, as shown in 

Figure 1.5. A potentiometer, which measures motion is a good 

example of such an instrument, where the output voltage changes 

instantaneously as the slider is displaced along the potentiometer 

track. 

 

b. First order instrument  

If all the coefficients a2…an except for a0 and a1 are 

assumed zero in equation 1.2 then: 

                     iqbqa
dt

dq
a 000

0
1   

Any instrument that behaves according to the above equation 

(1.4) is known as first order instrument. If 
dt

d  is replaced by a D 

operator in equation 1.4, we get: 

                     iqbqaDqa 00001   

And rearranging this then gives 

 



Chapter 1 – Performance Characteristics of Measurement System 

 

 26 

                      



























D
a

a

q
a

b

q
i

0

1

0

0

0

1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Zero order instrument characteristics. 

 

Defining  







0

0

a
b

K  as the static sensitivity and 







0

1

a
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as the time constant of the system, the equation above becomes: 
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Kq
q i




1
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If equation 1.6 above is solved analytically, the output 

quantity q0 in response to a step change in qi at time t varies with 

time in the manner shown in Figure 1.6. The time constant τ of the 

step response is the time taken for the output quantity q0 to reach 

Measureme
nt quantity 

Instrument 
output 

Time 

Time 0 t 

0 
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63% of its final value. The liquid-in-glass thermometer is a good 

example of a first order instrument. It is well known that, if a 

thermometer at room temperature is plunged into boiling water, 

the output electromotive force (emf) does not rise instantaneously 

to a level indicating 1000C, but instead approaches a reading 

indicating 1000C in a manner similar to that shown in Figure 1.6.  

A large number of other instruments also belong to this first 

order class. This is of particular importance in control systems 

where it is necessary to take account of the time lag that occurs 

between a measured quantity changing in value and the measuring 

instrument indicating the change. Fortunately, the time constant of 

many first order instruments is small relative to the dynamics of 

the process being measured, and so no serious problems are 

created. 

 

Example 1.9 

 A balloon is equipped with temperature and altitude 

measuring instrument and has radio equipment that can transmit 

the output readings of these instruments back to ground. The 

balloon is initially anchored to the ground with the instrument 

output readings in steady state. The altitude measuring instrument 

is approximately zero order and the temperature transducer first 

order with a time constant of 15seconds. The temperature on the 

ground, T0, is 100C and the temperature Tx at an altitude of x 

meters is given by the relation:                                                                                                                  

.01.00 xTTx   

a. If the balloon is released at time zero, and thereafter rises 

upwards at a velocity of 5m/s, draw a table showing the 

temperature and altitude measurements reported at intervals of 

10seconds over the first 50seconds of travel. Show also in the 

table the error in each temperature reading.  
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b. What temperature does the balloon report at an altitude of 

5000meters? 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: First Order Instrument Characteristic. 

 

Solution 

In order to answer this question, it is assumed that the solution 

of a first order differential equation has been presented to the 

reader in a mathematic course. If the reader is not so equipped, the 

following solution will be difficult to follow. 

Let the temperature reported by the balloon at some general 

time t be Tr. Then, Tx is related to Tr by the relation: 

 

                                          
D

T

D

T
T xx

r
 







1

01.0

1

0  

 

                                              
D

x

151

01.010




  

time r t 0 

63% 

Measured Quantity 

Instrument Output 

Magnitude 

(time constant) 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 29 

It is given that distance is velocity multiplied by time, tx 5  

thus: 
D

t
Tr

151

05.010




  

 

The transient or complementary function part of the solution 

 0xT  is given by: 15
t

ref CeT


  

The particular integral part of the solution is given by: 

 1505.010  tTrpi  

Thus, the whole solution is given by: 

)15(05.01015 


tCeTTT
t

rpirefr  

Applying initial conditions: At ,10,0  rTt  ie,  

)15(05.01010 0  Ce  

Thus C = -0.75 and therefore: 

 1505.075.010 15 


teTr
t

 

Using the above expression to calculate Tr for various values 

of t, the following table can be constructed: 

 

Time 

T 

Altitude 

X 

Temperature 

Reading Tr 

Temperature 

Error Tref 

0 0 10 0 

10 50 9.86 0.36 

20 100 9.55 0.55 

30 150 9.15 0.65 

40 200 8.70 0.70 

50 250 8.22 0.72 

 

b. At 5000m, t = 1000seconds. Calculating Tr from the above 

expression: 
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 15100005.075.010 15
1000




eTr  

The exponential term approximates to zero and so Tr can be 

written as: 

 

   CCTr 00
25.3998505.010    

This result might have been inferred from the table above 

where it can be seen that the error is converging towards a value 

of 0.75. For large values of t, the transducer reading lags the true 

temperature value by a period of time equal to the time constant of 

15seconds. In this time, the balloon travels a distance of 75metres 

and the temperature falls by 0.750. Thus for large values of t, the 

output reading is always 0.750 less than it should be. 

  

c. Second order instrument 

If all coefficients naa ...3  other than a0, a1 and a2 in equation 

(1.2) are assumed zero, then we get: 
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Applying the D operator again: 

 

iqbqaDqaqDa 000010

2

2  , and rearranging: 
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Where q0 = output quantity and qi = input quantity. It is 

convenient to re-express the variables a0, a1, a2 and b0 in equation 

above in terms of three parameters k(static sensitivity), 

ω(undamped natural frequency) and ε(damping ration), 
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Where, 
20

1
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0
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Re-expressing the equation above in terms of k, ω and ε we get: 
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This is the standard equation for a second order system and 

any instrument whose response can be described by it is known as 

a second order instrument. If the equation is solved analytically, 

the shape of the step response obtained depends on the value of 

the damping ratio parameter ε. The output responses of a second 

order instrument for various value of ε following a step change in 

the value of the measured quantity at time t are show in figure 1.7. 

For case A where ε = 0, there is no damping and the instrument 

output exhibits constant amplitude oscillations when disturbed by 

any change in the physical quantity measured. For light damping 

of ε = 0.2, represented by case B, the response to a step change in 

input is still oscillatory but the oscillations gradually die down. 

Further increase in the value of ε reduces oscillations and 

overshoot still move, as shown by curves C and curve D, and 

finally the response becomes very over damped as shown by 

curve E  where the output reading creeps up slowly toward the 

correct reading. Clearly, the extreme response curves A and E are 

grossly unsuitable for any measuring instrument. If an instrument 

were to be only ever subjected to step inputs, then the design 

strategy would be to aim towards a damping ratio of 0.707, which 

gives the critically damped response C. Unfortunately, most of the 

physical quantities that instruments are required to measure do not 

change in the mathematically convenient from of steps, but rather 

in the form of ramps of varying slopes. As the form of the input 
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variable changes, so the best value for ε varies, and choice of ε 

becomes one of compromise between those values that are best 

for each type of input variable behaviour anticipated. Commercial 

second order instruments, of which the accelerometer is a 

common example, are generally designed to have a damping 

ration (ε) some where in the range of 0.6 - 0.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Response Characteristics of Second Order 

Instruments. 

  

Frequency Response  

Definition 

The term frequency response can be defined as the steady state 

response of a system to a sinusoidal input. In frequency response 

methods, we vary the frequency of the input signal over a certain 

range and study the resulting response. Suppose the input U(t) to 

the process is a sine wave Us(t) of amplitude π and frequency ω as 

shown in Figure 1.8 
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                                                         ttU s  sin  

The period of one complete cycle is T units of time. 

Frequency is expressed in a variety of units. The electrical 

engineers usually use units of hertz (cycles per second): 

  

                                                        
T

hertz
1

  

 The chemical engineers find it more convenient to use 

frequency units of radians per time: 

                                                  
Ttime

radians 


2
  

Be very careful that you use frequency units that are consistent 

in terms of both time (seconds, minutes, or hours) and angles 

(cycles or radians).  

A very common error is to be off by a factor of 2π because of 

the radian/cycles, variation or to be off by a factor of 60 because 

of mixing minutes and hours.  

In a linear system, if the input is a sine wave with frequency ω, 

the output is also a sine wave with the same frequency. The output 

has, however a different amplitude and “lags” (falls behind) or 

“leads” (rise ahead of) the input. Figure 1.9(a) shows the output 

ys(t) lagging the input Us(t) by Ty units of time. Figure 1.9(b) 

shows the output leading the input by Ty. The phase angle Ө is 

defined as the angular difference between the input and the 

output. In the equation form: 

     tytys sin  

Where,  

ys(t) = output resulting from the sine wave input of frequency ω  

y = maximum amplitude of the output ys 

Ө = phase angle, in radians.  
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If the output lags the input, Ө is negative. If the output leads 

the input, Ө is positive. 
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Figure 1.8: Since Wave Input 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Sinusoidal Input-Output 

(a) Output lags (b) Output leads 
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The magnitude radio (MR) is defined as the ratio of the 

maximum amplitude of the output over the maximum amplitude 

of the input:  

                                    
u

y
MR   

For a given process, both the phase angle Ө and the magnitude 

ratio MR will change if frequency ω is changed. We must find out 

how Ө and MR vary as ω covers a range from zero to infinity. 

Then we will know the system’s frequency response. Different 

processes have different dependence of MR and Ө on ω. Since 

each process is unique, the frequency-response curves are like 

fingerprints. By merely looking at curves of MR and Ө, we can 

tell the kind of system (its order) and the values of parameters 

(time constants, steady-state gain, and damping coefficient). 

There are a number of ways to obtain the frequency response of a 

process. Experimental methods are used when a mathematical 

mode of the system is not available. If equation can be developed 

that adequately describe the system, the frequency response can 

be obtained directly from the system transfer function. 

  

Basic Theorem 

We will show that the frequency response of a system can be 

found simply by substituting iω for s in the system transfer 

function G(s). Making the substitution is   gives a complex 

number  iG  with the following features: 

1. A magnitude  iG  that is the same as the magnitude ratio 

MR that would be obtained by forcing the system with a 

sine wave input of frequency ω 
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2. A phase angle or argument,  iGarg , that is equal to the 

phase angle Ө that would be obtained from forcing the 

system with a sine wave of frequency ω. 

                                                      MRG i   

                                                      iGarg  

 iG  is a complex number, so it can be represented in terms of a 

real part and imaginary part: 

 

                                                     iii GiGG ImRe   

 

In polar form, the complex number  iG  is represented as 

 

                                                     
 


iGi

ii GG
arg

  

Where, 

                  

           22
ImRe  iiii GGlueOfGabsoluteVaG   

    ii umentOfGG argarg   
  
  



















i

i

G

G

Re

Im
arctan  

 

This very remarkable result shown in the above equations 

permits us to go from the Laplace domain to the frequency 

domain with ease. Its application is illustrated below. 

  

Example 1.10 

Suppose we want to find the frequency response of a first-

order process with the transfer function  



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 37 

 
10 


s

K
G

p

s


 

Multiplying numerator and denominator by the complex 

conjugate of the denominator gives 
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Therefore,  
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2
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   0
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Notice that both MR and ϴ vary with frequency ω. 

 

The magnitude  iwG  and angle  iwGarg  for all ω 

constitute the system frequency response. The magnitude  iwG  

represents the gain of the system for sinusoidal inputs with 

frequency ω.  

The system frequency response can be determined graphically 

in the s-plane from a pole-zero map of  sG  in the same manner 

as the graphical calculation of residues. In this instance, however, 

the magnitude and phase angle of  sG  are computed at a point on 

the iw  axis by measuring the magnitudes and angles of the 

vectors drawn from the poles and zeros of  sG  to the point on the 

iw  axis. 

 

Example 1.11 

Consider the system with the transfer function 

 
  21

1




ss
sG  
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Solution 

Referring to the Figure below, the magnitude and angle of  

 iwG  for 1w  are computed in the s-plane as follows. The 

magnitude of  1iG  is  

                                              316.0
2.5

1
1 iG   

And the angle is  

 

                                          000 6.71456.261arg iG  

 

 

 

 

 

 

 

 

Figure 1.10 S-Planes 

Example 1.12 

The system frequency response is usually represented by two 

graphs: one of  iwG  as a function of ω. For the transfer function 

of example 1.11,  
  21

1




ss
sG , these graphs are easily 

determined by plotting the values of  iwG  and  iwGarg  for 

several values of ω as shown below. 

 

ω 0 0.5 1.0 2.0 4.0 8.0 

 iwG  0.5 0.433 0.316 0.158 0.054 0.015 

 iwGarg  0 -40.60 -71.60 -108.50 -139.40 -158.90 

-2                                 -1                    

o 

√5 
√2 

45o 26.6o 

j1 

jω 
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Figure 1.11: The System Frequency Response Graphs. (a.)  iwG  

and (b.)  iwGarg  

 

Criteria for Selecting Instruments for a Particular 

Measurement 

The first point in selecting the most suitable instrument to use 

for a particular measurement is the specification of the instrument 

characteristics required especially parameters like the desired 

measurement accuracy, resolution, sensitivity and dynamic 

performance. It is also important to know the environmental 

conditions that the instrument will be subjected to.  

Secondly, the extent to which the measured system will be 

disturbed during the measuring process is another important factor 

in instrument choice. For instance, significant pressure loss can be 

caused to the measured system in some techniques of flow 

measurement.  

Thirdly, published literature is of considerable help in the 

choice of a suitable instrument for a particular measurement 

situation. Many books are available that give valuable assistance 

in the necessary evaluation by providing lists and data about all 

the instruments available for measuring a range of physical 

quantities. It is essential for a good instrument engineer to keep 

abreast of the latest developments by reading the appropriate 

technical journals regularly  
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Fourthly, purchase cost is very strongly correlated with the 

performance of instrument, as measured by its static 

characteristics. Instrument selection process therefore proceeds by 

specifying the minimum characteristics required by a 

measurement situation and then searching manufacturer 

catalogues to find an instrument whose characteristics match those 

required  

Fifthly, other important factors in the assessment exercise are 

instrument durability, maintenance requirements and consistency 

of performance. Instrument choice is a compromise between 

performance characteristics, ruggedness and durability, 

maintenance requirements and purchase cost. 
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Exercises 

1.1  Explain what is meant by (a) active instruments, (b) passive 

instruments? Give examples of each and discuss the relative 

merits of these two classes of instruments. 

  

1.2  Briefly defines and explains all the static characteristics of 

measuring instruments. 

  

1.3  Explain the difference between accuracy and precision in an 

instrument. 

  

1.4  A tungsten 5% rhenium-tungsten 26% rhenium, 

thermocouple has an output e.m.f as shown in the following 

table when its hot (measuring) junction is at the temperatures 

shown. Determine the sensitivity of measurement for the 

thermocouple in .0 C
mV   

 

mV         4.37              8 .74               13.11               17.48   
0C           250               500                  750                 1000 

 

1.5 Define sensitivity drift and zero drift what factors can cause 

sensitivity drift and zero drift in instrument characteristics? 

 

1.6 (a). An instrument is calibrated in an environment at a 

temperature of 200C and the following output readings y are 

obtained for various input values x: 

 

Y                  13.1          26.2        39.3        52.4         65.5         

78.6 

X                    5              10            15          20             25            

30 
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Determine the measurement sensitivity, expressed as the 

ratio y/x. 

 

(b). When the instrument is subsequently used in an 

environment at a temperature of 500C, the input/output 

characteristic changes to the following: 

 

Y            14.7           29.4        44.1        58.8       73.5        

88.2  

X               5               10          15            20          25          

30 

 

Determine the new measurement sensitivity. Hence determine the 

sensitivity drift due to the change in ambient temperature of 300C 

  

1.7 A load cell is calibrated in an environment at a temperature of 

210C and has the following deflection/load characteristic: 

  

Load (kg)                        0          50         100       150        

200 

Deflection (mm)            0.0        1.0          2.0       3.0         

4.0 

 

When used in an environment at 350C its characteristic 

changes to the following: 

  

Load (kg)                       0           50          100         150         

200 

Deflection (mm)           0.2         1.3          2.4          3.5          

4.6 
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(a). Determine the sensitivity at 210C and 350C  

(b). Calculate the total zero drift and sensitivity drift 

coefficients (In units of 
C

m
0

  and 
 

 







C
mperkg

0
   

 

1.8  An unmanned submarine is equipped with temperature and 

depth measuring instruments and has radio equipment that 

can transmit the output readings of these instruments back to 

the surface. The submarine is initially floating on the surface 

of the sea with the instrument output readings in steady state. 

The depth-measuring instrument is approximately zero order 

and the temperature transducer first order with a time 

constant of 50seconds. The water temperature on the sea 

surface, T0 is 200C and the temperature Tx at a depth of x 

meters is given by the relation: Tx = T0 - 0.01x. 

 

(a). If the submarine starts diving at time zero, and thereafter 

goes down at a velocity of 0.5meters/second, draw a 

table showing the temperature and depth measurements 

reported at intervals of 100seconds over the first 

500seconds of travel. Show also in the table the error in 

each temperature reading.  

(b). What temperature does the submarine report at a depth 

of 1000meters?  

 

1.9  Write down the general differential equation describing the 

dynamic response of a second order measuring instrument 

and state the expressions relating the static sensitivity, 

undamped natural frequency and damping ratio to the 

parameters in this differential equation. Sketch the 

instrument response for the cases of heavy damping, critical 

damping and light damping, and state which of these the 
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usual target is when a second order instrument is being 

designed. 

  

1.10 An instrumentation engineer has two pressure gauges of 

pressure ranges 0 - 1bar and 0 - 10bar, if the percentage error 

is ±10% in the first instrument? Calculate the maximum 

expected error reading in the two instruments and the 

percentage error in the second instrument  

 

 ANSWERS TO EXERCISE 1.4 

 

1.4:  0.01748
C

mV
0  ; 1.6 a. 2.62 b. 2.94, 0.01067/0C 1.7 a. 

50kg/mm,  45.45kg/mm b. 0.2, -4.55kg/mm c. 0.01429/0C, -

0.325/0C and 1.10  0.1bar, ±1%. 
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CHAPTER 2 

 

PRESSURE MEASUREMENT METHODS 

 

Pressure measurement is a very common requirement for most 

industrial process control systems, different types of pressure 

sensing and pressure measurement systems are available. These 

pressure measurement instruments can be divided into pressure 

measuring devices and vacuum measuring devices. U-tube 

manometers are being replaced with smaller and more rugged 

devices, such as the silicon diaphragm. Vacuum measuring 

devices require special techniques for the measurement of very 

low pressures. However, before considering these in detail, it is 

important to explain some terms used in pressure measurement. 

 

Terms Used In Pressure Measurement 

 

Pressure 

Pressure is the force per unit area that a liquid or gas exerts on 

its surroundings, such as the force or pressure of the atmosphere 

on the surface of the earth, and the force that liquids exert on the 

bottom and walls of a container. 

Pressure (Pascal, Pa or N/m2) = 
)(

)(
2mArea

NForce
 

 

Hydrostatic Pressure 

The pressure at a specific depth in a liquid is termed 

hydrostatic pressure. The pressure increases as the depth in a 

liquid increases. This increase is due to the weight of the fluid 

above the measurement point the pressure p is given by: 
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hP

ghP








 

Where,  

ρ is the density of the liquid,  

g is the acceleration due to gravity, 

γ is the hydrostatic pressure which is equal to g , 

and h is the vertical height or head. 

 

The pressure at a given depth in a liquid is independent of the 

shape of the container or the volume of liquid contained. This is 

known as the hydrostatic paradox. 

 

Head 

Head is sometimes used as a measure of pressure. It is the 

pressure in terms of a column of a particular fluid for example 1m 

of water. 

 

Specific Gravity 

The specific gravity (SG) of a liquid or solid is defined as the 

density of a material divided by the density of water. Specific 

gravity can also be defined as the specific weight of the material 

divided by the specific weight of water at a specified temperature; 

specific gravity is a dimensionless parameter. 

 

Total Vacuum 

Total vacuum is zero pressure or lack of pressure, as would be 

experienced in outer space, it is very difficult to achieve in 

practice. Vacuum pumps can only approach a true vacuum. 

  

Atmospheric Pressure 

Atmospheric pressure is the pressure on the earth’s surface, 

due to the weight of the gases in the earth’s atmosphere (14.7psi 
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or 101.36KPa absolute). The pressure decreases above sea level, 

for example, at an elevation of 5000ft, it has dropped to 

approximately 12.2psi (84.122KPa). 

 

Absolute Pressure 

This is the difference between the pressure of the fluid and the 

absolute zero pf pressure or the pressure measured with respect to 

a vacuum, and is expressed n psia or KPa (a) 

Note the use of letters ‘a’ and ‘g’ when referencing the pressure to 

absolute and gauge. 

 

Gauge Pressure 

This describes the difference between the pressure of a fluid 

and atmospheric pressure. Absolute and gauge pressures are 

therefore related by the expression: 

 

absolute gaugepressure catmospheripressure pressure 

 

Thus, gauge pressure varies as the atmospheric pressure 

changes and is therefore not a fixed quantity. It is normally 

expressed in psig or KPa (g). 

 

Vacuum 

Vacuum is a pressure between total vacuum and normal 

atmospheric pressure. Pressures less than atmospheric pressure are 

often referred to as “negative gauge”, and indicated by an amount 

below atmospheric pressure. For example –5psig corresponds to 

9.7psia. 
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Differential Pressure 

This term is used to describe the difference between two 

absolute pressure values, such as the pressures at two different 

points within the same fluid (often between the two sides of a 

flow restrictor in a system measuring volume flow rate). It is 

referred to as the “delta p,” or ΔP. 

In most applications, the typical values of pressure measured 

ranges from 1.013bar (the mean atmospheric pressure) up to 7000 

bar. This is considered to be the ‘normal’ pressure range, and a 

large number of pressure sensors are available that can measure 

pressures in this range. Measurement requirements outside this 

range are much less common. While some of the pressure sensors 

developed for the ‘normal’ range can also measure pressures that 

are either lower or higher than this, it is preferable to use special 

instruments that have been specially designed to satisfy such low-

and high-pressure measurement requirements. 

 

Pressure Conversions 

 

Table 2.1 Pressure Conversions 

 
Units of 

Measurement 

Water 

Inch 

 at 

390F 

Water 

cm  

at 

40C 

 

Mercury 

mm 

 at 

00C 

Mercury 

mm 

 at 

00C 

KPa Psi 

1 psi 27.7 70.3 51.7 2.04 6.895 1 

1 psf 0.19 0.488 0.359 0.014 0.048 0.007 

1 kpa 4.015 10.2 7.5 0.295 1 0.145 

1 atm 407.2 1034 761 29.96 101.3 14.7 

1 torr 0.535 1.36 1 0.04 0.133 0.019 

1millibar 0.401 1.02 0.75 0.029 0.1 0.014 
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Note: 

1. Atmospheric pressure is measured in pounds per square inch 

(Psi) in the English system and pounds per square foot (Psf). 

2. Atmospheric pressure is measured in pascals (Pa or N/m2), in 

the SI system. 

3. 1 torr = 1mm mercury, in the SI or metric sytem. 

4. 1 bar (1.013 atm) = 100 KPa, in SI or metric system. 

 

Example 2.1 

What pressure in Psi corresponds to 98.5kpa? 

  

Solution 

1Psi = 6.895KPa 

6.895KPa =1Psi 

98.5KPa = 
KPa

PsiKPa

895.6

15.98 
 

                   = 14.3Psi 

 

Example 2.2 

What is the pressure at the base of a water tower that has 35m 

of head? (Take ρ= 1000kg/m3, and g = 9.8m/s2) 

 

Solution 

hghP    

Where;  

P = Pressure 

γ = Specific weight or hydrostatic pressure (N/m3) and 

            h = depth or head 

                    ghP   
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KPa

mxmKN

mxmN

mxsmxmkg

343

35/8.9

35/9800

35/8.9/1000

2

2

23









(Since 1000N/m2 is 

1KN/m2) 

 

Example 2.2 

The atmospheric pressure is 14.5Psi. If the absolute pressure is 

2,865.6Psfa, what is the gauge pressure?  

            

absolute gaugepressure catmospheripressure pressure 

 

In symbols, 

Psig

PsiPsia

Psi
Psfa

essurecAtmospheriessureAbsoluteessureGauge

PPP atmga

4.5

5.149.19

5.14
144

6.2865

PrPrPr











 

 

Manometers 

Manometers are good examples of pressure measuring 

instruments, although they are not as common as they previously 

were, because of the development of recent, smaller, more rugged, 

and easier to use pressure sensors. Manometers are passive 

instruments that give a visual indication of pressure values. 

Examples are; 

The U-tube manometer, shown in Figure 2.1 (a), is the most 

common form of manometer. Applied pressure causes a 
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displacement of liquid inside the U-shaped glass tube, and the 

output pressure reading P is made by observing the difference in h 

between the level of liquid in the two halves of the tube A and B, 

according to the equation 

   

ghP   

Where, ρ is the specific gravity or relative density of the fluid. 

 

If an unknown pressure is applied to side A, and side B is 

open to the atmosphere, the output reading is gauge pressure. 

Alternatively, if side B of the tube is sealed and evacuated, the 

output reading is absolute pressure. The U-tube manometer also 

measures the differential pressure (P1 – P2), according to the 

expression ghPP  )( 21 , if two unknown pressures P1 and P2 

are applied respectively to sides A and B of the tube.  

When higher pressure is applied to one side of the U-tube, as 

shown in figure 2.1 (a), the liquid rises higher in the lower 

pressure side, so that the difference in height of the two columns 

of liquid compensates for the difference in pressure. The pressure 

difference is given by:    

hPPPP BA  21  

 

Where h = difference in height of the liquid in the columns and   

= specific weight of the liquid in the manometer. 

 

Output readings from U-tube manometers are subject to error, 

principally because it is very difficult to judge exactly where the 

meniscus levels of the liquid are in the two halves of the tube. In 

absolute pressure measurement, an addition error occurs because 

it is impossible to totally evacuate the closed end of the tube. 
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U-tube manometers are typically used to measure gauge and 

differential pressures up to about 2bar. The type of liquid used in 

the instrument depends on the pressure and characteristics of the 

fluid being measured. Water is a cheap and convenient choice, but 

it evaporates easily and is difficult to see. Nevertheless, it is used 

extensively, with the major obstacles to its use being overcome by 

using coloured water and by regularly topping up the tube to 

counteract evaporation. Water is definitely not used when 

measuring the pressure of fluids that react with or dissolve in 

water. Water is also unsuitable when high-pressure measurements 

are required. In such circumstances, liquids aniline carbon 

tetrachloride, bromoform, mercury or transformer oil are used 

instead. 

The well-type or cistern manometer, shown in figure 2.1(b), is 

similar to a U-tube manometer but one half of the tube is made 

very large so that it forms a well. The change in the level of the 

well as the measured pressure varies is negligible. Therefore, the 

liquid level in only one tube has to be measured, which makes the 

instrument much easier to use than the U-tube manometer. If an 

unknown pressure P1 is applied to port A, and port B is open to 

the atmosphere, the gauge pressure is given by .1 hP   It might 

appear that the instrument would give a better measurement 

accuracy than the U-tube manometer because the need to subtract 

two liquid level measurements in order to arrive at the pressure 

value is avoided. However, this benefit is swamped by errors that 

arise due to the typical cross-sectional area variations in the glass 

used to make the tube. Such variations do not affect the accuracy 

of the U-tube manometer to the same extent. 

The inclined manometer or draft gauge, shown in figure 

2.1(c), is a variation on the well-type manometer in which one leg 

of the tube is inclined to increase measurement sensitivity. 

However, similar comments to those above apply to accuracy. 
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Figure 2.1 Manometers: (a) U-tube, (b) well-type and (c) inclined 

type. 

 

Example 2.4 

The liquid in a manometer has a specific weight of 8.5KN/m3. 

If the liquid rises 83cm higher in the lower pressure leg, what is 

difference in the pressure between the higher and the lower legs? 

 

A 
B 

B 

A 

h 

h 

h 

A 

(a
) 

(b) 

(c

) 
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Solution 

KPaP

mxmKNhP

05.7

100

83
/5.8 3



 
 

 

Example 2.5 

What is the liquid density in a manometer, if the difference in 

the liquid levels in the manometer tubes is 1.35m, and the 

differential pressure between the tubes is 7.85KPa? 

 

Solution 

3

2

33

2

2

/35.593

35.1/8.9

/1085.7

35.1/8.9

85.7

35.1/8.985.7

mkg

mxsm

mNx

mxsm

KPa

mxsmxKPa

ghP

hP





















 

 

Bourdon Tube Gauge 

The Bourdon tube dates from the 1840s. It is reliable, 

inexpensive, and one of the most common general purpose 

pressure gauges. Bourdon tubes are hollow, flattened, or oval 

cross-sectional beryllium, copper, or steel tubes, as shown in 

figure 2.2(a). Bourdon tubes can withstand overloads of up to 

40% of their maximum rated load without damage, but, if 

overloaded, may require recalibration. Bourdon tube is used for 

measuring both positive and negative pressures. The bourdon tube 

is also an elastic element type of pressure transducer. It is 

relatively cheap and is commonly used for measuring the gauge 

pressure of both gaseous and liquid fluids. It consists of a 
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specially shaped piece of oval section, flexible, metal tube that is 

fixed at one end and frees to move at the other end. When 

pressure is applied at the open, fixed end of the tube, the oval 

cross-section becomes more circular. In consequence, there is a 

displacement of the free end of the tube. This displacement is 

measured by some form of displacement transducer, which is 

commonly a potentiometer or linear variable differential 

transformer (LVDT). Capacitive and optical sensors are also 

sometimes used to measure the displacement. 

The three common types of Bourdon tube are shown in figure 

2.3. The maximum possible deflection of the free end of the tube 

is proportional to the angle suspended by the arc through which 

the tube is bent. For a C-type tube, the maximum value for this arc 

is somewhat less than 3600. Where greater measurement 

sensitivity and resolution are required, spiral and helical tubes are 

used. These both give a much greater deflection at the free end for 

a given applied pressure. However, this increased measurement 

performance is only gained at the expense of a substantial increase 

in manufacturing difficulty and cost compared with C-type tubes, 

and is also associated with a large decrease in the maximum 

pressure that can be measured. Spiral and helical types are 

sometimes provided with a rotating pointer that moves against a 

scale to give a visual indication of the measured pressure. C-type 

tubes are available for measuring pressures up to 6000 bar. 
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Figure 2.2(a) The Cross Section of a Bourdon Tube, and (b) 

Bourdon Tube Pressure Gauge. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Bourdon tubes: 

(a) C-type (b) Spiral type (c) Helical type. 
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A typical C-type tube of 25mm radius has a maximum 

displacement travel of 4mm, giving a moderate level of 

measurement resolution. Measurement inaccuracy (error) is 

typically quoted at %1 of full scale deflection. Similar accuracy 

is available from helical and spiral types, but while the 

measurement resolution is higher, the maximum pressure 

measurable is only 700bars. 

The existence of one potentially major source of error in 

Bourdon tube pressure measurement has noxt been widely 

documented, and few manufacturers of Bourdon tubes make any 

attempt to warn users of their products appropriately. The problem 

is concerned with the relationship between the fluid being 

measured and the fluid used for calibration. The pointer of 

Bourdon tubes is normally set at zero during manufacture, using 

air as the calibration medium. However, if a different fluid, 

especially a liquid, is subsequently used with a Bourdon tube, the 

fluid in the tube will cause a non-zero deflection according to its 

weight compared with air, resulting in a reading error of up to 6%. 

This can be avoided by calibrating the Bourdon tube with the fluid 

to be measured instead of with air, assuming of course that the 

user is aware of the problem. Alternatively, correction can be 

made according to the calculated weight of the fluid in the tube. 

Unfortunately, difficulties arise with both of these solutions if air 

is trapped in the tube, since this will prevent the tube being filled 

completely by the fluid. Then, the amount of fluid actually in the 

tube, and its weight will be known. 

In conclusion, therefore, Bourdon tubes only have guaranteed 

accuracy limits when measuring gaseous pressures. Their use for 

accurate measurement of liquid pressures poses great difficulty 

unless the gauge can be totally filled with liquid during both 

calibration and measurement, a condition that is very difficult to 

fulfill practically. 
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Diaphragms 

Diaphragms consist of a thin layer or film of a material 

supported on a rigid frame, as shown in figure 2.4(a). Pressure can 

be applied to one side of the film for gauge sensing, with the other 

inlet port being left open to the atmosphere. Pressures can be 

applied to both sides of the film for differential sensing, and 

absolute pressure sensing can be achieved by having a partial 

vacuum on one side of the diaphragm. A wide range of materials 

can be used for the sensing film, from rubber to plastic for low 

pressures, ceramics and silicon for medium pressures metal alloy 

and stainless steel for high pressures. Plastic diaphragms are 

cheapest, but metal diaphragms give better accuracy. Stainless 

steel is normally used in high temperature or corrosive 

environments. Ceramic diaphragms are resistant even to strong 

acids and alkalis, and used when the operating environment is 

particularly harsh. 

When a pressure is applied to the diaphragm, the film distorts 

or becomes slightly spherical, and can be sensed using a strain 

gauge, piezoelectric, or changes in capacitance techniques. Older 

techniques included magnetic and carbon pile devices. In the 

device shown, the position of the diaphragm is sensed using 

capacitive techniques, and the measurement can be made by using 

an ac bridge or by using pulse-switching techniques. These 

techniques are very accurate, and excellent linear correlation 

between pressure and output signal amplitude can be obtained. 
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Figure 2.4 (a) Rigid frame of a capacitive sensor with a 

diaphragm embedded inside (b) schematic representation of 

diaphragm pressure sensor. 

 

Silicon diaphragms are now in common use. Since silicon is a 

semiconductor, a piezoresistive strain gauge and amplifier 

electronics can be integrated into the top surface of the silicon 

structure, as shown in figure 2.4(b). These devices have built-in 

temperature compensation for the strain gauges and amplifiers, 

and have high sensitivity, giving high output sensitivity, giving a 

high output voltage (5V FSD). They are very small, accurate (< 

2% full-scale deflection, FSD), reliable, have a good temperature 

operating range (-500 to 1200C), are low cost, can withstand high 

overloads, have good longevity, and are unaffected by many 

chemicals. Commercially made devices are available for gauge, 

differential, and absolute pressure sensing up to 200Psi (1.5MPa). 
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This range can be extended by the use of stainless steel 

diaphragms to 10,000Psi (70MPa) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4(c) Schematic representation of diaphragm pressure 

sensor. 

 

The cross section shown in Figure 2.4(b) is a differential 

silicon chip (sensor die) micro-miniature pressure sensor. The 

dimensions of the sensing elements are very small, and the die is 

packaged into a plastic case (0.2 in thick × 0.6 in diameter, 

approximately). 

The sensor is used in a wide variety of industrial applications, 

widely used in automotive pressure sensing applications (e.g. 

manifold air pressure, barometric air pressure, oil, transmission 

fluid, break fluid, power steering, tyre pressure, and many other 

applications such as blood pressure monitors. 

 

Bellows 

The bellows, schematically illustrated in Figure 2.5(a), is 

elastic element type of pressure sensor that operates on very 

Translational movement  

Unknown pressure  
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similar principles to the diaphragm pressure sensor. Bellows are 

similar to capsules, except that instead of being joined directly 

together, the diaphragms are separated by a corrugated tube or a 

tube with convolutions, as shown in figure 2.5(b). When pressure 

is applied to the bellows, it elongates by stretching the 

convolutions, rather than the diaphragms. The materials used for 

the bellows type of pressure sensor are similar to those used for 

the capsule, giving a pressure range for the bellows of up to 

800Psi (5MPa). Bellows devices can be used for absolute, gauge, 

and differential pressure measurements. 

Differential measurements can be made by mechanically 

connecting two bellows to be opposing each other when pressure 

is applied to them, as shown in figure 2.5(b). When pressures P1 

and P2 are applied to the bellows, a differential scale reading is 

obtained. P2 could be atmospheric pressure for gauge 

measurements. The bellow is the most sensitive of the mechanical 

devices for low pressure measurements (i.e. 0.5 to 210KPa). 

Bellows have a typical measurement uncertainty of only %5.0 , 

but they have a relatively high manufacturing cost and are prone 

to failure. 

 

 

 

 

 

 

 

 

Figure 2.5(a) Bellows 
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Figure 2.5(b) Differential bellows pressure gauges (P1-P2) for 

direct scale reading. 

 

Pressure Recorders 

A pressure recorder is a device that records the output of 

pressure measurement devices. Many process manufacturers are 

required by law to provide a process history to regulatory 

agencies, and manufacturers use recorders to help meet these 

regulatory requirements. In addition, manufacturers often use 

recorders to gather data for trend analyses. By recording the 

readings of critical measurement points and comparing those 

readings over time with the results of the process, the process can 
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be improved. Different pressure recorders display the data they 

collect differently. Some pressure recorders list a set of pressure 

readings and the times the pressure readings were taken; others 

create a chart or graph of the readings. Pressure recorders that 

create charts or graphs are called chart recorders. For example 

mechanical chart recorders which are either of the galvanometric 

type or potentiometer type. Both of these works on the same 

principle of driving chart paper at a constant speed past a pen 

whose deflection is a function of the magnitude of the measured 

signal. This produces a time history of the measured signal. 

 

Application Considerations of the Pressure Measuring Devices 

When installing pressure sensors, care should be taken to 

select the correct pressure sensor for the application. This section 

gives a comparison of the characteristics of the various types of 

pressure sensors, installation considerations, and calibration. 

 

Selection 

Pressure sensing devices are chosen for pressure range, 

overload requirements, accuracy, temperature operating range, 

line-of-sight reading, electrical signaling, and response time. In 

some applications there are other special requirements parameters 

such as hysteresis and stability should be obtained from the 

manufacturer’s specifications. For most industrial applications 

that involve positive pressures, the Bourdon tube is a good choice 

for direct visual readings and the silicon pressure sensor for the 

generation of electrical signals. Both types of devices have 

commercially available sensors to measure from 5 Psi FSD, up to 

10,000 Psi (70MPa) FSD 
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Table 2.2 Comparison of Bourdon tube sensor and silicon 

sensor  

  

Device Maximum 

Pressure 

Range, 

Psi (MPa) 

Accuracy 

FSD 

Response 

Time, 

Seconds 

Overload 

 

Bourdon 

Tube 

(stainless 

Steel) 

10,000 

(70) 

1% 1 40% 

Silicon 

sensor 

with 

stainless 

steel 

diaphragm 

10,000 

(70) 

1% 1x10-3 400% 

 

Table 2.2 lists the operating range for several types of pressure 

sensors. The range shown is the full range, and may involve 

several devices made of different types of materials. The accuracy 

may be misleading, since it depends on the range of the device. 

The values given are typical, and may be exceeded with new 

materials and advances in technology. Furthermore, manometers 

are commonly used when just a visual indication of pressure level 

is required, and when very high measurement accuracy is 

required, the resonant-wire device is a popular choice. 

A number of special devices have been developed for 

measurement of pressures in the vacuum range below atmospheric 

pressure (< 1.013bar). These special devices include the 

thermocouple gauge, the pirani gauge, the thermistor gauge, the 

Mclead gauge and the ionization gauge. 
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At high pressures (> 7000bar) the only devices in that is 

commonly used are the manganin-wire sensor and similar devices 

based on alternative alloys to manganin. 

  

Installation 

The following should be taken into considerations when 

installing pressure sensing devices. 

1. The distance between the sensor and the source should be kept 

to a minimum. 

2. Sensors should be connected via valves for ease of 

replacement. 

3. Over range protection devices should be included at the 

sensor. 

4. To eliminate errors due to trapped gas in sensing liquid 

pressures, the sensor should be located below the source. 

5. To eliminate errors due to trapped liquid in sensing gas 

pressures, the sensor should be located above the source. 

6. When measuring pressures in corrosive fluids and gases, an 

inert medium is necessary between the sensor and source, or 

the sensor must be corrosive-resistant. 

7. The weight of liquid in the connecting line of a liquid pressure 

sensing device located above or below the source will cause 

errors at zero, and a correction must be made by the zero 

adjustment, or otherwise compensated for in measurement 

systems. 

8. Resistance and capacitance can be added to electronic circuits 

to reduce pressure fluctuations and unstable readings. 

 

Some of these pressure recording systems include pressure 

recorders, indicators drain regulators drain regulators and air 

drying chambers. 
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Calibration 

Pressure sensing devices are calibrated at the factory. In cases 

where a sensor is suspect and needs to be recalibration, the sensor 

can be returned to the factory for recalibration, or it can be 

compared to a known reference. Low-pressure devices can be 

calibrated against a liquid manometer. High-pressure devices can 

be calibrated with a deadweight tester, using weights on a piston 

to accurately reproduce high pressures. Accurately calibrated 

standards can be obtained from the National Institute of Standards 

and Technology, which also can perform recalibration of 

standards. 

Deadweight gauges, because of their superior accuracy, are 

used in calibration procedures of other pressure-measuring 

devices. Instruments used as a standard in calibration procedures 

are usually chosen to be of greater inherent accuracy than the 

process instruments that are used to calibrate. Because such 

instruments are only used for calibration purposes, greater 

accuracy can often be achieved by specifying a type of instrument 

that would be unsuitable for normal process measurement. 

 

Differential Pressures Measuring Devices 

For differential pressure measurement, diaphragm type 

sensors are the preferred option, with double bellows sensors 

being used occasionally. Bourdon tubes and Manometers are also 

sometimes used to give visual indication of differential pressure 

values (especially in liquid flow-rate indicators). 

These are passive instruments that have the advantages of not 

needing a power supply. The principle and application of these 

pressure measuring devices have been given in previous sections. 
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Pressure Regulators 

A spring controlled regulator is an internally controlled 

pressure regulator, as shown previously in figure 2.6(a) the spring 

holds the inlet valve open, gas under pressure flows into the main 

cylinder, and expands at a rate higher than that through which the 

gas can exit the cylinder. As the pressure in the cylinder increases, 

a predetermined pressure is reached at which the spring loaded 

diaphragm starts to move up, causing the valve to partially close. 

That is, the pressure on the diaphragm that controls the flow of 

gas into the cylinder, in order to ideally maintains a constant 

pressure in the main cylinder and at the output, regardless of flow 

rate. The output pressure can be adjusted by the spring screw 

adjustment. A double seated valve as shown is normally used. 

This type of valve is not loaded by the pressure of the incoming 

gases, as would be the case with a single seated valve. The 

pressure on one face of the valve is balanced by the pressure on 

the face of the other value, so that the diaphragm is not loaded by 

the incoming gas pressure acting on the valve. 

A weighted controlled regulator is shown in figure 2. (b) The 

internally controlled regulator has a weight loaded diaphragm. 

The operation is the same as the spring loaded diaphragm, except 

the spring is replaced with a weight. The pressure can be adjusted 

by the position of a sliding weight on a cantilever arm. 
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Figure 2.6 Self Compensating Pressure Regulator: (a) spring 

loaded, and (b) weight loaded 
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A pressure controlled diaphragm regulator is shown in figure 

2.7 the internally controlled regulator has a pressure loaded 

diaphragm. Pressure from a regulated external air or gas supply is 

used to load the diaphragm via a restriction. The pressure to the 

regulator then can be adjusted by a bleed valve, which in turn is 

used to set the output pressure of the regulator. 

An alternative to the internal pressure diaphragm, as in the 

regulators shown above, is to apply the pressure to the top of the 

diaphragm, as shown in figure 2.7. The cross section shows the 

output pressure being fed externally to a spring loaded pressure 

regulator. The spring holds the valve open until the output 

pressure, which is fed to the upper surface of the diaphragm, 

overcomes the force of the spring on the diaphragm and starts to 

close the valve, thus regulating the output pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Self Compensating Internal Pressure Loaded 

Regulator 
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The valve is inverted from the internal regulator connection, 

and the internal pressure is isolated from the lower side of the 

diaphragm. Weight loaded and air loaded diaphragms also are 

available for externally connected regulators. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 External connections to a spring loaded regulator 

 

Pilot operated pressure regulators use an internal or external 

pilot for the feedback signal amplification and control. In this 

case, the pilot is a small regulator that is positioned between the 

pressure connected to the regulator and the loading pressure on 

the diaphragm. 

Figure 2.9 shows such an externally connected pilot regulator. 

The pressure from the output of the regulator is used to control the 

pilot, which in turn amplifies the signal and controls the pressure 

from the air supply to the diaphragm, giving greater control than 

that available with the internal pressure control diaphragm.  

A small change in the output pressure is required to produce a 

full pressure range change of the regulator giving a high gain 

system for good output pressure regulation. 
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Figure 2.9 Pilot-Operated Regulators 
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Exercises 

2.1 (a) Draw diagrams to show the three types of U-tube 

manometer? 

(b) What are the disadvantages of using U-tube manometer? 

(c)  List six types of liquids used in manometer? 

(d)  Mention two advantages of using water as a manometeric 

liquid? 

(e)  Mention four advantages of water as a manometric liquid? 

 

2.2 (a) Draw diagrams to show the three types of bourdon tube? 

(b)  What are the three advantages of using bourdon tube? 

(c) Mention the shapes of Bourdon tubes? 

(d) List two types of fluid substances used in Bourdon tubes? 

(e) List three types of Bourdon tube? 

(f) What are the problems of using bourdon? 

(g) What are the guaranteed accuracy units of bourdon tube? 

 

2.3 (a) Draw diagrams to show diaphragms? 

(b) Explain the working principle of a diaphragm? 

(c) Mention the three types of pressure that a diaphragm can 

be used to measure? 

(d) List the materials used in constructing diaphragms and 

mention the environment under which they are used? 

(e) State the advantages of silicon diaphragms? 

(f) Draw a differential silicon chip micro miniature pressure 

sensor and state its application? 

 

2.4 (a) Draw diagrams to illustrate different double bellows 

pressure gauges? 

(b) Explain the working principle of the bellows? 

(c) Explain how differential pressure measurements can be 

made using double Bellows pressure gauges? 
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CHAPTER 3 

 

LEVEL, HEIGHT AND VOLUME MEASUREMENT 

 

Introduction 

Level means to bring or come into a horizontal plane, while 

height is the measurement from the bottom to top level. Volume is 

a product of the height and area of an object. In other words, it is 

the space occupied by an object. The weight of a body is the force 

it exerts on anything which supports it. This force is exerted 

because it is being attracted towards the centre of the earth by the 

force of gravity. In other words, weight is the gravitational force 

with which a body tends towards the centre of the earth. Weight is 

the product of the mass of a body and its acceleration due to 

gravity, g. Height can simply be represented with the symbol, h. 
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Therefore, the relationship between height, volume and weight 

is established as 
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Where, P is the pressure, Ƴ is the specific weight, and h is the 

depth 

 

Note that the units must be consistent, the specific weight is 

temperature dependent, and temperature correction is required. 
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Volume, weight and pressure are used as an indirect method of 

measuring liquid level. These three quantities are directly 

proportional to depth or height. 

There are many widely varying methods for the measurement 

of liquid level. Level measurement is an important part of process 

control. Level sensing can be single points, continuous direct or 

indirect. Continuous level monitoring measures the level of the 

liquid on an uninterrupted basis. In this case, the level of the 

material will be constantly monitored, and hence the volume can 

be continuously monitored, if the cross-sectional area of the 

container is known. 

Examples of direct and indirect level measurements are using 

a float technique, or measuring pressure and calculating the liquid 

level. Accurate level measurement techniques have been 

developed. More recent measurement techniques are constantly 

being introduced and old ones improved on. Level measuring 

devices should have easy access for inspection, maintenance and 

replacement. Free flowing solids include dry powders, crystals, 

rice, grain and so forth. 

 

Examples 3.1 

A pressure gauge located at the base of an open tank 

containing a liquid with a specific weight of 13.6KN/m3 registers 

1.27MPa. What is the depth of the fluid in the tank? 

Solution: 

P = 1.27MPa, Ƴ = 13.6KN/m3, h =? 

 

m
mKN

MPa

y

p
h 4.93

/6.13

27.1
3
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Level Measurement 

Level sensing devices can be divided into four categories: 

(1) Direct sensing, in which the actual level is monitored;  

(2) Indirect sensing, in which a property of the liquid, such as 

pressure, is sensed to determine the liquid level;  

(3) Single point measurement, in which it is only necessary to 

detect the presence or absence of a liquid at a specific level 

and  

(4) Free flowing solid level sensing. 

 

Direct Level Sensing 

A number of techniques are used for direct level sensing, such 

sight glass or a float. Ultrasonic distance measuring devices also 

may be considered. 

 

The Sight Glass Or Gauge 

The sight glass or gauge is the simplest method for direct 

visual reading. As shown in figure 3.1, the sight glass is normally 

mounted vertically adjacent to the container. The liquid level then 

can be observed directly in the sight glass. The ends of the glass 

are connected to the top and bottom of the tank via shutoff valves, 

as would be used with a pressurized container (boiler) or a 

container with volatile, flammable, hazardous, or pure liquid. In 

cases where the tank contains inert liquids, such as water, and 

pressurization is not required, the tank and sight glass both can be 

open to the atmosphere. Glass gauges are cheap but easily broken, 

and should not be used with hazardous liquids. For safety reasons, 

they should not be longer than 4ft (121.92cm). Cold liquid can 

also cause condensation on the gauge. Gauges should have shutoff 

valves in case of breakage (sometimes automatic safety shutoff 

valves are used) and to facilitate replacement. In the case of high 

pressure or hazardous liquid, a nonmagnetic material can be used 
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for the sight glass with a magnetic float that can rotate a graduated 

disk, or can be monitored with a magnetic sensor, such as Hall 

Effect devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Sight Glass for Visual Observation of Liquid Levels 

 

Float Sensors 

There are two types of floats as shown in Figure 3.2; the 

angular arm and the pulley type. The float material is less dense 

than the density of the liquid, and floats up and down on top of the 

material being measured. In figure 3.2(a), a float with a pulley is 

used. This method can be used with either liquids or free-flowing 

solids. With free-flowing solids, agitation is sometimes used to 

help level the solids. The advantages of the float sensor are that 

they are almost independent of the density of the liquid or solid 

being monitored, are accurate and robust, and have a linear output 

with level height. However, accuracy can be affected by material 

accumulation on the floor, corrosion, chemical reactions, and 

friction in the pulleys. If the surface of the material being 
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monitored is turbulent, causing the float reading to vary 

excessively, some means of damping might be required, such as a 

stilling well. In figure 3.2(b), a ball float is attached to an arm, and 

the angle of the arm is measured to indicate the level of the 

material. A spherical float shape is used to provide maximum 

buoyancy, and it should be one-half submerged for maximum 

sensitivity, and to have the same float profile independent of 

angle. An example of this type of sensor is the fuel level monitor 

in the tank of an automobile. Due to lack of headroom in this 

application, the angle of the float arm can go only from 

approximately 00 to 900. The fuel gauge shows the output voltage 

from a potentiometer driven by the float. Although very simple 

and cheap to manufacture, the angular float sensor has the 

disadvantage of nonlinearity, as shown by the line-of sight scale 

in figure 3.2(b). 

Figure 3.3(a) shows a pulley type float sensor with a linear 

radial scale that can be replaced with a potentiometer to obtain an 

electrical signal. Figure 3.3(b) shows an angular arm type with a 

potentiometer to obtain an electrical signal. Figure 3.3(b) shows 

an arm level float. The travel of the arm on the float is  300, 

giving a scale that is more linear than in the automotive 

application, and which can be linearized for industrial use. The 

scale can be replaced by a potentiometer to obtain an electrical 

signal. 
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Figure 3.2: Methods of Measuring Liquid Levels, Using (a) a 

simple float with level indicator on the outside of the tank, and (b) 

an angular arm float 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 float level sensors with radial scales or 

potentiometers: 

(a) Pulley type and (b) angular arm type with  300angle. 
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A commonly used method of indirectly measuring a liquid 

level is to measure the hydrostatic pressure at the bottom of the 

container. The level can be extrapolated from the pressure and the 

specific weight of the liquid. The level of liquid can be measured 

using displacers, capacitive probes, bubblers, resistive tapes, or by 

weight measurements. Pressure is often used as an indirect 

method of measuring liquid levels. 

 

Differential Pressure Transmitter System 

In figure 3.1, a differential pressure sensor can replace the 

sight glass. These devices are affected by liquid density and are 

susceptible to dirt. It is sometimes necessary to mount the 

pressure sensor above or below the zero liquid level as shown in 

figure 3.4, in which case an adjustment to the zero point is 

required. When the sensor is below the zero level, as shown in 

figure 3.4(a), “zero suppression” is required to allow for H; the 

distance of the measuring instrument above or below the bottom 

of the container when it is above the zero level, as shown in figure 

3.4(b), “zero elevation” is required to allow for H. Shutoff valves 

should be used for maintenance and replacement and cleanout 

plugs to remove solids. The dial on the pressure gauge can be 

calibrated directly in liquid depth. 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clean out  
(b) 

Tank  

Shutoff valve 

  h 

    

H 

H 

Clean out  

(a) 

Tank  

Shutoff valve 

  h 

Figure 3.4 Pressure Sensors Positioned (a) Below Tank Bottom, 

and (b) Above Tank Bottom. 
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Buoyancy Type Gauges 

 

Introduction to Buoyancy 

 Buoyancy is the upward force exerted on an object immersed 

or floating in a liquid. The weight is less than it is in air, due to the 

weight of displaced fluid. The upward force on the object causes 

the weight loss, called the buoyant force, and is given by: 

B Ƴ                … … … … … … … 3.4 

             

Where, B is the buoyant force in Newton, Ƴ is the specific weight 

(ρg) in Newton per cubic meter, and V is the volume of the 

displaced liquid in cubic meters. 

In figure 3.5, items a, b, c, and d, are the same size, and the 

buoyancy forces on a, and c are the same, although their depths 

are different. There is no buoyant force on d, since the liquid 

cannot get under it to produce the buoyant force. The buoyant 

force on b is one half that on a, and c, since only one-half of the 

object is submerged. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Immersed Objects to Demonstrate Buoyancy. 
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Example 3.2 

What the buoyancy forces on a plastic cube is with sides 3.0m 

sides, floating in water, if three quarters of the block is 

submerged? 

 

Solution: 

B = Ƴv  

    

KN

mxmxmxx
s

mxforWater
m

kg

g

45.198

4

3
0.30.30.38.9.100 23





 

 

     

Example 3.3 

What is the apparent weight of a 4.8m3 block of Wood totally 

immersed in Acetone? (Assume the density of wood is 

867.35kg/m3 

 

Solution 

Buoyant force of Wood in Air = Weight of Wood in Air, 

aB Ƴ v g  

      

KN

mx
s

mxforWood
m

kg

800144.40

8.48.9.35.867 23




 

 

Buoyant force of Wood totally immersed in Acetone, 

 LB = Ƴ v  

      

KN

mx
s

mxforAcetone
m

kg
gv

1616.37

8.48.9.790 3
23



 
 

            

Apparent weight = Loss in weight 
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= La BB   

KN64.3

1616.37800144.40




 

 

Pascal’s Law 

State that the pressure applied to an enclosed liquid (or gas) is 

transmitted to all parts of the fluid and to the walls of the 

container. This is demonstrated in the hydraulic press in figure 

3.6.  A force of F2 exerted on the small piston (ignoring friction) 

will exert a pressure in the fluid given by: 

 

                
S

S

A
F

P   

Where,  

AS is the cross sectional area of the smaller piston 

 

Since the pressure is transmitted through the liquid to the 

second cylinder, according to Paschal Law, the force on the larger 

piston (FL) is given by, 

            LL PAF   

 

Where, 

 AL is the cross sectional area of the large piston (assuming 

the pistons are at the same level), from which, 

 

                 
S

SL

L
A

FA
F   

 

It can be seen that the force FL is magnified by the ratio of the 

piston areas. This principle is used in hoists, hydraulic equipment, 

and so forth. 
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Example 3.4 

In Figure 3.6, if the area of the small piston AS is 10cm2 and 

the area of the large piston AL is 500cm2, what is the force FL on 

the large piston, if the force Fs on the small piston is 30N?   

Solution: 

Force FL on piston = 
s

sL

A

FA
 

                               

KN

N

cm

Nxcm

5.1

1500

10

30500
2

2







 

 

 

 

 

 

Figure 3.6 Diagram of a Hydraulic Press 

 

Displacer 

A displacer with force sensing is shown in Figure 3.7. This 

device uses the change in buoyant force on an object to measure 

the changes in liquid level. The displacers must have a higher 

specific weight than that of the liquid whose level is being 

measured, and has to be calibrated for the specific weight of the 

liquid. A force or strain gauge measures the excess weight of the 

displacer. There is only a small movement in this type of sensor, 

compared to the movement in a float sensor. Displacers are 

simple, reliable and accurate, but are affected by the temperature 

dependent specific weight of the liquid, and buildup on the 

dispenser of coatings and depositions from the liquid. A still well 

may be required where turbulence is present in the liquid. 

Fs P 
P FL 



Chapter 3 – Level, Height and Volume Measurement 

 

 86 

The buoyant force on the cylindrical displacer shown in figure 3.7 

is given by: 

Buoyant Force (F) = 
4

2 LdY
 

Where, 

Ƴ is specific weight of the liquid, d is float diameter, and L is the 

length of the displacer submerged in the liquid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Displacer with a Force Sensor for measuring Liquid 

Level 
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The weight, as seen by the force sensor, is given by, 

 

Weight on force sensor = Weight of displacer (W) – F 

 

It should be noted that the units must be in the same 

measurement system, the liquid must not rise above the top of the 

displacer, and the displacer must not touch the bottom of the 

container. 

 

Example 3.5 

A 13-in diameter displacer is used to measure changes in 

water level. If the water level changes by 1.2m, what is the change 

in force sensed by the force sensor? 

 

Solution 

 

m

mx

mmxinches

mminch

33.0

1000

3995.2513

3995.251313

3995.251









 

1inch = 25.3995mm 

 

Ƴ

2

23

9800

8.9.1000

m
N

s
mxforWater

m
kg

g





 

 

 

From the Equation,  
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Change in Force    21 FWFW   

12 FF   

From the above equation, 

 

 

4

2.133.09800
2

2

12

mxmx
m

N

FFF


  

KN006.1  

Example 3.6 

A 7.3-in diameter displacer is used to measure acetone levels. 

What is the change in force sensed if the liquid level changes by 

0.70m? 

 

Solution 
1 inch = 25.3995mm 

7.3 inches = 7.3 x 25.3995mm 

= 
1000

3995.253.7 m
 

= 0.18541635m   0.19m 

Y = e.g. = 790kg/m3 for Acetone x 9.8m/s2 

= 7742N/m3 

From equation (3.9) 

Change in force = (W-F1) – (W-F2) 

= F2 – F1 

From equation (3.8) 

F = F2 – F1 
4

70.0)19.0(142.3/7742 23 mmN 
  

= 153.6754871N 
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Electrical Level Measuring Devices 

 

Capacitive Probes 

Capacitive probes can be used in liquids and free-flowing 

solids for continuous level measurement. Materials placed 

between the plates of a capacitor increase the capacitance by a 

factor (  ), known as the dielectric constant of the material. For 

instance, air has a dielectric constant of 1, and water has a 

dielectric constant of 80. When two capacitor plates are partially 

immersed in a nonconductive liquid, the capacitance Cd is given 

by: 

                                      ad C
r

d
C    

Where, 

Ca is the capacitance with no liquid,   is the dielectric constant of 

the liquid between the plates, r is the height of the plates, and d is 

the depth or level of the liquid between the plates.  

 

The dielectric constants of some common liquids are given in 

Table 3.1. There are large variations in dielectric constant with 

temperature, so that temperature correction may be needed. From 

the equation bellow, the liquid level is given by 

 

                                       
 

r
C

CC
d

d

ad




  

Example 3.7 

A 1.3m long capacitive probe has a capacitance of 31pF in air. 

When partially immersed in water with a dielectric constant of 80, 

the capacitance is 0.97nF. What is the length of the probe 

immersed in water?  
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Solution 

r
C

CC
d

a

ad




  

 

 

m

pFx

mXpFpFx

49.0

3180

13311097.0 3






 

 

The capacitive probe shown in figure 3.8(a) is used to measure 

the level in a non conducting liquid, and consists of an inner rod 

with an outer shell. The capacitance is measured between the two 

using a capacitance bridge. In the portion of the probe that is out 

of the liquid, air serves as the dielectric between the rod and outer 

shell. In the section of the probe immersed in the liquid, the 

dielectric is that of the liquid that causes a large capacitive charge. 

Where the tank is made of metal, it can serve as the outer shell. 

The capacitance change is directly proportional to the level of the 

liquid. The dielectric constant varies with temperature, as can be 

seen from Table 3.1, so that temperature correction is required. If 

the liquid is conductive, then one of the plates is enclosed in an 

insulator, as shown in figure 3.8(b). 

 

Table 3.1 Dielectric Constant of some common liquids 

Water  80@200c Acetone  20.7@250c 

Water  88@00c Alcohol (ethyl) 24.7@250c 

Glycerol 42.5@250c Gasoline  2.0@200c 

Glycerol 47.2@00c Kerosene  1.8@200c 
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(a) Non-conducting liquid, and  

(b) Conducting liquid 

 

Capacitive sensor  
electronics  

Inner rod 

Nonconducting  
liquid  

Outer shell 

(a) 

Capacitive sensor  

Capacitive sensor electronics  

Inner rod 

Outer shell 

(b) Capacitive sensor  

Insulator  

Figure 3.8: Methods of measuring liquid levels using a capacitive 

probe for continuous monitoring in 
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The dielectric constant is now that of the insulator and the 

liquid level sets the area of the capacitor plate. 

 

Resistive Tapes 

Resistive tapes can be used to measure liquid level, as shown 

in Figure 3.9. A resistive element is placed in close proximity to a 

conductive strip in an easily compressible nonconductive sheath. 

The pressure of the liquid pushes the conductive strip against the 

resistive element, shorting out a length of the resistive element 

that is proportional to the depth of the liquid. The sense can be 

used in corrosive liquids or slurries. It is cheap, but is not rugged 

or accurate. It is prone to humidity problems, measurement 

accuracy is dependent on material density, and is not 

recommended for use with explosive or flammable liquids. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Resistive tape level sensors 

 

 

Resistive element  
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Conductive Probes 

In on/off applications, single point sensing can be used with 

conductive probes. Conductive probes are used for single point 

measurements in liquids that are conductive and nonvolatile, since 

a spark can occur. Conductive probes are shown in figure 3.10. 

Two or more probes can be used to indicate set levels. If the liquid 

is in a metal container, then the container can be used as the 

common probe. When the liquid is in contact with two probes, the 

voltage between the probes causes a current to flow, indicating 

that a set level has been reached. Thus, probes can be used to 

indicate when the liquid level is low, and when to operate a pump 

to fill the container. A third probe can be used to indicate when 

the tank is full and to turn off the filling pump. The use of ac 

voltages is normally preferred to the use of dc voltages, to prevent 

electrolysis of the probes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Probes for Single Point Sensing in Conductive 

Liquids 

 

Application Consideration 

A number of factors affect the choice of sensor for level 

measurement, such as pressure on the liquid, temperature of the 
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signal  Low level 
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liquid, turbulence, volatility, corrosiveness, level of accuracy 

required, single point or continuous measurement, direct or 

indirect, particulates in a liquid, free-flowing solid, and so forth. 

Table 3.2 gives a comparison of the characteristics of level 

sensors. When considering the choice of level sensor, temperature 

effects are a major consideration. Density and dielectric constants 

are affected by temperature, making indirect level measurements 

temperature-sensitive. This makes it necessary to monitor 

temperature as well as level, so that the level reading can be 

compensated. The types of sensors needing temperature 

compensation are capacitive, bubblers, pressure, displacers, 

ultrasonic distance measuring devices and load cells. 

 

Floats 

Floats are often used to sense fluid levels, since they are 

unaffected by particulates, can be used for slurries, can be used 

with a wide range of liquid specific weights. Due to their shape, 

flat floats are less susceptible to turbulence on the surface of the 

liquid. When the float is used to measure more than 50cm of 

liquid depth, any change in float depth will have minimal effect 

on the measured liquid depth. 

 

Displacers 

Displacers must never be completely submerged when 

measuring liquid depth, and must have a specific weight greater 

than that of the liquid. Care must also be taken to ensure that the 

liquid does not corrode the displacer, and the specific weight of 

the liquid is constant over time. The temperature of the liquid also 

may have to be monitored to make corrections for density 

changes. Displacers can be used to measure depths up to 

approximately 3m with an accuracy of  0.5cm 
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Capacitive Device 

Capacitive device accuracy can be affected by the placement 

of the device. The dielectric constant of the liquid also should be 

regularly monitored. Capacitive devices can be used in containers 

that are pressurized up to 30MPa, can be used in temperature up 

to 1,0000C, and can measure depths up to 6m with an accuracy 

of 1%. 

 

 Table 3.2 Level Measuring Devices 

 
Type Continuous 

point 
Liquid/ 
Solid 

Temperature 
Range 

Pressure 
Range, 

Psi 

Accuracy Measuring 
Range, 

ft 

Single glass P1 C L 2600c 6,000  0.25in 4 

Differential 
pressure 

P1 C L 6500c 6,000  0.5% Depends on 
cell 

Pulley 
float 

P1 C L 1500c 300  0.12% 60 

Displacer P1 C L 2600c 300  0.25% 10 

Bubbler P1 C L Dew point 1 atm  1.0% Unlimited 

Capacitive P1 C L, S -300 to 
+9800C 

5,000  1.0% 20 

Resistive P L -300C to 
+800C 

3,000  0.12in 100 

Sonic P1 C L, S -400 to 
+1500C 

100  1.0% 3-150 

Ultrasonic P, C L, S -250C to 
+600C 

300  1.0% 3-12 

Radiation P1 C L, S 600C Unlimited  1.0% 15 

Paddle P S 1750C 30  1.0in  
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Pressure Gauge 

Pressure gauge choice for measuring liquid levels can depend 

on the following considerations: 

1. The presence of particulates, which can block the line to the 

gauge 

2. Damage caused by excessive temperatures in the liquids 

3. Damage due to peak pressure surges 

4. Corrosion of the gauge by the liquid 

5. If the liquid is under pressure a differential pressure gauge is 

needed 

6. Distance between the tank and the gauge 

7. Use of manual valves for gauge repair 

 

Differential Pressure Gauges 

Differential pressure gauges can be used in containers with 

pressures up to 30MPa and temperatures up to 6000C, with an 

accuracy of  1%. The liquid depth depends on its density and the 

pressure gauge used, and temperature correction is required. 
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Exercise  

3.1 A pressure gauge located at the base of an open tank 

containing a liquid with a specific weight of 12.4KN/m3 

registers 2.25MPa. What is the depth of the fluid in the tank? 

3.2 What the buoyant force on a plastic cube is with sides 4.0m 

sides, floating in a pool of alcohol (ethyl), if half of the block 

is submerged? 

3.3 What is the apparent weight of a 1.7m3 block of steel totally 

immersed in water? (Assume density of steel is 7850kg/m3). 

3.4 The area of the plunger piston is 25cm2 and the area of the 

ram piston is 1500cm2. What is the force on the plunger piston 

if the force on the ram piston is 4000N 

3.5 A 12-in diameter displacer is used to measure changes in 

mercury level. If the mercury level changes by 0.50m, what is 

the change in force sensed by the force sensor? 

3.6 Distinguish between height, weight and volume? 

3.7 Describe the operation and use of: 

i. The sight glass or gauge? 

ii. The float sensor? 

iii. Displacer? 

iv. Capacitive probes? 

v. Resistive tapes? 

vi. Conductive probes 

 

3.8 What are the application considerations in the choice of: 

i. floats 

ii. displacers 

iii. capacitive device 

iv. pressure gauge and 

v. differential pressure gauges 
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ANSWERS TO EXERCISE 

           (3.1). 181.45m 

           (3.2). 25.28KN 

           (3.3). 114.12KN 

           (3.4). 66.67KN 

           (3.5). 4.69726KN 

       

 

APPENDIX 1 

 

          Specific weights and relative densities of some materials 

materials Temperature 
0C 

Specific weight 

(ρg) N/m3 

Relative 

density 

(specific 

weight) 

Acetone 15.56 7740 0.79 

Alcohol(ethyl) 20.00 7740 0.79 

Glycerin 0.00 12400 1.26 

Mercury 15.56 133000 13.56 

Steel - 76930 7.85 

Water 4.0 9800 1.00 

Wood - 8497 0.867 

Brass - 8400 8.4 
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CHAPTER 4 

 

THE PRINCIPLES OF VOLUMETRIC FLOW METER 

 

Introduction 

Flow measurement is the quantification of bulk fluid 

movement. Flow can be measured in a variety of ways. Positive 

displacement flow meter accumulates a fixed volume of fluid and 

then count the number of times the volume is filled to measure 

flow. Other flow measurement methods rely on forces produced 

by the flowing stream as it overcomes a known constriction, to 

indirectly calculate flow. Flow may be measured by measuring the 

variety of fluid over a known area. 

Both gas and liquid flow can be measured in volumetric or 

mass flow rates such as litres per second or kilogrammes per 

second. These measurements can be converted between one 

another if the materials density is known. The density for a liquid 

conditions; however, this is not the case for gas, the density of 

which depends greatly upon pressure; temperature, and to a lesser 

extent, the gas composition. The energy flow rate (GJ/hour pr 

BTU/day) is the volume flow rate multiplied by the energy 

content per unit volume or mass flow rate multiplied by the 

energy content per unit mass. 

 

Mechanical Flow Meters 

A bucket and a stopwatch is an analogy to the operation of a 

positive displacement meter. The stopwatch is started when the 

flow starts, and stopped when the bucket reaches its limit. The 

volume divided by the time gives the flow rate. For continuous 

measurement, we need a system of continually, filling and 

emptying buckets to divide the flow without letting it out of the 

pipe. These continuously forming and collapsing volumetric 
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displacements may take the form of pistons reciprocating in 

cylinder, oscillating piston, oval gear, bellows, liquid sealed drum, 

rotating impeller, deflecting vane, rotating vane and turbine flow 

meters. 

   

Oval Gear Meter 

An oval gear meter is a positive displacement meter that uses 

two or more oblong gears configured to rotate at right angles to 

one another, forming a T shape. Such a meter has two sides, 

which can be called A and B. No fluid passes through the centre 

of the meter, where the teeth of the two gears always mesh. On 

one side of the meter (A), the teeth of the gears close off the fluid 

flow because the elongated gear on side A is protruding into the 

measurement chamber, while on the other side of the meter (B), a 

cavity holds a fixed volume of fluid in a measurement chamber. 

As the fluid pushes the gears, it rotates them, allowing the fluid in 

the measurement chamber on side B to be released into the outlet 

port. Meanwhile, fluid entering the inlet port will be driven into 

the measurement chamber of side A which is now open. The teeth 

on side B will now close off the fluid from entering side B. This 

cycle continues as the gears rotate and fluid is metered through 

alternating measurement chambers. Permanent magnets in the 

rotating gears can transmit a signal to an electric reed switch or 

current transducer for flow measurement. 

 

Positive Displacement Flow Meters 

Positive displacement flow meters account for nearly 10% of 

the total number of flow meters used in industry and are used in 

large numbers for metering domestic gas and water consumption. 

The cheapest instruments have a typical inaccuracy of about 2%, 

but the inaccuracy in more expensive ones can be as low 

as 0.5%. These higher quality instruments are used extensively 
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within the oil industry; as such applications can justify the high 

cost of such instruments. 

All positive displacement meters operate by using mechanical 

divisions to displace discrete volumes of fluid successively. 

Whilst this principle of operation is common, many different 

mechanical arrangements exist for putting the principle into 

practice. However, all versions of positive displacement meter are 

low friction, low maintenance and long-life devices, although they 

do impose a small permanent pressure loss on the flowing fluid. 

These meters use containers of known size, which are filled and 

emptied a known number of times in a given time period, to give 

the total flow volume or total quantity of fluid flowing. Low 

friction is especially important when measuring gas flows, and 

meters with special mechanical arrangements to satisfy this 

requirement have been developed. Examples of positive 

displacement are the piston flow meter, rotary piston, impeller 

meter, bellow meter, liquid sealed drum meter, rotary vane meter 

and oval gear meter. 

 

The Rotary Piston Meter 

The rotary piston meter, also known as the reciprocating 

piston is a common type of positive displacement meter, and the 

principles of operation of this are shown in Figure 4.1. It consists 

of a slotted cylindrical working chamber that has an in let port and 

an outlet port. The piston moves round the chamber such that its 

outer surface maintains contact with the inner surface of the 

chamber, and as this happens, the piston slot slides up and down a 

fixed division plate in the chamber. At the start of each piston 

motion cycle, liquid is admitted to volume B from the inlet port. 

The fluid pressure causes the piston to start to rotate around the 

chamber, and as this happen liquid in volume C starts to flow out 

of the outlet port, and also liquid starts to flow from the inlet port 
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into volume A. As the piston rotates further, volume B becomes 

shut off from the inlet pots, whilst liquid continues to be admitted 

into A and pushed out of C. when the piston reaches the end point 

of its motion cycle, the outlet port is opened to volume B, and the 

liquid which has been transported round inside the piston is 

expelled. After this, the piston pivots about the contact point 

between the top of its slot and the division plate, and volume A 

effectively becomes volume C ready for the start of the next 

motion cycle. A peg on top of the piston causes a reciprocating 

motion of a lever attached to it. This is made to operate a counter, 

and the flow rate is therefore determined from the count in unit 

time multiplied by the quantity (fixed) of liquid transferred 

between the inlet and outlet ports for each motion cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Rotary Piston form of Positive Displacement Flow 
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Nutating Disk Meters 

Nutating disk meter are in the form of a disk that oscillates, 

allowing a known volume of fluid to pass with each oscillation. 

The meter is illustrated in Figure 4.2; liquid enters and fills the 

left chamber. Because the disk is off centre, the liquid pressure 

causes the disk to wobble. This action empties the volume of 

liquid from the left chamber to the right chamber, the left chamber 

is then refilled and the liquid in the right chamber exits. The 

oscillations of the disk are counted and the total volume 

measured. This meter is not suitable for measuring slurries. The 

meter is accurate and expensive, but a low-cost version is 

available, which is used in domestic water metering and industrial 

liquid metering. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Nutating Disk Flow Meter 

 

Impeller Meters 

The impellers are of different types and some of these 

impellers are single jet meter; paddle wheel meter and multiple jet 

meter. 

 

Nutating disc 

Flow 
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Single Jet Meter 

A single jet meter consists of a simple impeller with radial 

vanes, impinged upon by a single jet. They are increasing in size 

and popularity. 

 

Paddle Wheel Meter 

This is similar to the single jet meter, except that the impeller 

is small with respect to the width of the pipe, and projects only 

partially into the flow, like the paddle wheel on a river boat. 

 

Multiple Jet Meter 

A multiple jet or multiple meters or rotating impeller is a 

velocity type meter which has an impeller which rotates 

horizontally on a vertical shaft. The impeller element is in a 

housing in which multiple inlet ports direct the fluid flow at the 

impeller causing it to rotate in a specific direction in proportion to 

the flow velocity. This meter works mechanically much like a 

single jet meter except that the ports direct the flow at the impeller 

equally from several points around the circumference of the 

element, not just one point, this minimizes uneven wear on the 

impeller and its shaft rotating impeller are uniformly divided. 

Velocity meters, normally used to measure flow rate, also can be 

set up to measure total flow. Multiplying the velocity by the cross-

sectional area of the meter can measure total flow. 

 

Turbine Meters 

A turbine flowmeter consists of a multi-bladed wheel mounted 

in a pipe along an axis parallel to the direction of fluid flow in the 

pipe, as shown in Figure 4.3. The flow of fluid past the wheel 

causes it to rotate at a rate that is proportional to the volume flow 

rate of the fluid. This rate of rotation has traditionally been 

measured by constructing the flowmeter such that it behaves as a 
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variable reluctance tachogenerator. This is achieved by fabricating 

the turbine blades from a ferromagnetic material and placing a 

permanent magnet and coil inside the meter housing. A voltage 

pulse is induced in the coil as each blade on the turbine wheel 

moves pass it, and if these pulses are measured by a pulse counter, 

the pulse frequency and hence flow rate can be deduced. In recent 

instruments, fibre optics is also now sometimes used to count the 

rotations by detecting reflections off the tip of the turbine blades.  

Provided that the turbine wheel is mounted in low friction 

bearings measurement inaccuracy can be as low as  0.2%. 

However, turbine flow meters are less rugged and reliable than 

flow-restriction type instruments, and are badly affected by any 

particulate matter in the flowing fluid. Bearing wear is a particular 

problem and they also impose a permanent pressure loss on the 

measured system. Turbine meters are particularly prone to large 

errors when there is any significant second phase in the fluid 

measured. For instance using a turbine meter calibrated on pure 

liquid to measure a liquid containing 5% air produces a 50% 

measurement error. As an important application of the turbine 

meter is in the petrochemical industries, where gas/oil mixtures 

are common, special procedures are being developed to avoid, 

such large measurement errors. The most promising approach is to 

homogenize the two gas/oil phases prior to flow measurement. 

Turbine meters have a similar cost and market share to positive 

displacement meters, and compete for many applications, 

particularly in the oil industry. Turbine meters are smaller and 

lighter than the latter and are preferred for low-viscosity, high-

flow measurements. However, positive displacement meters are 

superior in conditions of high viscosity and low flow rate. 
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Figure 4.3 Turbine flowmeter 

 

The turbine flowmeter is one example of Rotating flow rate 

devices which are rotating sensors. The rotating flow devices are 

accurate, with good flow operating and temperature ranges, but 

are more expensive than most of the other devices. 

 

Gas Meters 

A gas meter is a specialized flow meter, used to measure the 

volume of fuel gases such as natural gas and propane. Gas meters 

are used at residential, commercial and industrial buildings that 

consume fuel gas supplied by a gas utility. Gases are more 

difficult to measure than liquids, as measured volumes are highly 

affected by temperature and pressure. Gas meters measure a 

defined volume, regardless of the pressurized quantity or quality 

of the gas flowing through the meter. Temperature, pressure and 

heating value compensation must be made to measure actual 

Flow   

Magnetic pick-up  

Turbine wheel  
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amount and value of gas moving through a meter. Several 

different designs of gas meters are in common use, depending on 

the volumetric flow rate of gas to be measured, the range of flows 

anticipated, the type of gas being measured and other factors. 

 

Bellow Meters 

Bellow meters are also known as diaphragm type gas meters. 

These are the most common type of gas meter, seen in almost all 

residential and small commercial installations. Within the meter 

there are two or more chambers formed by movable diaphragms. 

With the gas flow directed by internal valves, the chambers 

alternately fill and expel gas, producing a near continuous flow 

through the meter. As the diaphragms expand and contract, levers 

connected to cranks convert the linear motion of the diaphragms 

into rotary motion of a crank shaft which serves as the primary 

flow element. The shaft can drive an odometer-like counter 

mechanism or it can produce electrical pulses for a flow 

computer. Diaphragm gas meters are positive displacement 

meters. 

 

Liquid Sealed Drum Meters 

The liquid sealed drum meters are also known as the drum 

meters. The liquid sealed drum meter is the oldest commercial 

positive displacement gas meter. It consists of a cylindrical 

chamber that is more than half filled with water and divided into 

four rotating compartments formed by trailing vanes, gas entering 

through the centre shaft into one compartment after another forces 

rotation that allows the gas then to exhaust out through the top as 

it is displaced by the water. 
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Rotary Vane 

A rotary vane meter is an example of a positive displacement 

meter. A rotor vane or a moving vane type of device can use in a 

pipe configuration or an open channel flow. The vane can be 

spring loaded and have the ability to pivot. By measuring the 

angle of tilt, the flow rate can be determined. A rotor is positioned 

eccentrically in a cylindrical housing so that it is almost touching 

the cylinder. When the rotor starts turning, centrifugal force 

moves the blades out of the rotor slots and they slide against the 

internal surface of the cylinder. A cell is formed between two 

blades creating a volume that changes constantly during rotation. 

Air enters from the inlet port into a cell when the cell has 

achieved its maximum air volume. As the cell moves away from 

the port, its volume becomes smaller and smaller, the air is 

compressed and the pressure rises. This continues until the 

pressure in the cell exits through the outlet port. The meters of dry 

rotary vane pumps do not have dry oil in them. The tips of the 

vanes come in direct contact with the pump housing. The vanes 

are typically made out of a carbon based material. Typical 

maintenance of this type of meters is the changing of the vane 

blades. 

 

Gate Meter  

The gate meter consists of a spring-loaded hinged flap 

mounted at right angles to the direction of fluid flow in the fluid-

carrying pipe. The flap is connected to a pointer outside the pipe. 

The fluid flow deflects the flap and pointer and the flow rate is 

indicated by a graduated scale behind the pointer. The major 

difficulty with such devices is in preventing leaks at the hinge 

point. A variation on this principle is the air-vane meter, which 

measures deflection of the flap by a potentiometer inside the pipe. 

This is commonly used to measure airflow within automotive 
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fuel-injection systems. Another similar device is the target meter. 

This consists of a circular disc-shaped flap in the pipe. Fluid flow 

rate is inferred from the force exerted on the disc measured by 

strain gauges bonded to it. This meter is very useful for measuring 

the flow of dilute slurries but it does not find wide application 

elsewhere as it has a relatively high cost. Measurement 

uncertainty in all of these types of meter varies between 1% and 

5% according to cost and design of each instrument. 

 

Application Considerations 

Many different types of sensors can be used for flow 

measurements. The choice of any particular device for a specific 

application depends on a number of factors, such as: reliability, 

cost, accuracy, pressure range, and size of pipe, temperature, wear 

and erosion, energy loss, ease of replacement, particulates, 

viscosity and so forth. 

 

Selection 

The selection of a flow meter for a specific application to a 

large extent will depend upon the required accuracy and the 

presence of particulates, although the required accuracy is 

sometimes downgraded because of cost. One of the most accurate 

meters is the magnetic flow meter, which can be accurate to 1% of 

full scale deflection (FSD). This meter is good for low flow rates 

with high viscosities, and has low energy loss, but is expensive 

and requires a conductive fluid. The turbine gives high accuracies, 

and can be used when there is vapour present, but the turbine is 

better with clean, low viscosity fluids. Gas flow can be measured 

with gas meters such as bellow meters or diaphragm gas meters. 

For open channel applications, the rotary vane meter is preferred. 
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Installation 

Because of the turbulence generated by any type of 

obstruction in an otherwise smooth pipe, attention must be given 

to the placement of flow sensors. The position of the pressure taps 

can be critical for accurate measurements. The manufacturers’ 

recommendations should be followed during installation. 

 

Calibration 

Flow meters need periodic calibration. This can be done by 

using another calibrated meter as a reference, or by using a known 

flow rate. Accuracy can vary over the range of the instruments, 

and with temperature and specific weight changes in the fluid. 

Thus, the meter should be calibrated over temperature as well as 

range, so that the appropriate corrections can be made to the 

readings. A spot check of the readings should be made 

periodically to check for instrument drift, which may be caused by 

the instrument going out of calibration, or particulate build up and 

erosion. 

 

Fluid Flow 

At low flow rates, fluids have laminar flow characteristics. As 

the flow rate increases, the laminar flow starts to break up and 

becomes turbulent. The speed of the liquid in a fluid flow varies 

across the flow. Where the fluid is in contact with the constraining 

walls (the boundary layer), the velocity of the liquid particles is 

virtually zero, while in the centre of the flow, the liquid particles 

have the maximum velocity. Thus, the average rate of flow is used 

in flow calculations. The units of velocity are normally meters per 

second (m/s). In a liquid, the fluid particles tend to move 

smoothly in layers with laminar flow. The velocity of the particles 

across the liquid takes a parabolic shape. With turbulent flow, the 

particles no longer flow, the particles no longer flow smoothly in 
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layers, and turbulence, or a rolling effect, occurs. In addition, the 

velocity profile is flattened. 

 

Flow Patterns 

Flow can be considered to be laminar, turbulent, or a 

combination of both. If the Reynolds number (R) for the flow in a 

pipe is equal to or less than 2,000, the flow will be laminar. If the 

Reynolds number ranges from 2,000 to approximately 5,000, this 

is the intermediate region, where the flow can be laminar, 

turbulent or a mixture of both, depending upon other factors. 

Beyond 5,000, the flow is always turbulent. The Reynolds number 

is a derived dimensionless relationship, combining the density and 

viscosity of a liquid with its velocity of flow and the cross-

sectional dimensions of the flow, and takes the form: 

                                   


VD
R                                                                           

(4.1) 

Where V is the average fluid velocity, D is the diameter of the 

pipe, ρ is the density of the liquid, and  is the absolute viscosity. 

Table 4.1 gives a list of viscosity conversions. Typically, the 

viscosity of a liquid decreases as temperature increases. 

 

Table 4.1 Conversion Factors for Dynamic and Kinematic 

Viscosities. 

 

Dynamic Viscosities Kinematic Viscosities 

1Ibs/ft2 = 47.9Pas 1ft2/S = 9.29 x 10-2m2/s 

1centipoise = 10Pas 1 stoke = 10-4m2/s 

1centipoise = 2.09 x  1 m2/s = 10.76ft2/s 

10-5Ibs/ft2 1 stoke = 1.076 x 

1 Poise = 100centipoises 10-3ft2/s 
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Conversion factors: 1ft3 = 0.028m3; 1 Ib = 4.448N; 1 Ib/ft3 = 

0.157kn/m3 

1ft = 30.479cm = 0.30479m; 

1 in = 25.3995mm = 0.0253995m; 

1 KN/m3 = 1000N/m3 = 1000kg/m3 

 

Example 4.1 

What is the Reynolds number for glycerin flowing at 2.29m/s 

in a 0.432m diameter pipe? The viscosity of glycerin is 0.8622 

PaS and the density is 1260kg/m3. 

 

Solution 

PaS

mkgmsmVD
R

8622.0

/1260432.0/29.2 3






 

 = 1445.7119 

1446 

 

Flow Rate 

Flow rate is the volume of fluid passing a given point at a 

given amount of time and is typically measured in litres/min, m3/s 

and so forth. Table 4.2 gives the flow rate conversion factors. 

 

Table 4.2 Flow Rate Conversion Factors 

1 gal/min = 6.309 x 10-5 m3/s 

1 gal/min = 3.78l/min 

1 gal/min = 0.1337 ft3/min 

1 gal water = 231 in3 

1 gal water = 0.1337ft3 = 23/in3, 

1 gal water = 8.35Ib 

1 ft 3water = 7.48gal 
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1,000 litres water = 1m3 

1 liter water = 1kg 

1 L/min = 16.67 x 10-6 m3 /s 

1 ft3/s = 449 gal/min 

1 gal/min = 0.00223 ft3/s 

1ft3 water = 7.48gal 

  

      Flow rate, 
t

V
Q                                    (4.2) 

 

Where Q is the flow rate (m3/s), V is the volume (m3) and t is the 

time (seconds) 

     Total Flow, n
t

V
QT                                  (4.3) 

Where TQ the total flow and n is the number of times the volume 

is filled (or emptied).  

 

Example 4.2 

One pipe can fill a drum in t1 seconds, and another pipe can 

empty the drum in t2 seconds. Both pipes are opened at the same 

time and, after t3 seconds; the second pipe is turned off. What 

fraction of the drum is then full, and how long will it take for the 

first pipe to fill the drum completely. 

 

Solution 

Let the volume of the drum be Vcm3 

Time for the first pipe to fill the drum is t1 seconds 

Time for the second pipe to empty the drum is t2 seconds  

Flow rate for first pipe, 
1

1
t

V
Q   
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Flow rate for second pipe, 
2

2
t

V
Q   

But V = Q1t1 = Q2t2 

In one unit time second, volume of drum fill is 

21

12

21

)(

tt

ttV

t

V

t

V 
  

 Total time for both pipes to fill the drum is 
12

21

tt

tt


 

Note:  filling drum is + 

 Emptying drum is – 

After t3 seconds the second pipe is turned off. This means 

that in t3 seconds both pipes together fill t3 x 
21

12 )(

tt

ttV 
= 

V3 

 The first pipe completes the filling of V – V3 volume of 

the drum 

But flow rate of first pipe = Q1 

 The time for the first pipe to complete the filling of the 

drum, 

             



1

3

4
Q

VV

rateFlow

Volume
t   

 

1

21

12321

1

21

123 )()(

Q

tt

ttVttVt

Q

tt

ttVt
V








 

 

=
121

132321 1)(

Qtt

ttttttV
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t4 = 
121

132321 )(

Qtt

ttttttV 
 

 

But 
1Q

V
= t1 

Using t1 to replace
1Q

V
, we have: 

 

t4 = 
21

1323211 )(

tt

ttttttt 
 

t4 = 
2

132321

t

tttttt 
 

Pressure 

In a liquid flow, the pressures can be divided into the 

following: 

1. Static pressure, which is the pressure of fluids or gases that are 

stationary (see point A in Figure 4.4); 

2. Dynamic pressure, which is the pressure exerted by a fluid or 

gas when it impacts on a surface (point B-A); and 

3. Impact pressure (total pressure), which is the sum of the static 

and dynamic pressures on a surface as shown by point in 

Figure 4.4. 

 

Continuity Equation 

The continuity equation states that if the overall flow rate in a 

system is not changing with time. Then the flow rate in any part of 

the system is constant. From which: 

 

Q = VA                                                     (4.4) 
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Where Q is the flow rate, V is the average velocity, and A is the 

cross-sectional area of the pipe. The units on both sides of the 

equation must be compatible (that is, English units or metric 

units). 

 

Example 4.3 

What is the flow rate in litres per second through a pipe 32cm 

in diameter, if the average velocity is 2.1m/s? 

Solution 

                Q = VA = 
4

32.0/1.2 22 msm 
  

                    = 0.17m3/s 

                    = 0.17 x 1,000L/s 

                   = 170L/s 

If liquids are flowing in a tube with different cross-sectional 

area, such as A1 and A2, then the continuity equation gives: 

                               Q = V1A1 = V2V2                                                

(4.5) 

 

 

 

 

 

 

 

 

 

Figure 4.4 Static, Dynamic and Impact Pressures. 

 

Flow B 

A 

Static pressure Impact pressure 
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Example 4.4 

If a pipe changes from a diameter 17 to 11cm, and the velocity 

in the 17cm section is 5.4m/s what is the average velocity in the 

11cm section?  

 

Solution 

Q = V1A1 = V2V2 

V2 = 
2

2

2

11

5.5

5.8/4.5








sm

A

VV
 

 = 12.8m/s 

Mass flow rate (F) is related to volume flow rate (Q) by: 

F = ρQ                      (4.6) 

 

Where F is the mass of liquid flowing and e is the density 

of the liquid. 

Since a gas is compressible, the equation Q = V1A1 = 

V2V2 must be modified for gas flow to: 

 

222111 AVYAVY           (4.7) 

 

Where, Y1 and Y2 are specific weights of the gas in the 

two sections of pipe.  

But  

gY  , therefore equation (4.7) becomes: 

 

22221111 AVgAVg      (4.8) 

 

Where, 21 gg   

 

Equation (4.5) is the rate of mass flow in the case of a gas. 

However, this could also apply to liquid flow, by multiplying both 
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sides of the equation (4.5) by the specific weight (Y), to give the 

following: 

 

222111 AVYAVY            (4.9) 

 

A1, V1, A2 and V2 are illustrated in Figure 4.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Flow diagrams for use in the continuity equation with 

(a) constant area, and (b) differential areas 

 

Bernoulli Equation 

The Bernoulli equation gives the relation between pressure, 

fluid velocity and elevation in a flow system. When applied to 

Figure 4.6(a), the following is obtained: 

Velocity  

Area = A 
Flow rate 

(a) 

Average velocity V1 

(b) 

Area = A1 

Area = A2 

Average velocity V2 
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B
B

B

B
A

A

A

A Z
g

V

Y

P
Z

g

V

Y

P


22

22

       (4.10) 

 

 

 

 

 

 

 

 

 

Figure 4.6 Container diagrams: (a) the pressures at point A and B 

are related by the equation, and (b) application of the Bernoulli 

equation to determine flow 

 

  Where, 

   YA and YB are specific weights,  

   VA and VB are average fluid velocities,  

   g is the acceleration of gravity, and  

   ZA and ZB are elevations above a given reference level 

(e.g. ZA – ZB is the head of fluid). 

 

The units in equation (4.9) are consistent and reduce to units 

of length as follows: 

Pressure Energy = 
)/(

)/(
3

2

mNY

mNP
 

Kinetic Energy (m) = 
2

22

)/(

)/(

smY

smV
 

 

Potential Energy (m) = Z 

Reference line 2 

h 

Flow  

3 

1 

A VA 

Flow  

B 
VB 
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This equation is a conservation of energy equation, and 

assumes no loss of energy between points A and B. The first term 

represents energy stored due to pressure; the second term 

represents kinetic energy, or energy due to motion and the third 

term represents potential energy, or energy due to height. This 

energy relationship can be seen if each term is multiplied by mass 

per unit volume, which cancels, since the mass per unit volume is 

the same at point A and B. The equation can be used between any 

two positions in a flow system. The pressures used in the 

Bernoulli equation must be absolute pressures. 

In the fluid system shown in Figure 4.6(b), the flow velocity V 

at point 3 can be derived from equation (4.10), and is as follows, 

using point 2 as the reference line. 

 

0
2

0
2

3

3

31 
g

V

Y

P
h

Y

P
 

 

)2(3 ghV           (4.11) 

 

Point 3 at the exit has dynamic pressure, but no static pressure 

above 1atm. Hence, P3 = P1 = 1atm, and Y1 = Y3. This shows that 

the velocity of the liquid flowing out of the system is directly 

proportional to the square root of the height of the liquid above 

the reference point. 

 

Example 4.5 

If the height of a column of water h in figure 4.5 (b) is 4.3m, 

what is the pressure at P2? Assume the areas at points 2 and 3 are 

29cm2 and 17cm2 respectively? 
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Solution 

 

)3.48.92()2(3  ghV  

 

= 9.18m/s 

 

Considering points 2 and 3 with the use of the formula: 

 

B
B

B

BA

A

A Z
g

V

Y

P
ZA

g

V

Y

P


22

22

 

 

0
8.928.9

3.101
0

9628.9

2

3

2

22 






V

KN

KPaV

KN

P
     (1) 

 

Using the formula Q = V1A1 = V2V2 and knowing that the 

areas at point 2 and 3 are 0.0029m2 and 0.0017m2 respectively, 

the velocity at point 2 is given by: 

 

 

 

 = 5.35m/s 

 

Substituting the values obtained for V2 and V3 into the 

formula: 

 

)2(3 ghV  , gives the following: 

 

smV
A

A
V /12.9

0029.0

0017.0
3

2

3
2 
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0
8.92

)12.9(

8.9

3.101
0

982

)35.5(

8.9

22

2 






P

 

 

P2 = 128.6KPa (a) = 27.3KPa (g) 

 

Flow Losses 

The Bernoulli equation does not take into account flow losses. 

These losses are accounted for by pressure losses, and fall into 

two categories: (1). those associated with viscosity and the friction 

between the constriction walls and the flowing fluid; and (2). 

those associated with fittings, such as valves, elbows, tees and so 

forth. 

The flow rate Q from the continuity equation for point 3 in 

Figure 4.5(b), for instance, gives: 

33AVQ   

However, to account for the outlet losses, the equation should 

be modified to: 

 

33AVCQ D                                                                                           

4.12 

 

Where, 

CD is the discharge coefficient, which is dependent on the 

shape and size of the orifice. The discharge coefficients 

can be found in flow data handbooks. 

 

Frictional losses are losses from the friction between the 

flowing liquid and the restraining walls of the container. These 

frictional losses are given by: 
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Dg

fLv
hL

2

2

        4.13 

Where, 

Lh is the head loss, f is the friction factor, L is the length of 

pipe, D is the diameter of pipe, v is the average fluid 

velocity, and g is the gravitation constant. The friction 

factor f depends on the Reynolds number for the flow, and 

the roughness of the pipe walls. 

 

Example 4.6 

What is the head loss in a 5cm diameter pipe that is 93m long? 

The friction factor is 0.03, and the average velocity in the pipe is 

1.03m/s. 

 

Solution: 

Dg

fLv
hL

2

2

  

 

=  
smcm

smm

/8.925

100)/03.1(9303.0 2




 

 

= 3.02m 

 

This would be equivalent to; 3.02m x 9.8KN/m2 = 29.6KPa. 

 

Fitting losses are those losses due to couplings and fittings. 

Fittings losses are normally less than friction losses and are given 

by: 

g

Kv
hL

2

2

                    4.14 
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Where,  

Lh  is the head loss due to fittings, K is the head loss 

coefficient for various fittings, V is the average fluid 

velocity, and g is the gravitation constant. Values for K 

can be found in flow handbooks. Table 4.3 below gives 

some typical values for the head loss coefficient factor in 

some common fittings. 

 

Table 4.3 Typical Head Loss Coefficient Factors for Fittings 

 

Threaded ell – 1 in        1.5 

Threaded tee – 1 in inline       0.9 

Globe value (Threaded)       8.5 

Coupling or union – 1 in        0.085 

Flanged ell – 1 in         0.43 

Branch          1.8 

Gauge value (Threaded)       0.22 

Bell mouth reducer        0.05 

  

Example 4.7 

Fluid is flowing at 1.13m/s through one inch fittings as 

follows: 7 x 900 ells, 5 tees, 2 gate valves, and 19 couplings. What 

is the head loss? 
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Solution 
       


g

Kv
hL

2

2

 
8.92

/13.1/13.1)085.01922.029.055.17(



 smsm

 

                           

                         = 

2/6.19

/13.1/13.1)615.144.05.45.10(

sm

smsm 
 

 

                       = 
6.19

13.113.1055.17 
 

 

                       = m
6.19

7775295.21
 

                        

                       = 1.111098444 

 

                       1.11m 

 

To take into account losses due to friction and fittings, the 

Bernoulli equation is modified as follows: 

B
B

B

B
A

A

A

A Z
g

V

Y

P
Z

g

V

Y

P


22

22

 

 

fittingshfrictionh LL            4.15 
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Form drag is the impact force exerted on devices protruding 

into a pipe due to fluid flow. The force depends on the shape of 

the insert, and can be calculated   from: 

g

Av
YCF D

2

2

              4.16 

Where, 

F is the force on the object, CD is the drag coefficient, Y is the 

specific weight, g is the acceleration due to gravity, A is the cross-

sectional area of obstruction, and v is the average fluid velocity. 

Flow handbooks contain drag coefficients for various objects. 

 

Table 4.4 Typical Drag Coefficient Values for Objects 

Immersed in flowing Fluid 

 

1. Circular Cylinder with axis perpendicular to flow 0.33 to 1.2 

2. Circular Cylinder with axis parallel to flow 0.85 to 1.12 

3. Circular disk facing flow    1.12 

4. Flat plate facing flow    1.9 

5. Sphere      0.1+ 

 

Example 4.8 

A 7.3 in diameter ball is traveling through the air with a 

velocity of 27.74m/s. If the density of the air is 1.225kg/m3 and 

CD = 0.35, what is the force acting on the ball? 
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Solution 
1 in = 0.30479m, therefore 7.3 in = 7.3 x 0.30479m  

g

Av
YCF D

2

2

  

2

223

/8.924

]/74.27/74.27

)30479.03.7()/8.9/225.1(35.0[

sm

smsm

msmmkg











 

 

 

= 641.4759644N 

 

 641.48N 
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Exercise 4 

4.1  Differentiate positive displacement meters from turbine 

flowmeter. 

4.2  Describe the principles and operation of the following 

volumetric flow meters: 

i. Oval gear  

ii. Rotary piston  

iii. Nutating disk 

iv. Impeller 

v. Turbine 

vi. Gas 

vii. Bellow 

viii. Liquid sealed drum  

ix. Rotary vane and 

x. Gate 

4.3.  (a) List six positive displacement meters? 

(b) Give three advantages and one disadvantage of a positive 

displacement meter. 

4.4  Draw sketches to illustrate the turbine, rotary piston and 

Nutating disk flowmeter. 

4.5 Give one advantage and one disadvantage of Nutating disk 

meters. 

4.6  State four problems and two applications of the turbine 

flowmeter. 

4.7 List four different types of flowmeter and their 

corresponding applications in a tabular form. 

4.8 Describe the principles and operation of one example of a 

named gas meter. 

4.9 State the formula for calculating the following terms and 

explain what each symbol in the formula represents:  

i. Reynolds number 

ii. Flow rate 
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iii. Total flow rate 

iv. Continuity equation 

v. Mass flow rate 

vi. Bernoulli equation 

vii. Outlet-losses flow rate 

viii. Frictional losses 

ix. Fitting losses 

x. Form – drag force 

4.10 Explain the following terms: 

i. Flow rate 

ii. Outlet losses 

iii. Frictional losses 

iv. Fitting losses 

v. From drag 

4.11 a) One pipe fills a bath in t1 seconds, and the waste-pipe can 

empty the bath in t2 seconds. Derive a mathematical 

expression to show the time t3 it takes the bath to be filled if 

the waste – pipe is left open when the tap is turned on. 

b) If t1 = 9 seconds and t2 = 12 seconds, calculate t3. 

4.12 a) What is the flow rate in litres per second through a pipe 

120cm in diameter, if the average velocity is 300cm/s? 

b) If the liquid flowing through the pipe has a density of 

1000kg/m3 calculate the mass flow rate. 

 

Answers To Exercise 4 

4.11  (a) 
12

21

tt

tt


  (b) 36 sec 

 

4.12  (a) 3393.36L/s 

 (b) 3393.36kg/s 
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CHAPTER 5 

 

 PRIMARY ELEMENTS OF DIFFERENTIAL PRESSURE 

DEVICES 

 

Differential Pressure (Obstruction-Type) Meters 

Differential pressure meters involve the insertion of some 

device into a fluid carrying pipe that causes an obstruction and 

creates a pressure difference on either side of the device. Such 

meters are sometimes known as obstruction-type meters or flow-

restriction meters. Devices used to obstruct the flow include the 

orifice plate, the venture tube, and the flow nozzle and the Dall 

flow tube. When such a restriction is placed in a pipe, the velocity 

of the fluid through the restriction increases and the pressure 

decreases; the volume flow rate is then proportional to the square 

root of the pressure difference across the obstruction. The manner 

in which this pressure difference is measured is important. 

Measuring the two pressures with different instruments and 

calculating the difference between the two measurements is not 

satisfactory because of the large measurement error which can 

arise when the pressure difference is small. Therefore, the normal 

procedure is to use a differential pressure transducer, which is 

commonly a diaphragm type. 

Flow-restriction type instruments are popular because they 

have no moving parts and therefore robust, reliable and easy to 

maintain. One disadvantage of this method is that the obstruction 

causes a permanent loss of pressure in the flowing fluid. The 

magnitude and hence importance of this loss depends on the type 

of obstruction element used, but where the pressure loss is large, it 

is sometimes necessary to recover the lost pressure by an auxiliary 

pump further down the flow line. This class of device is not 

normally suitable for measuring the flow of slurries as the tapings 
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into the pipe to measure the differential pressure are prone to 

blockage, although the venturi tube can be used to measure the 

flow of dilute slurries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 obstruction devices: 

(a) orifice plate; (b) venture; (c) flow nozzle; (d) Dall flow tube 

 

Venturi And Identical Flowmeter 

A number of obstruction devices are available that are 

specially designed to minimize the pressure loss in the measured 

fluid. These have various names such as venturi, flow nozzle and 

Dall flow tube. They are all much more experience than an orifice 

plate but has better performance. The smooth internal shape also 

means that they suffer much less wear, and consequently have a 

longer life than orifice plates. They also require less maintenance 

and give greater measurement accuracy. 

 

(a) 
(b) P1 

P2 

P1 P2 (C) P1 P2 
(d) 
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Venturi Meter 

The venturi tubes, shown in Figure 5.2(a) uses, the same 

differential pressure principle as the orifice plate. The venture 

tube normally uses a specific reduction in tube size, and is 

normally well suited for use in larger diameter pipes, but it 

becomes heavy and excessively long. One advantage of the 

venturi tube is its ability to handle large amounts of suspended 

solids. It creates less turbulence and insertion loss than the orifice 

plate. The differential pressure taps in the venture tube are located 

at the minimum and maximum pipe diameters. 

 

 

 

 

 

 

Figure 5.2 Types of Constrictions used to Measure Flow: 

(a): Venturi Tube, (b): Flow Nozzle. 

 

The venturi has a precision engineered tube of a special shape. 

This offers measurement uncertainty of only  1%. However, the 

complex machining required manufacturing it means that it is the 

most expensive of all the obstruction devices discussed. 

Permanent pressure loss in the measured system is 10 - 15% of the 

pressure difference (P1 - P2) across it. 

 

Flow Nozzle 

Nozzles are used to determine fluid flow rate through a pipe. 

The flow nozzle is a good compromise on cost and accuracy 

between the orifice plate and the Venturi tube for clean liquids. It 

is not normally used with suspended particles. Its main use is the 

measurement of steam flow. The flow nozzle is shown in Figure 

PL PH 

Flow  

(a) 
(b) 

PH PL 

Flow  
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5.2(b). The pressure loss imposed on the flowing fluid is 30 - 50% 

of the measured pressure difference (P1 - P2) or differential 

pressure. Flow nozzles are also used as measuring elements for air 

and gas flow in industrial application. 

 

Orifice Plate 

The orifice plate is normally a simple metal diaphragm with a 

constricting hole. The diaphragm is normally clamped between 

pipe flanges to give easy access. The differential pressure ports 

can be located in the flange on either side of the orifice plate, or 

alternatively, at specific locations in the pipe on either side of the 

flange as determined by the flow patterns (named vena contracta), 

as shown in Figure 5.3. Shown also is pressure profile. A 

differential pressure gauge is used to measure the difference in 

pressure between the two ports. The differential pressure gauge 

can be calibrated in flow rates. The lagging edge of the hole in the 

diaphragm is beveled to minimize turbulence. In fluids, the hole is 

normally centered in the diagrams, as shown in Figure 5.4(a). 

However, if the fluid contains particulates, the hole could be 

placed at the bottom of the pipe, as shown in figure (b), to prevent 

a build up of particulates. The hole also can be in the form of a 

semicircle having the same diameter as the pipe, and located at the 

bottom of the pipe, as shown in figure 5.4 (c). 
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Figure 5.3 Orifice Constriction Plate with Pressure Profile. 

 

 

 

 

 

 

 

 

Figure 5.4 Orifice shapes and locations used (a) with fluids, and 

(b, c) with Suspended Solids. 

 

Orifice plates are simple, cheap and available in a wide range 

of sizes. In consequence, they account for almost 50% of the 

instruments used in industry for measuring volume flow rate. One 

limitation of the orifice plate is that its inaccuracy is typically at 

Flow  

Orifice plate 

Flanges 

Vena contracta  

PL 
PH 

distance 

pressure Pressure curve 

Orifice  

Pipe Pipe 

Orifice  

Pipe 

Orifice  

(a) (b) (c) 
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least  2% and may approach  5%. Also, the permanent pressure 

loss caused in the measured fluid flow is between 50% and 90% 

of the magnitude of the magnitude of the pressure difference (P1 – 

P2). Other problems with the orifice plate are a gradual change in 

the discharge coefficient over a period of time as the sharp edges 

of the hole wear away, and a tendency for any particle in the 

flowing fluid to stick behind the hole and thereby gradually 

reduce its diameter as the particles build up. The later problem can 

be minimized by using an orifice plate with an eccentric hole. If 

this hole is close to the bottom of the pipe, solids in the flowing 

fluid tend to be swept through, and build up of particles behind 

the plate is minimized. A very similar problem arises if there is 

any bubble of vapour or gas in the flowing fluid when liquid flow 

is involved. These also tend to build up behind an orifice plate and 

distort the pattern of flow. This difficulty can be avoided by 

mounting the orifice plate in a vertical run of pipe.  

The flow rate Q in a differential flow rate meter is given by: 

Q = gh
d

d
K

P

O 2
4

2

















    5.1 

Where K is the flow coefficient constant, dO is the diameter of the 

orifice, dp is the pipe diameter, and h is the difference in height 

between PH and PL. 

 

Example 5.1 

In a 0.76m diameter pipe, a circular orifice has a diameter of 

0.51m, and the difference in height of the manometer levels is 

0.70m. What is the flow rate in cubic meters per second, if K is 

0.97?  
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Solution 

 

Q  = gh
dp

do
K 2

4

2

















 

 

Q =  msm
m

m
70.0/8.92

76.0

51.0

4

142.3
97.0 2

2

















 

 

= sm /
3104.2

936265503.2 3
 

 

= 1.27089054m3/s  

 

 Q    1.271m3/s   

 

 

Pitot Static Tube 

The pitot static tube, as shown in Figure 5.5 is an alternative 

method of measuring flow rate. The pitot static tube is mainly 

used for making temporary measurements of flow, although it is 

also used in some instances for permanent flow monitoring. It 

measures the local velocity of flow at a particular point within a 

pipe rather than the average flow velocity as measured by other 

types of flowmeter. This may be very useful where there is a 

requirement to measure local flow rates across the cross-section of 

a pipe in the case of non uniform flow. Multiple pitot tubes are 

normally used to do this. The disadvantages are that the tube can 

become clogged with particulates, and that the differential 

pressure between the impact and static pressures for low flow 

rates may not be enough to give the required accuracy. The 
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differential pressures in any of the above devices can be measured 

using the pressure measuring sensors. 

 

In a pitot static tube, the flow Q is given by: 

 

Q = )( is PPK                  5.2 

 

Where K is a constant, Ps is the static pressure, and Pi is the 

impact pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Pitot Static Tube 

 

The instrument depends on the principle that a tube placed 

with its open end in a stream of fluid, as shown in figure 5.6, will 

bring to rest that part of the fluid which impinges on it and the 

loss of kinetic energy will be converted to a measurable increase 

in pressure inside the undisturbed free stream of flow (P2) is 

measured. The flow velocity can then be calculated from the 

formula: 

Static Pressure   

Impact Pressure   
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V = )(2 21 PPgC   ------ (5.3) 

 

The constant C, known as the Pitot tube coefficient, is a factor 

which corrects for the fact that not all fluid incident on the end of 

the tube will be brought to rest; a proportion will slip around it 

according tot eh design of the tube. Having calculated V, the 

volume flow rate can then be calculated by multiplying V by the 

cross-sectional area of the flow pipe, A Pitot tubes have the 

advantage that they cause negligible pressure loss in the flow.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Pitot Static tube 

 

They are also cheap, and the installation procedure consists of 

the very simple process of pushing them down a small hole drilled 

in the flow-carrying pipe. Their main failing is that the 

measurement inaccuracy is typically about  5%, although more 

expensive versions can reduce inaccuracy down to  1%. The 

annular is a development of the pitot tube that has multiple sewn 

sing ports distributed across the cross-section of the pipe. It thus 

provides only an approximate measurement of the mean flow rate 

across the pipe. 

Pitot tube 

   P 

   Flow 
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Pitot tube 

A pitot tube is a pressure measurement instrument used to 

measure fluid flow velocity. The Pitot tube is used to measure the 

local velocity at a given point in the flow stream and not the 

average velocity in the pipe or conduit. 

 

Theory of Operation 

The basic pitot tube consists of a tube pointing directly into 

the fluid flow. As this tube contains fluid, a pressure can be 

measured; the moving fluid is brought to rest (stagnated) as there 

is no outlet to allow flow to continue. This pressure is the 

stagnation pressure or the pitot pressure, also known as the total 

pressure. The measured stagnation pressure cannot itself be used 

to determine the fluid velocity. However, Bernoulli’s equation 

states: 

 

Stagnation pressure = static + pressure + dynamic pressure. 

 

This can also be written as:  

Pt = Ps + 








2

2eV
 

Solving the above equation for velocity we get 

 

V = 
e

PP st )(2 
 

Where V is fluid velocity; Pt is stagnation or total pressure; Ps is 

static pressure; and e is fluid density. 

It should be noted that the above equation apply only to fluids 

that can be treated as incompressible. Liquids are treated as 

incompressible under almost all conditions. Gases under certain 

conditions can be approximated as incompressible. 



Chapter 5 – Primary Elements of Differential Pressure Devices 

 

 140 

The value for the pressure drop Ps-Pt or P due to h is the 

reading on the manometer 

 

hgP    

Where e is the density of the fluid in the manometer and  h is the 

manometer reading. 

The dynamic pressure is the difference between the stagnation 

pressure and the static pressure. The static pressure is generally 

measured using the static ports. The dynamic pressure is then 

determined using a diaphragm inside an enclosed container. If the 

air on one side of the diaphragm is at the static pressure, and the 

other at the stagnation pressure, then the deflection of the 

diaphragm is proportional to the dynamic pressure, which can 

then be used to determine the indicated fluid velocity. The 

diaphragm arrangement is typically contained within the fluid 

velocity indicator, which converts the dynamic pressure to fluid 

velocity reading by means of mechanical levers. 

Instead of separate pitot and static ports, a pitot-static tube 

(also called a Pranstl tube) may be employed, which has a second 

tube coaxial with the pitot tube with holes on the pitot tube with 

holes on the sides, outside the direct airflow, to measure the static 

pressure. 

 

Industrial Applications 

Pitot tube is widely used to determine the airspeed of an 

aircraft and to measure air and gas velocities in industrial 

applications. In industry, the velocities being measured are often 

those flowing in ducts and tubing where measurements by an 

anemometer would be difficult to obtain. In these kinds of 

measurements, the most practical instrument to use is the Pitot 

tube. The Pitot tube can be inserted through a small hole in the 

duct with the pitot connected to a U-tube water gauge or some 
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other differential pressure for determining the velocity inside the 

ducted wind tunnel. One use of this technique is to determine the 

volume of air that is being delivered to a conditioned space. The 

fluid flow in a duct can be estimated from: 

 

Volume flow rate (m3/s) = duct area (m2) x velocity (m/s) 

 

Selection 

The most commonly used general-purpose devices are the 

pressure differential sensors used with pipe constrictions. The 

devices will give accuracy in the 3% range when used with solid 

state pressure sensors, which convert the readings directly into 

electrical units, or the rotameter for direct visual reading.  The 

venture tube has the highest accuracy and least energy loss, 

followed by the flow nozzle, then the orifice plate. For cost 

effectiveness, the devices are in the reverse order, if large amounts 

of particulates are present; the venture tube has the highest 

accuracy and least energy loss, followed by the flow nozzle, then 

the orifice plate. For cost effectiveness, the devices are in the 

reverse order if large amounts of particulates are present, the 

venturi tube is preferred. The differential pressure devices operate 

best between 30% and 100% of the flow range. 
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Table 5.1 Summary of Flow Meter Characteristics 

 

METER 
TYPE 

RANGE ACCURACY COMMENTS 

Orifice  
Plate 

3 to 1  3% FSD Low cost and accuracy 

Venture 
Tube 

3 to 1  1% FSD High cost, good accuracy, 
low losses 

Flow 
nozzle 

3 to 1  2% FSD Medium cost and 
accuracy, low losses 

Dall tube 3 to 1  2% FSD Medium cost and 
accuracy, low losses 

Pitot  
static 
tube 

3 to 1  4% FSD Low sensitivity 

Rota- 
meter 

10 to 1  2% of rate Low losses line of sight 

Turbine 
meter 

10 to 1  2% FSD High accuracy, low losses 

Moving 
vane 

5 to 1  10% FSD Low cost, low accuracy 

Nutating 
disk 

5 to 1  3% FSD High accuracy and cost 
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Exercise 5 

5.1 (a) Describe the calibration and the use of the following 

primary elements of differential pressure devices:  

(i) venturi meter  

(ii) flow nozzle  

(iii) orifice plate  

(iv) pitot tube  

(v) pitot-static tube  

 

(b) State the limitations of each of these devices.  

5.2 Distinguish between a venturi and an orifice plate flowmeter. 

 

5.3 Compare and contrast venturi tube and flow nozzle. 

 

5.4 State the usefulness and problems of: 

(i) orifice plate  

(ii) Venturi tube 

 

5.5 In a 60cm diameter pipe, a circular orifice has a diameter of 

40cm, and the difference in height of the manometer levels is 

90cm. What is the flow rate in cubic metres per second, if K 

is 0.97 and  is 3.142? 

 

5.6 Describe the construction, working principle and operation 

of a flow nozzle. 

 

5.7 Write on the application considerations of flow meters under 

the following headings: 

(i) Selection 

(ii) Installation and  

(iii) Calibration 
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5.8 Show the similarities and differences between a pitot tube 

meter and pitot-static tube flowmeter. 

 

5.9 How will you select flowmeter?  

 

5.10 In a tabular form, summary the characteristics of eight 

flowmeter. 

 

5.11 State the applications and limitations of the following 

flowmeter: 

(i) flow nozzle 

(ii) Pitot tube and  

(iii) Pitot static tube 

 

Answers To Exercise 

(5.5) 1.422m3/s    
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CHAPTER 6 

 

 PRINCIPLES OF VARIABLE AREA CONSTANT HEAD 

DEVICES 

 

Variable-Area Flowmeter (Rota Meters) 

In the variable area flowmeter, which is also known as a Rota 

meter, the differential pressure across a variable aperture is used 

to adjust the area of the aperture. The aperture area is then a 

measure of the flow rate. Variables area meters, such as the Rota 

meter shown in figure 6.1 and 6.2 are often used as a direct visual 

indicator for flow rate measurements. The Rota meter is a vertical 

tapered tube with a T (or similar) shaped weight and the tube is 

graduated in flow rate for the characteristics of the gas or liquid 

flowing up the tube. The velocity of a fluid or gas flowing 

decreases as it goes higher up the tube, due to the increase in the 

bore of the tube. Hence, the buoyancy on the weight reduces as it 

goes higher up the tube. An equilibrium point is eventually 

reached, where the force on the weight due to the flowing fluid is 

equal to that of the weight (i.e; the higher the flow rate, the higher 

the weight goes up the tube). The position of the weight also is 

dependent on its size and density, the viscosity and density of the 

fluid, and the bore and taper of the tube. The Rota meter has low 

insertion loss, and has a linear relationship to flow rate. In cases 

where the weight is not visible, such as an opaque tube used to 

reduce corrosion, it can be made of a magnetic material, and 

tracked by a magnetic sensor on the outside of the tube. The Rota 

meter can be used to measure differential pressures across a 

constriction or flow in both liquids and gases. 
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Figure 6.1 Rota meter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Variable Area Flowmeter 
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Advantages 

Rota meters have several advantages over more complicated 

flowmeter. These advantages are: 

The instrument is reliable and cheap and used extensively 

throughout industry, accounting for about 20% of all flowmeter 

sold. Normally this type of instrument only gives a visual 

indication of flow rate, and so it is of no use in automatic control 

schemes. However, special versions of variable area flow meters 

are now available that incorporate fibre optics. In these, a row of 

fibre detects the position of the float by sensing the reflection of 

light from it, and an electrical signal output can be derived from 

this. The inaccuracy of the cheapest instruments is typically  5%, 

but more expensive versions offer measurement inaccuracies as 

low as  0.5%. Rota meters can be installed in areas with no 

power since they only require the properties of the fluid and 

gravity to measure flow. Rota meters offer wide flow 

measurement ranges or rangeability. A typical ratio of 10:1 from 

maximum to minimum flow rate can be expected. Minimum flow 

rates as low as 1/10 of the Rota meters maximum flow rate can be 

measured without impairing repeatability. Also, Rota meters 

maintained sustained high repeatability. The rotameter’s scale is 

linear because the measure of flow rate is based on area variation. 

This means that the flow rate can be read with the same degree of 

accuracy throughout the full range. Pressure loss due to the 

Rotameter is minimal and relatively constant because the area 

through the tapered tube increases with flow rate. This results in 

reduced pumping costs. 

 

Disadvantages 

Rotameters have the following disadvantages. Gravity plays a 

key role in the flow measurement hence the rotameter must 

always be installed vertically with the fluid flowing up through it. 
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Secondly the graduated scale on the side of the rotameter will 

only be valid for the specific fluid and conditions where it was 

calibrated. The specific gravity of the fluid is a major property to 

consider. However, the fluid viscosity and any temperature 

changes may also be important. Rotameter floats are generally 

designed to be insensitive to viscosity. Thirdly, it is difficult for 

machine reading, although a magnetic float may be used in some 

instances. Finally, rotameters are typically made of transparent 

materials. The chemical compatibility of the meters with their 

fluid should be checked prior to full installation. 

 

Calibration 

Rotameters also known as float and tapered tube meter or 

variable area flowmeter, can be calibrated using water as the 

standard fluid with relative density (specific gravity) of 1.0 or 

other fluids by understanding the basic operating principles. 

Rotameter accuracy is determined by the accuracy of the pressure, 

temperature, and flow control during the initial calibration. Any 

change in the density and weight of the float will have impacts on 

the rotameter flow reading. Additionally, any change that would 

affect the fluid such as pressure or temperature will also have an 

effect on the rotameter accuracy. In view of this, rotametes should 

be calibrated yearly to correct for any change in the system that 

might have occurred. 

 

Orifice Meter  

 

Definition 

An orifice meter is an instrument that measures fluid flow by 

recording differential pressure across a restriction placed in the 

flow stream and the static or actual pressure acting on the system. 

In other words, an orifice meter is a plate having a central hole 
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that is placed across the flow of a liquid, usually between flanges 

in a pipeline. The pressure difference generated by the flow 

velocity through the hole enables the flow quantity to be 

measured. The orifice meter is sometimes called the head loss 

flow meter or commonly called an orifice plate flowmeter. 

 

Construction 

An orifice meter provides a simpler and cheaper arrangement 

for the measurement of flow through a pipe. An orifice meter is 

essentially a thin circular plate with a sharp edged concentric 

circular hole in it. 

 

Working Principle 

The orifice plate, being fixed at a section of the pipe, creates 

an obstruction to the flow by providing an opening in the form of 

an orifice to the flow passage. The area Ao of the orifice is much 

smaller than the cross-sectional are Ap of the pipe. The flow from 

an upstream section, where it is uniform adjusts itself in such a 

way that it contracts until a section downstream the orifice plate is 

reached, where the vena contracta is formed, and then expands to 

fill the passage of the pipe. One of the pressure tappings is usually 

provided at a distance of one diameter upstream the orifice plate 

where the flow is almost uniform and the other at a distance of 

half a diameter downstream the orifice plate, considering the fluid 

to be ideal and the down stream pressure tapping to be at the vena 

contracta. We can apply Bernoulli’s thereon between point 1 and 

point c (vena contracta). 
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Where 2

1P and 2

eP are the piezometer pressure at section 1-1 and 

section c-c respectively. 

From the equation of continuity  

Q = v1A1 = VcAc 

Where, Ac is the area of the vena contracta. 

With the help of equation (6.1) and (6.2) we get: 

Vc = 

)1(

)(2

2

1

2

22

1
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A
e
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c




  

 

Orifice meters are used in pipeline work. They are also used to 

determine the flow rate of recirculated exhaust gases. 

 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 151 

Exercise 6 

6.1 (a)  State four disadvantages of float and tapered tube meter. 

(b)  State eight advantages of float and tapered tube meter, 

6.2 How are rotameters calibrated? 

6.3 What is the working principle of orifice meter? 

6.4 Describe the construction, working principles and operation 

of: 

(i) Variable area flowmeter,  

(ii) Orifice meter 

6.5 State the advantages and disadvantages of orifice meter. 

6.6 Write on orifice meter under the following headings: 

(i) Definition 

(ii) Construction 

(iii)Working principles 

(iv) Advantages and 

(v) Disadvantages 

 

ANSWERS TO EXERCISE 6  

 

NONE 
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CHAPTER 7 

 

TEMPERATURE MEASUREMENT METHODS 

 

Introduction 

Temperature is without doubt the most widely measured 

variable. Thermometers can be traced back to Galileo (1595). The 

importance of accurate temperature measurement cannot be 

overemphasized. In the process control of chemical reactions, 

temperature control is of major importance, since chemical 

reactions are temperature- dependent. All physical parameters are 

temperature-dependent, making it necessary in most cases to 

measure temperature along with the physical parameter, so that 

temperature corrections can be made to achieve accurate 

parameter measurements. Instrumentation also can be 

temperature-dependent, requiring careful design or temperature, 

which can determine the choice of measurement device. For 

accurate temperature control, precise measurement of temperature 

is required. This chapter discusses the various temperature scale 

used, their relation to each other, and methods of measuring 

temperature. 

   

Temperature and Heat 

Temperature is a measure of molecular energy, or heat energy 

and the potential to transfer heat energy. Four temperature scales 

were devised for the measurement of heat and heat transfer. 

 

Temperature Units 

Three temperature scales are in common use to measure the 

relative hotness or coldness of a material. The scales are: 

Fahrenheit (0F) attributed to Daniel G. Fahrenhiet, 1724, Celsius 

(0C) attributed to Anders Celsius, 1742 and Kelvin (0K), which is 
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based on the Celsius scales and is mainly used for scientific work. 

The Rankine scale, (0R), based on the Fahrenheit scale, is less 

commonly used, but will be encountered. 

The Fahrenheit scale is based on the freezing point of a 

saturated salt solution at sea level (14.7 psi or 101.36KPa) and the 

internal temperature of oxen, which set the 0 and 100 point 

markers on the scale. The Celsius scale is based on the freezing 

point and the boiling point of pure water at sea level. The Kelvin 

and Rankine scales are referenced to absolute zero, which is the 

temperature at which all molecular motion ceases, or the energy 

of a molecule is zero. The temperatures of the freezing and boiling 

points of water decrease the pressure decreases, and change with 

the purity of the water. Conversion between the units is shown in 

Table 7.1. 

 

Table 7.1: Conversion between Temperature Scales.  

Reference point         FO
 CO

 RO
 K 

Water boiling point 212 100 671.60 373.35 

Internal oxen 

temperature 

100 37.80 559.60 310.95 

Water freezing point 32 0.00 491.60 273.15 

Salt solution freezing 

point  

0.0 -17.80 459.60 255.35 

Absolute zero -459.60 -273.15 0.00 0.00 

 

 

The need to convert from one temperature scale to another is a 

common everyday occurrence. The conversion factors are as 

follows: 
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   1. To convert FO to CO
 

      
9

5
3200  FC  

      

    2. To convert of FO  to RO  

         6.45900  FR  

 

    3. To convert CO
 to K 

          15.27300  CK  

 

    4. To convert 0K to RO   

          KR 
5

90
 

 

Example 7.1 

What temperature in 0F corresponds to 435K? 

 

Solution 

 

15.27300  CK  
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FF

F

FC

FC

CKC

CK

00

0

00

00

00

00

33.3233233.291

32
5

9
83.161

9

5
3283.161

9

5
32

83.16115.273435

15.273435













 

 

Example 7.2 

What is the equivalent temperature of -63 FO  in CO
? 

 

Solution 

 

  CC

FC

00

00

2.52
9

5
3263

9

5
32





 

      

Example 7.3 

 

   Convert (a) 2850K to RO  and  

                 (b) 538.2 RO  to 0K. 
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Solution 

 

 

 

KK

KRb

RR

KRa

299
9

5
2.538

5

9

513285
5

9

5

9

0

00

0









 

 

Heat Energy 

 The temperature of a body is a measured of the heat energy in 

the body. As energy is supplied to a system the vibration 

amplitude of the molecules in the system increases and its 

temperature increases proportionally. 

 

 Phase change 

This is the transition between the three states that exist in 

matter, solid, liquid and gas. However, for matter to make the 

transition from one state up to the next (i.e; solid to liquid to gas), 

it has to be supplied with energy. Energy has to be removed if the 

matter is going down from gas to liquid to solid. For example, if 

heat is supplied at a constant rate to ice at 320F, then the ice will 

start to melt or turn to liquid, but the temperature of the ice-liquid 

mixture will not change until all the ice has melted. Then as more 

heat is supplied, the temperature will start to rise until the boiling 

point of the water is reached. The water will turn to stream as 

more heat is supplied, but the temperature of the water and steam 

will remain at the boiling point until all the water has turned to 

steam. Then, the temperature of the steam will start to rise above 
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the boiling point. Material also can change its volume during the 

change of phase. Some materials bypass the liquid state, and 

transform directly from solid to gas or from gas to solid, in a 

transition called sublimation. 

In a solid, the atoms can vibrate, but are strongly bonded to 

each other, so that the atoms or molecules are unable to move 

from their relative positions. As the temperature is increased more 

energy is given to the molecules, and their vibration amplitude 

increases to a point where they can overcome the bonds between 

the molecules and can move relative to each other. When this 

point is reached, the material becomes a liquid. The speed at 

which the molecules move in the liquid is a measure of their 

thermal energy. As more energy is imparted to the molecules, 

their velocity in the liquid increases to a point where they can 

escape the bonding or attraction forces of other molecules in the 

material, and the gaseous state or boiling point is reached. 

The temperature and heat relationship is given by the British 

thermal unit (Btu) in English units, or calories (cal) or joules in SI 

units. By definition, 1Btu is the amount of energy required to raise 

the temperature of 1Ib of pure water 10F, at 680F and atmospheric 

pressure. It is a widely used unit for the measurement of heat 

energy. By definition, 1cal is the amount of energy required to 

raise the temperature of 1g of pure water 10C, at 40C and 

atmospheric pressure. The joule is normally used in preference to 

the calorie, where sWJ 111  . It is slowly becoming accepted as 

the unit for the measurement of heat energy in preference to the 

Btu. The conversion between the units is given in Table 7.2  

Thermal energy (WTH), expressed in SI units, is the energy in 

joules in a material, and typically can be related to the absolute 

temperature (T) of the material, as follows: 

KTWTH
2

3
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Where, K = Boltzmann’s constant = 1.38 x 10-23 J/K. 

 

Table 7.2 Conversions Related to Heat Energy 

1 Btu = 252 cal 1 cal = 0.0039Btu 

1 Btu = 1,055J 1 J = 0.000948Btu 

1 Btu = 778ft.Ib 1ft.Ib = 0.001285Btu 

1 cal = 4.19J 1J = 0.239 cal 

1 ft.Ib = 0.324 cal 1J = 0.738ft.Ib 

1ft.Ib = 1.355J 1W = 1J/S 

 

The above also can be used to determine the average velocity 

VTH of a gas molecule from the kinetic energy equation: 

 

KTMvW THTH
2

3

2

1 2   

  

From which 

  

m

KT
VTH

3
  

 

Where, m is the mass of the molecule in kilogrammes, K is 

Boltzmann’s constant = 1.38  10-23J/K and T is the absolute 

temperature (in Kelvin) of the material. 

 

Example 7.4 

What is the average thermal speed of an oxygen atom at 

3200R? The molecular mass of oxygen is 26.710-27kg 

 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 159 

Solution 

3200R = 3205/9K = 177.8K 

 

kg

KKJ

m

KT
VTH 27

23

1067.2

8.177/1038.133







  

 

VTH = 525.0617941m/s 525.06m/s 

 

The specific heat capacity of a material is the quantity of heat 

energy required to raise the temperature of unit mass of the 

material through 10C. Its SI unit is J/kg 0C or J/kgK.  

It is represented with the symbol, C. While the heat capacity 

of a body of any kind is defined as the heat required to raise its 

temperature by 10C. The SI unit of heat capacity is therefore the 

joule per degree 0C (J/0C). 

Table 7.3 gives the specific heat capacity of some common 

materials. The amount of heat needed to raise or lower the 

temperature of a given mass of a body can be calculated from the 

following equation: 

 

Q = mC (T2 – T1) 

 

Where, m is the mass of the material, C is the specific heat 

capacity of the material, T2 is the final temperature of the 

material, and T1 is the initial temperature of the material. 

 

Example 7.5 

The heat required to raise the temperature of a 3.8kg mass 

through 1350C is 520KJ. What is the specific heat capacity of the 

mass in J/kg K? 
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Solution 

C = 
KKg

J

TTm

Q

1358.3

520000

)( 12 



 

 

C = 1013.645224J/kgK1013.65J/kgK 

 

Table 7.3 specific heat capacities of some common materials 

(J/kg or J/kg0C) 

  

Substance Specific heat  
capacity  
(J/kg or 
J/kg0C) 

Substance Specific heat  
capacity  
(J/kg or J/kg0C) 

Alcohol 2500 Methylated spirit 2400 

Aluminum 910 Olive oil 1970 

Asbestos 840 Paraffin oil 2100 

Benzene 1420 Paraffin wax 2900 

Brass 
Castor oil 

380 
2130 

Platinum 
Quartz 

140 
790 

Copper 
glass 

400 
700 

Silver  
Steel 

240 
450 

Glycerin  
Gold 

2500 
130 

Tin 
Turpentine 

230 
1760 

Ice  
Iron 

2100 
470 

Water 4200 

Lead 
Mercury 

130 
140 

Water (sea water) 
zinc 

3900 
380 
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Determination of Temperature of a Solid Object by the 

Method of Mixtures 

The solid substance is transferred to a calorimeter which 

contains water of a known mass and temperature. The law of heat 

exchange is applied and the final temperature of the mixture is 

then determined from the following formula: 

 

     ifccWWfsss TTCmTiTfCmTTCm   

 

Where, ms is mass of solid object, Cs is specific heat capacity of 

the solid object, Ts is temperature of the solid object, mw is mass 

of water, Cw is specific heat capacity of the water, Ti is initial 

temperature of water and Tf is final temperature of water, mc is 

mass of calorimeter and Cc is specific heat capacity of 

calorimeter. 

 

Heat Transfer  

Heat energy is transferred from one point to another using any 

of three basic methods: conduction, convection, and radiation. 

Although these modes of transfer can be considered separately, in 

practice two or more of them can be present simultaneously. 

 

Conduction 

This is the flow of heat through a material, where the 

molecular vibration amplitude or energy is transferred from one 

molecule in a material to the next. If one end of a material is at an 

elevated temperature and then heat is conducted to the cooler end, 

the thermal conductivity of a material (k) is a measure of its 

efficiency in transferring heat. The SI unit is watts per metre 

Kelvin (1Btu/ft.hr.f = 1.73W/m K). Table 7.4 gives typical 

thermal conductivities for some common materials. 
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Table 7.4 Thermal Conductivity W/m K (Btu/hr.ft 0F) 

Air                                             0.028 (room temperature) (0.016)  
Concrete                                   1.4 (0.8)  
Water                                        0.62 (room temperature) (0.36)  
Brick                                         0.7 (0.4) 
Brass                                        90 (52) 
Aluminum                                 206 (119) 
Copper                                     381 (220) 
Mercury                                    8.3 (4.8) 
Steel                                         45 (26) 
Silver                                        419 (242) 
 

Heat conduction through a material is derived from the 

following relationship: 

Q = 
L

TTKA )( 12 
 

Where, Q is the rate of heat transfer, k is the thermal conductivity 

of the material; A is the cross sectional area of the heat flow, T2 is 

the temperature of the material distant from the heat source, T1 is 

the temperature of the material adjacent to heat source, and L is 

the length of path through the material. Note that the negative sign 

in equation the above indicates a positive heat flow. 

 

Example 7.6 

 A furnace wall 2.5m3m in area and 21cm thick has a 

thermal conductivity of 0.35W/mK. What is the heat loss if the 

furnace temperature is 10500C and the outside of the wall is 330C? 

 

Solution 

 

Q = 
L

TTKA )( 12 
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Q = kW
m

CmmmW
7.12

21.0

)105033(35.2/35.0 0




 

 

 Example 7.7 

The outside wall of a room is 4.5m5m. If the heat loss is 

2.2kJ/hr, what is the thickness (d) of the wall? Assume the inside 

and outside temperatures are 230C and -120C respectively, and 

assume the conductivity of the wall is 0.21 W/mK. 

 

Solution 

 Q = 
L

TTKA )( 12 
  

2,200J/hr = -0.2W/mK  4.5m5m x (-12-23) K  6060 

J/s/dm 

 d = 0.27m = 27cm. 

 

Convection 

This is the transfer of heat due to motion of elevated 

temperature particles in a liquid or a gas. Typical examples are air 

conditioning systems, hot water heating systems, and so forth. If 

the motion is due solely to the lower density of the elevated 

temperature, material, the transfer is called free or natural 

convection. If blowers or pumps move the material, then the 

transfer is called forced convection. Heat convection calculations 

in practice are not as straight forward as conduction calculations. 

Heat convection is given by: 

 

Q = )( 12 TThA   
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Where, Q is the convection heat transfer, A is the heat transfer 

area, and T2 – T1 is the difference between the source (T2) and 

final temperature (T1) of the flowing medium. 

It should be noted that, in practice, the proper choice for h is 

difficult because of its dependence on a large number of variables 

(e.g; density, viscosity, and specific heat). Charts are available for 

h. However, experience is needed in their application. 

 

Example 7.8 

How much heat is transferred from a 12m15m surface by 

convection, if the temperature difference between the front and 

back surfaces is 330C and the surface has a heat transfer rate of 

1.5W/m2K? 

 Q  =  )( 12 TThA   

  = 1.5W/m2 K12m15m330C 

 Q = 8.91kW 

 

Radiation 

This is the emission of energy by electromagnetic waves, 

which travel at the speed of light through most materials that do 

not conduct electricity. For instance, radiant heat can be felt at a 

distance from a furnace where there is no conduction or 

convection. Heat radiation is dependent on factors, such as surface 

Colour, texture, shapes and so forth. Information more than the 

basic relationship for the transfer of radiant heat energy given 

below should be factored in. The radiant heat transfer is given by: 

 

Q = CA )( 4

1

4

2 TT   

 

Where, Q is the heat transferred, C is the radiation constant 

(dependent on surface Colour, texture, units selected, and so 

forth), A is the area of the radiating surface, T2 is the absolute 
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temperature of the radiating surface, and T1 is the absolute 

temperature of the receiving surface. Note: 1Btu /hr = W
60

1055
 

Example 7.9 

The radiation constant for a furnace is 0.1110-8 W/m2K4, the 

radiating surface temperature is 1,150K, and the room temperature 

is 220C. How much heat is radiated? 

 

Solution 

Q = CA )( 4

1

4

2 TT   

= 0.11   10-8 W/m2 K43.9m2   [(1,150)4 – (22 + 273)4] 

Q = 0.429   10-8   [174.9 1010 – 0.76   1010] = 7.47   103W 

 

 

Example 7.10 

What is the radiation constant for a wall 5.80m by 2.75m, if 

the radiated heat loss is 410KW, the wall temperature is 5530R, 

and the ambient temperature is 120C? 

 

Solution 

0R = 
5

9
K 

K = 0R   
9

5
 = 5530R   

9

5
 = 307.22K 

 

K = 273.15 + 0C = 273.15 +12 = 285.15K 

 

Q = CA )( 4

1

4

2 TT   
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C = 
)( 4

1

4

2 TTA

Q


 

 

= 
44 15.28522.307(75.280.5

410

 mm

KW
 

 

= 
229696262575.280.5

000,410

 mm

W
 

 

= 0.000011191 W/m2 K4 

= 1.1191   10-5 W/m2 K4 

   

Thermal Expansion  

 

Linear Thermal Expansion 

This is the change in dimension of a material due to temperature 

changes. The change in dimension of a material is due to its 

coefficient of thermal expressed as the change in linear dimension 

(α) per degree temperature change. The change in linear 

dimension due to temperature changes can be calculated form the 

following formula: 

 

L2 = [1+ (T2-T1)] 

Where L2 is the final length, L, is the initial length, α is the 

coefficient of linear thermal expansion, T2   is the final 

temperature, and T1 is the initial temperature. 

 

Example 7.11   

What is the length of a copper rod at 420K, if the rod was 93m 

long at 261K? 
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Solution 

 New length, L2 = L1 [1+α (T2-T1)] 

 L2=93m [1+16.910-6 (420-261)] 

 =93m [1+0.0000169159] 

 =93m [1+0.0026871] 

 =931.0026871] 

 =93.2499003m 

 = 93.25m 

     

Expansion in Area and Volume   

On application of heat, change in dimensions of substance 

show not only linearly, but also in area and volume. Area or 

superficial expansively is defined as the increase in area per unit 

area per unit degree rise in temperature. The area or superficial 

expansion of a substance due to temperature change is given by 

the following formula: 

A2 = A1 [1+ (T2-T1)] 

 

Where, A2 is the final area, A1 is the initial area, B is the 

coefficient of area or superficial expansively 

 Also, B = 2α 

   

Volume thermal expansively or cubical expansively is the 

change in the volume per degree temperature change due to the 

linear coefficient of expansion. The thermal coefficients for linear 

and volume expansion for some common material per 0C are 

given in table 7.5. The volume expansion in a material due to 

change in temperature is given by: 

 

V2 = V1 [1+y (T1-T2)] 

 



Chapter 7 – Temperature Measurement Methods 

 

 168 

Where, V2 is the final volume, V1 is the initial volume, y is the 

coefficient of volumetric thermal expansion, T2 is the final 

temperature, and T1 is the initial temperature, while (T2-T1) is the 

change in temperature. Also,   y = 3α. Where, α is the linear 

expansively of the material 

  

Table 7.5 Thermal Coefficient of Expansion per 0C 
 

Material  Linear10-6 Volume 10-6 material Learn  10-6 Volume  10-6 

Alcohol  - 109.8-118.8 Invar 1.2 - 

Aluminum  32.04 - Konvar 5.9 - 

Brass  20.3 - Lead 28.8 - 

Cast iron  10.1 36.0 Mercury - 180.0 

Copper 16.9 52.2 Platinum 9.0 27.0 

Glass  9.0 25.2 Quartz 0.4 - 

Gold 14.04 - Sliver 19.8 57.6 

   steel 11.0 - 

   tin 27.0 68.4 
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Example10.12 

Calculation the new volume for a silver cube that measures 

1.2m on a side, if the temperature is increased from 150Cto 2450C. 

 

Solution 

 

  

  
33

2

63

1212

33

1

75.17509.1

15245106.571728.1

1,

728.12.1,

mmV

m

TTyVVNewVolume

mmVOldVolume










 

 

General or Ideal Gas Law  

In a gas, the relation between the pressure, volume and 

temperature is given by: 

2

22

1

11

T

VP

T

VP
  

Where, P1 is the initial pressure, V1, is the initial volume, T1 is the 

initial absolute temperature, P2 is the final pressure, V2is the final 

volume and T2 is the final absolute temperature.  

 

Bimetallic Thermometers and Thermostats 

The bimetallic principle is probably more commonly know in 

connection with its use in thermometers. It is based on the fact 

that if two strips of different metals are bonded together, any 

temperature change will cause strip to bend, as this is the only 

way in which the differing rates of change of length of each 

metals in the bounded strip can be accommodated. In the 

bimetallic thermostat, this is used as a switch in control 

applications, if the magnitude of the bending is measured; the 

bimetallic device becomes a thermometer. For such purposes, the 

strip is often arranged in a spiral or helical configuration, as 
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shown in Figure 7.1 and 7.2, as this gives a relative large 

displacement of the free end from any given temperature change. 

The measurement sensitivity is increased further by choosing the 

pair of material carefully such that the degree of the bending is 

maximized, with invar (a nickel–steel alloy) or brass being 

common used. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 thermal expansion device: bimetallic thermometer 

 

 

 

Bimetallic  

Strip  

Motion of 

Free end 
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Figure 7.2 (a) Effect of temperature change on a bimetallic strip, 

and (b) Bimetallic thermometer using a helical bimetallic coil 

 

The system used to measure the displacement of the strip must 

be carefully designed. Very little resistance must be offered to the 

end of the strip, otherwise the spiral or helix will distort and cause 

a false reading in the measurement of the displacement. The 

device is normally just used as a temperature indicator, where the 

end of the strip is made to turn a pointer that moves against a 

calibrated scale. However, some versions produce an electrical 

output, using either a linear variable differential transformer 

(LVDT) or a fibre-optic shutter sensor to transduce the output 

displacement. Bimetallic thermometers are used to measure 

temperature between -750C and +15000C. The inaccuracy of the 

best instruments can be as low as ±    0.5% but such devices are 

quite expensive. Many instrument applications do not required 

this degree of accuracy in temperature measurements, and in such 

cases much cheaper bimetallic thermometers with substantially 

inferior accuracy specifications are used.      

Material A 

Material B 

Zero temperature 

Elevated temperature  

        (a) 
        (b) 

Fixed end 

Scale  

End of bimetallic  
helical coil  
attached  

to shaft  
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A bimetallic strip is a relatively inaccurate, rugged 

temperature measuring device, which is slow to respond and has 

hysteresis the device is low cost, and therefore is used extensively 

in on/off types of applications, or for local analog applications not 

requiring high accuracy, but it is not normally used to give remote 

analog indication. When using a straight Bimetallic strip, an 

important calculation to determine the movement of the free end 

of the strip is given by: 

 

  
t

lTTaa
d BA

2

123 
  

 

Where, d is the deflection, aA, is the coefficient of liner expansion 

of metal A, aB, is the   coefficient of linear expansion of metal B, 

T1 is the lower temperature, T2 is the elevated temperature, l is the 

length of the element, and t is the thickness of the element. 

The equations show the linear relationship between deflection 

and temperature change. The operating range of bimetallic 

elements is form -1800 to +4300C, and they can be used in 

application form oven thermometers to home and industrial 

control thermostats. 

 

Example 7.13  

A straight bimetallic strip 25cm long and 1.4mm thick is made 

of copper and invar, and has one end fixed. How much will the 

free end of a strip deflect if the temperatures changes 180C? 
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Solution: 

 

  
t

lTTaa
d BA

2

123 
  

 

cmd

cm

78.3

7848.3

14.0

252518102.19.163 6










 

 

When the bimetallic element is wound into a spiral, the 

deflection of the free end of the strip is given by: 

  
t

rlTTaa
d BA

4

9 12 
  

 

Where, r is the radius of the spiral, and l is the length of the 

unwound element 

 

Example 7.14 

A 42-cm length of 2.3-mm thick copper-invar bimetallic strip 

is wound into a spiral with a radius of 5.2cm at 700C. What is the 

deflection of the strip at 1200C? 

 

Solution: 

  
t

rlTTaa
d BA

4

9 12 
  

   

cmd 68.1

6771695.1

23.04

422.570120102.19.169 6
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Thermostat 

A thermostat is a component of a control system which senses 

the temperature of the system so that the system’s temperature is 

maintained near a desired set point. In other words, a thermostat is 

a temperature regulating device. The thermostat does this by 

switching heating or cooling  device on or off, or regulating the 

flow of a heat transfer fluid as needed, to maintain the correct 

temperature. The name is derived from the Greek words thermo 

‘hot’ and statos ‘a standing’. A thermostat may be a control unit 

for a heating or cooling system or a component part of a heater or 

air conditioner. Thermostat can be constructed in many ways and 

may use a variety of sensors to measure the temperature. The 

output of the sensor then controls the heating or cooling 

apparatus. A thermostat may switch on and off at temperature 

either side of the set point, the extent of the difference is known as 

hysteresis and prevents too frequent switching of the controlled 

equipment. 

  

Liquid-In-Glass Thermometers 

The liquid-in-glass thermometer is a well know temperature 

measuring instrument that is used in a wide rang of applications. 

The fluid used is usually either mercury or colored alcohol, and 

this is contained within a bulb and capillary tube, as shown in 

Figure 7.3. As the temperature rises, the fluid expands along the 

capillary tube and the meniscus level is read against a calibrated 

scale marked on the tube. The process of estimating the position 

of the curved meniscus of the fluids against the scale introduces 

some error into the measurement process and a measurement 

inaccuracy less than ±1% of the full-scale reading is hard to 

achieve. However, an inaccuracy of only ±0.15% can be obtained 

in the best industrial instruments.    
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Figure 7.3 Thermal Expansion Devices: Liquid-in-Glass 

Thermometer. 

 

Industrial versions of liquid-in-glass-thermometer are 

normally used to measure temperature in the range between -

2000C and +10000C, although instruments are available to special 

order that can measure temperature up to 15000C. Liquid-in-glass 

thermometers using mercury where, by far, the most common 

direct visual reading thermometers, mercury also has the 

advantage of not wetting the glass, that is, the mercury cleanly 

traverses the glass tube without breaking into globules or coating 

the tube. The operating range of the mercury thermometer is form 

-350C to +4500C. Other advantages of mercury as a thermometric 

liquid are; it freezes at -390C and boils at +3570C, it is opaque and 

easily seen and it is a better conductor of heart than alcohol. The 

toxicity of mercury, ease of breakage, the introduction of cost 

effective, accurate, and easily read digital thermometers, has 

Bulb  

Containing 

fluid 

Scale  

Capillary  

tube 
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brought about the demise of the Mercury thermometer for room 

and clinical measurements. Other liquid in glass devices operate 

on the same principle as the mercury thermometer. These other 

liquid have similar properties to mercury (e.g., have a high linear 

coefficient of expansion, are cleanly visible, are no wetting), but 

are nontoxic. Alcohol freezes at -1150C while pentane can be used 

as a thermometric liquid at low temperature of -2000C. The liquid 

in glass thermometers are used to replace the mercury 

thermometer, and to extend its operating range. These 

thermometers are inexpensive, and have good accuracy (<0.10C) 

and linearity. These devices are fragile, and used for local 

measurement. The operating range with different liquid is form -

1700C to +5300C. Each types of liquid as a limited operating 

range. 

 

Gas Filled Thermometers 

A gas thermometer is filled with a gas, such as nitrogen, at a 

pressure of between 1000 and 3350KPa, at room temperature. The 

device obeys the basic gas laws for a constant volume system, 

 

2

22

1

11

T

VP

T

VP
  

  

Where, V1=V2, giving a linear relationship between absolution 

temperature and pressure. 

 

Vapour Pressure Thermometer 

The vapour-pressure thermometer system is show in Figure 

7.4. The bulb is partially filled with liquid and vapour, such as 

methyl chloride, ethyl alcohol, ether, or toluene. In this system, 

the lowest operation temperature must be above the boiling point 

of the liquid, and the maximum temperature is limited by the 
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critical temperature of the liquid. The response of the system that 

shows, being of the order of 20 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 Vapour-Pressure Thermometers. 

 

The temperature-pressure characteristic of the vapour-pressure 

thermometer is nonlinear, as show in the vapour pressure curve 

for methyl chloride in Figure 7.5. 
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Figure 7.5 Vapour Pressure Curve for Methyl Chloride. 

 

Thermocouples Thermometers   

Thermocouple (T/C), also know as thermoelectric effect 

sensors, are formed when two dissimilar metals are joined 

together to form a junction. Joining together the other ends of the 

dissimilar metals to form a second junction completes an 

electrical circuit. A current will flow in the circuit if the two 

junctions are at different temperatures. The current flowing is the 

result of the difference in electromotive force developed at the 
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two junctions due to their temperature difference. The voltage 

difference between the two junctions is measured, and this 

difference is proportional to the temperature difference between 

the two junctions. Note that the thermocouple only can be used to 

measure temperature difference. The general form of this 

relationship is: 

 
n

nTaTaTaTae  ...3

3

2

21            7.19 

 

Where, e is the e.m.f generated and T is the absolution 

temperature. 

 

This is clearly non-linear, which is convenient for 

measurement applications. Fortunately for certain pair of 

materials, the terms involving squared and higher powers of T 

(a2T
2, a3 T

3, etc) are approximately zero and the e.m.f-temperature 

relationship is approximately linear according to: 

 

Tae 1  

 

Thermocouples are a very important class of device as they 

provide the most commonly used method of measuring 

temperature in industry. A typical thermocouple, made form one 

chrome wire and one constantan wire (Type E thermocouple) is 

show in Figure 7.6(a). For analysis purpose, it is useful to 

represent the thermocouple by its equivalent electrical circuit, 

show in Figure 7.6 (b). The e.m.f generated at the point where the 

different wires are connected together is represented by a voltage 

source, E1, and the point is know as the hot junction. The 

temperature of the hot junction is customarily showed as Th on the 

diagram. The e.m.f generated at the hot junction is measured at 

the open ends of the thermocouple, which is kwon as the 
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reference junction. It is clearly impractical to connect a voltage-

measuring instrument at the open end of the thermocouple to 

measure its output in such close proximity to the environment 

whose temperature is being measured, an therefore extension 

leads up to several meters long are normally connected between 

the thermocouple and the measuring instrument. This modifies the 

equivalent circuit to that show in Figure 7.7(a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 (a) Thermocouple, (b) equivalent circuit 
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Figure 7.7(a) Equivalent Circuit for Thermocouple with 

Extension Leads, (b) Equivalent Circuit for Thermocouple 

and Extension Leads Connected to a Meter and Extension 

Leads. 

   

There are now three junctions in the system and consequently 

three voltage sources, E1, E2 and E3 with the point of measurement 

of the e.m.f (still called the reference junction) being moved to the 

open ends of the extension leads. The measuring system is 

competed by connecting the extension leads to the voltage-

measuring instrument. As the connection leads will normally be of 

different materials to those of the thermocouple extension leads, 

this introduces two further e.m.f-generating junctions E4 and E5 
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into the system as show in Figure7.7 (b). The net output e.m.f. 

measured (Em)   is then given by: 

 

54321 EEEEEEm   

and this can be re-expressed in terms of E1 as: 

 

54321 EEEEEE m   

 

In order to apply equation the above equation to calculate the 

measured temperature at the hot junction, E1 has to be calculated 

form the preceding equation. To do this, it is necessary to 

calculate the valves of E2, E3, E4 and E5. It is the usual to choose 

materials for the extension lead wires such that the magnitudes of 

E2 and E3 are approximate zero, irrespective of the junction 

temperature. This avoids the difficulty that would otherwise arise 

in measuring the temperature of the junction between the 

thermocouple wire and the extension leads, and also in 

determining the e.m.f/temperature relationship for the 

thermocouple-extension lead combination. To solve this problem, 

base-metal extension leads that have a similar thermoelectric 

behaviour to the noble-metal thermocouple are used. These 

extension leads are usually know as compensating leads.      

   

The Law of Intermediate Metals 

To analyze the effect of connecting the extension leads to the 

voltage-measuring instrument, a thermoelectric law known as the 

law of intermediate metals can be used. This law states that the 

e.m.f generated at the junction between metals or alloys A and B 

and the e.m.f generated at the junction between metals or alloys B 

and C, where all junctions are at the same temperature. This can 

be expressed more simply as: 

 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 183 

BCABAC eee                   7.23 

 

This is illustrated in Figure 7.8  

  

 

 

     

   

Figure 7.8 Metal rod   AC, divided into two portion (AB and BC) 

at point B 

 

Suppose we have an iron-constantan thermocouple connected 

by copper leads to a meter. We can express E4 and E5   in Figure 

7.7(b) as: 

tantan5

4

conscopper

copperiron

eE

eE








 

The sum of E4 and E5 can be expressed as: 

 

tantan54 conscoppercopperiron eeEE    

 

Applying equation 7.23 above 

 

tantantantan consironconscoppercopperiron eee    

 

Thus, the effect of connecting the thermocouple extension 

wire to the copper leads to the meter is cancelled out, and the 

actual e.m.f at the reference junction is equivalent to that arising 

from an iron-constantan at the reference junction temperature, 

which can be calculated according to equation 7.19. Hence the 

equivalent circuit in Figure 7.7(b) becomes simplified to that 

 

A B 
C 
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show in Figure 7.9. The e.m.f. Em measured by the voltage-

measuring instrument is the sum of only two e.m.fs, consisting of 

the e.m.f generated at the hot   junction temperature E1 and the 

e.m.f generated at the reference junction temperature Eref. The 

e.m.f generated at the hot junction can then be calculation as: 

  

E1 = Em + Eref            7.24 

 

Eref can be calculated from equation 7.19, if the temperature of 

the reference junction is known. In practice, this is often achieved 

by immersing the reference junction in an ice bath to maintain it at 

a reference temperature of 00C. It is very important that the ice 

bath remains exactly at 00C if this is to be the reference 

temperature assumed, otherwise significant measurement errors 

can arise. For this reason, refrigeration of the reference junction at 

a temperature of 00C is often preferred.  

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 7.9 Effective E.M.F Sources in a Thermocouple 

Measurement System 
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 Non-Zero Reference Junction Temperature 

If the reference junction is immersed in an ice bath to maintain 

it at a temperature of 00C so that thermocouple tables can be 

applied directly, the ice in the bath must be in a state of just 

melting. This is the only state, in which ice is exactly at 00C, and 

otherwise it will be either colder or hotter than this temperature. 

Thus, maintaining the reference junction at 00C is not a 

straightforward matter, particularly if the environmental 

temperature around the measurement system is relatively hot. In 

consequence, it is common practice in many practical applications 

of thermocouples to maintain the reference junction at a non-zero 

temperature by putting it into a controlled environment 

maintained by an electrical heating element. 

 

The Law Of Intermediate Temperatures 

In order to still be able to apply thermocouple tables, 

correction then has to be made for this non-zero reference junction 

temperature using a second thermoelectric law knows as the law 

of intermediate temperature. This law states that: 

 

     00 ,,, TTTTTT rrhh
EEE         7.25 

 

Where,  0,TTh
E  is the e.m.f with the junction at temperatures Th 

and T0,  rh TTE ,  is the e.m.f with the junctions at temperatures Th 

and Tr and  0,TTr
E  is the e.m.f with the junctions at temperatures Tr 

and T0, Th  is the hot junction measured temperature, T0 is 00C and 

Tr is the non-zero reference junction temperature that is 

somewhere between T0 and Th. 
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Thermocouple Tables 

An approximate translation between the value of E1 and 

temperature can be achieved by expressing equation 7.19 in 

graphical form as shown in Figure 7.10. However, this is not 

usually of sufficient accurate, and it is normal practice to use 

tables of e.m.f and temperature values known as thermocouple 

tables. These include compensation for the effect of the e.m.f 

generated at the reference junction (Eref), which is assumed to be 

at 00C. Thus, the tables are only valid when the reference junction 

is exactly at this temperature. Compensation for the case where 

the reference temperature is not at zero was considered in the law 

of intermediate temperatures in equation 7.25. 

Tables for a range of standard thermocouples are shown in the 

Appendix. In these tables, a range of temperature is given in the 

left-hand column and the e.m.f output for each standard type of 

thermocouple is given in the columns to the right. In practice, any 

general e.m.f output measurement taken at random will not be 

found exactly in the tables, and interpolation using the linear 

interpolation formula will be necessary between the values 

shown in the table. 
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Figure 7.10 E.M.F Temperature Characteristics for Some 

Standard Thermocouple Materials. 

 

Example 7.15 

If the e.m.f output measured from a Chromel-constantan 

thermocouple is 13.419mV with the reference junction at 00C, 

find the corresponding hot junction temperature. 

 

Solution 

Chromel-constantan thermocouple is Type E thermocouple. 

From the thermocouple tables, when Type E thermocouple is at Tr 

= T0 = 00C and e.m.f = 13.419mV, then the corresponding hot 

junction temperature, Th is 2000C. 

Example 7.16 
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If the measured output e.m.f for a Chromel-constantan 

thermocouple (reference junction at 00C) was 10.65mV, find the 

indicated hot junction temperature. 

 

Solution 

Chromel-constantan thermocouple is Type E thermocouple. 

From the thermocouple tables, it is necessary to carry out linear 

interpolation (using the linear interpolation formula) between the 

temperature of 160C corresponding to an e.m.f of 10.501mV and 

the temperature of 1700C corresponding to an e.m.f of 11.222mV. 

The linear interpolation, formula is:  
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CthenTmVfmeCTAtT

C

CC

C
C

T

C

CT

mVmV

mVmV

CC

CT

EE

EE

TT

TT

or

BB

BB

AA

AA

hr

des

des

des

desdes

desdes

00

0

0

00

0
0

0

0

00

0

minmax

min

minmax

min

minmax

min

minmax

min

07.162,65.10..,0

07.162

160066574203.2

160
721.0

149.010

721.0

149.0

10

160

501.10222.11

501.1065.10

160170

160










































 

 



Chapter 7 – Temperature Measurement Methods 

 

 190 

Example 7.17 

Suppose that the reference junction of a chromel-constantan 

thermocouple is maintained at a temperature of 800C and the 

output e.m.f measured is 40.102Mv, when the hot junction is 

immersed in a fluid. Find the hot junction fluid temperature. 

 

Solution 

Given that Tr = 800C and E(Th,Tr) = 40.102 mV. 

  

From the thermocouple tables, for chromel-constantan 

thermocouple (Type E):  

At Tr = 800C, E(Tr, To) = 4.983mV 

       But      00 ,,, TTTTTT rrhh
EEE   

   = 40.102mV + 4.983mv 

   = 45.085mv 

       At E (Tn, Tr) = 45.085mv 

 Then the corresponding hot junction fluid temperature, Th = 

6000C 

 

Correct Connection Of Thermocouples 

In using thermocouples, it is essential that they are connected 

correctly. Large errors can result if they are connected incorrectly, 

for example by interchanging the extension lead or by using 

incorrect extension lead. Such mistakes are particularly serious 

because they do not prevent some sort of output being obtained, 

which may look sensible even though it is incorrect, and so the 

mistake may go unnoticed for a long period of time. The 

following examples illustrate the sort of errors that may arise.  

The following examples (7.18 and 7.19) are exercises in the 

use of thermocouple tables, but they also serve to illustrate the 

large errors that can arise if thermocouples are used incorrectly. 

Example 7.18 
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In a particular industrial situation, a chromel-alumel 

thermocouple with chromel-alumel extension wires is used to 

measure the temperature of a fluid. In connecting up this 

measurement system, the instrumentation engineer responsible 

has inadvertently interchanged the extension wires from the 

thermocouple. The ends of the extension wires are held at a 

reference temperature of 00C and the output e.m.f measured is 

12.1mV. If the junction between the thermocouple and extension 

wires is at a temperature of 400C, what temperature of fluid is 

indicated and what is the true fluid temperature? 

 

Solution 

Step 1  

Draw a diagrammatical representation of the system and mark 

on this diagram the e.m.f sources, temperatures, etc; as shown in 

Figure 7.11 

 

 

 

 

 

 

 

 

 

 

   

 

 

Figure 7.11 Diagram for solution of example 7.18. 

 

Step 2 

E2 chromel Alumel  

E1 

chromel Alumell 

V 00C 

E3 

400C 
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From the thermocouple tables, for chromel-alumel 

thermocouple (Type K): At e.m.f output of 12.1mV we interpolate 

as follows. 

e.m.f of 11.793mV corresponds to 2900C, 

e.m.f of 12.207mV corresponds to 3000C, 

Using the linear interpolation formula, at e.m.f of 12.1mV we 

obtain: 
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Therefore, the temperature of fluid that is indicated is 297.420C 
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Step 3 

 

Then add the e.m.fs around the loop: 

321

321

321

321

1.12

1.12

EEmVE

EEEE
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EEEmV

EEEE

m

m









 

From the thermocouple tables, at 400C, e.m.f = 1.611mV. 

 

   
mVfmefmeEE

CalumelchromelCchromelalumel
611.1.... 00 404032 



 

Note: The thermocouple tables quote e.m.f using the convention 

that going from chromel to alumel is positive. Hence, the e.m.f 

going from alumel to chromel is minus the e.m.f going from 

chromel to alumel. Hence: 

 

mV

mVmVmV

mVmVmV

EEEE m

322.15

611.1611.11.12

611.1611.11.12

321









 

 

Step 4 

At e.m.f output of 15.322mV, we interpolate from the 

thermocouple tables as follows. 

At e.m.f of 15.132mV, T = 3700C 

At e.m.f of 15.552mV, T = 3800C  

Using the interpolation formula at e.m.f. of 15.322mv, we get: 
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This indicates that the true fluid temperature is 374.520C 

 

Example 7.19 

An iron-constantan thermocouple measuring the temperature 

of a fluid is connected by mistake with copper-constantan 

extension leads (such that the two constantan wires are connected 

together and the copper extension wire is connected to the iron 

thermocouple wire). If the fluid temperature was actually 2000C, 

and the junction between the thermocouple and extension wires 

was at 500C, what e.m.f. would be measured at the open ends of 

the extension wires if the reference junction is maintained at 00C? 
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What fluid temperature would be deducted from this (assuming 

that the connection mistake was not known about)? 

 

Solution 

Step 1: 

Draw a diagram showing the junctions, temperatures and 

e.m.fs, as shown in Figure 7.12.  

        

        

        

        

        

        

        

        

         

 

 

 

 

Figure 7.12 Diagram for solution of example 7.19 

 

Step 2: 

By the law of intermediates metals: 
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From the thermocouple tables: 

At 500C, e.m.f (iron - constantan)50
0

C for type J thermocouple = 

2.585mv. 

2000C 

Copper Iron 

E1 

E2 

50oC 
0oC 

Constantan Constantan 
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At 500C, e.m.f (copper - constantan)50
0

C for type T thermocouple = 

2.035mv 

     

 200tantan
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50tantan50tantan50

..,200

55.0
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......

consiron

conscopperconsironcopperiron
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For type J thermocouple = 10.777mv 

The e.m.f measured at the open ends of the extension wires if 

reference junction is maintained at 00C = Eh = 10.777mV. 
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Using tables (Type J thermocouple) and interpolating, 

10.227mV indicates a temperature of: 
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The deducted fluid temperature is 190.090C. 
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Thermocouple Effects 

Three effects are associated with thermocouples: 

 

1. The See Beck Effect 

The see beck affects states that the voltage produced in a 

thermocouple is proportional to the temperature between the two 

junctions, that is, 

 TSE fme ..  

Where, S is the see beck coefficient (also known as thermo 

power), a property of the local material, and ∆T is the gradient in 

temperature, T. The seebeck coefficient generally varies as 

function of temperature, and depends strongly on the composition 

of the conductor. For ordinary materials at room temperature, the 

see beck coefficients may range in value from kv /100 to 

./1000 k  

 

2. The Peltier Effect  

The peltier effects states that if a current flows through a 

thermocouple, then one junction is heated (output energy), and the 

other junction is cooled (absorbed energy). The peltier effect is 

the presence of heating or cooling at an electrified junction of two 

different conductors. When a current is made to flow through a 

junction between two conductors A and B, heat maybe generated 

(or removed) at the junction. The peltier heat generated at the 

junction per unit time, Q is equal to: 

 

 InnQ BA   

 

Where nA and nB are the peltier coefficients of conductors A (B) 

and n is the electric current (from A to B). 
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2. The Thompson Effect 

The Thompson effects states that when a current flows in a 

conductor along which there is a temperature difference, heat is 

produced or absorbed, depending upon the direction of the current 

and the variation of the temperature. It describes the heating and 

cooling of a current-carrying conductor with a temperature 

gradient. If a current density, J, is passed through a homogenous 

conductor, the Thompson effect predicts a heat production rate q 

per unit volume of  

 

TKJq   

Where, T is the temperature gradient and K is the Thompson 

coefficient is related to the see beck coefficient as 
dt

ds
TK  .  

In practice, the see beck voltage is the sum of the 

electromotive forces generated by the peltier and Thompson 

effects. 

 

 Operating Ranges And Sensitivity Of Thermocouples  

Table 7.6; list some thermocouples materials and the see beck 

coefficients. The operating range of the thermocouples is reduced 

to the Figure in parentheses if the given accuracy is required. For 

operation over the full temperature range, the accuracy, would be 

reduced to approximately ±10% without linearization, or ±0.5% 

when compensation is used. 
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Table 7.6 Operating Ranges and Sensitivity of 

Thermocouples.  

 
Thermocouple 

type 
 

BASE–METAL 

Measurement 
sensitivity 

In accuracy 
or error 

Approximate 
range 

Seeback 
coefficient 

µv/0c 

Comments 

Copper+ 
Constantan 
(T) 

60 µv/0c ±0.75% -1400 to 
+4000c 

40(-59 to 
+93)±10c 

Operates in both 
oxidizing and 

reducing atmosphere 

Chromel – 
constantan  
(E) 

80 µv/0c ±0.5% -1800 to 
+1,0000c 

62(0 to 360) 
±20c 

Operates in oxidizing 
environment 

Iron – 
constantan 
(J) 

60 µv/0c ±0.75% 300 to 9000c 51(0 to 277) 
±20c 

Operates in both 
atmosphere general 

purpose 
measurements 

Chromel – 
Alumee 
(K) 

45 µv/0c ±0.75% 300 to 1,4000c 40(0 to 277) 
±20c 

Operates in oxidizing 
atmospheres 

Nicrosil –  
Nisil 
(N) 
NOBLE METAL 

40µv/0c ±0.75% 300 to 1,4000c 38(0 to 277) 
±20c 

Operates in oxidizing 
atmospheres 

Platinum 
(Rhodium 
10%)- 
Platinum 
(S) 

10µv/0c ±0.5% 300 to 1,7000c 7(0 to 538) 
±30c 

Operate in Operates 
in oxidizing 

atmospheres 

Platinum 
(Rhodium 13%) 
– 
Platinum 
(R) 

10µv/0c ±0.5% 300 to 1,7000c 7(0 to 538) 
±30c 

Operates in oxidizing 
atmospheres 

Tungsten and a 
tungsten/rheniu
m alloy 

20uv/0c ±0.05% 300  to 23000c 15(0 to538) 
±30c 

Cannot operates in 
oxidizing and 

reducing atmosphere 
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Thermocouple Protection  

Thermocouples are delicate devices that must be treated 

carefully if their specified operating characteristics are to be 

maintained. One major source of errors is Induced strain in the hot 

junction. This reduces the e.m.f output, and precaution are 

normally taken to minimize induces strain by mounting the 

thermocouples horizontally rather than vertically. It is usual to 

cover most of the thermocouples wires with thermal insulation, 

which also provides mechanical protection, although the tip is left 

exposed if possible to maximize the speed of response to changes 

in the measured temperature. However, thermocouples are prone 

to contamination in some operating environments. This means 

that their e.m.f temperature characteristics vary from that 

published in standard tables. A contamination also makes them 

brittles and shortens their life.  Where they are prone to 

communication, thermocouples have to be protected by enclosing 

them entirely in an insulated sheath. When enclose in a sheath, the 

time constant of the combination of thermocouples and sheath is 

significant. The size of the   thermocouple and hence the diameter 

required for the sheath has a large effects on the importance of 

this. There are three types of basic packaging for thermocouples: 

sealed in ceramic bead, insulated in a plastic or glass extrusion, 

or metal sheathed. The metal sheath is normally stainless steel 

with magnesium oxide or aluminum oxide insulation. The sheath 

gives mechanical and chemical protection to the thermocouple. 

Sheathed thermocouples are available with thermocouples welded 

to the sheath, insulated from the sheath, and exposed for high-

speed response. This configuration are shown in Figure 7.13 
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Figure 7.13 Sheathed thermocouples 

(a). Junction connected to sheath 

(b). Junction insulated from sheath 

(c). expose junction for high-speed response. 

 

Optical Pyrometers  

The optical pyrometer, illustrated in Figure 7.14, is designed 

to measure temperature where the peak radiation emission is in 

the red part of the visible spectrum, that is, where the measured 

body glows a certain shade of red according to the temperature. 

This limits the instrument to measuring temperatures above 

6000C. The instrument contains a heated tungsten filament within 

its optical system. The current in the filament is increased until its 

Colour is the same as the hot body: under this condition the 

filament apparently disappears when viewed against the 

background of the hot body. Temperature measurement is 
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therefore obtained in terms of the current flowing in the filament. 

As the brightness of different material at any particular 

temperature varies according to the emissivity of the material, the 

calibration of the optical pyrometer must be adjusted according to 

the emissivity of the target. Manufacturers provide tables of 

standard materials emissivity’s to assist with this. The inherent 

measurement inaccuracy of an optical pyrometer is ±50C. 

However, in addition to this error, there can be a further operator-

induced error of ±100C arising out of the difficulty in judging the 

moment when the filament ‘just’ disappears. Measurement 

accuracy can be improved somewhat by employing an optical 

filter within the instrument that passes a narrow band of 

frequencies of wavelength around 0.65µm corresponding on the 

red part of the visible spectrum. This also extends the upper 

temperature measurable from 50000C in unfiltered instruments up 

to 100000C. 

The instrument cannot be used in automatic temperature 

control schemes because the eye of the human operator is an 

essential part of the measurement system. The reading is also 

affected by fumes in the sight path. Because of this difficulties 

and low accuracy, handheld radiation pyrometers are rapidly 

overtaking the optical pyrometer in popularity, although the 

instrument is still widely used in industry for measuring 

temperatures in furnaces and similar application at present. 

 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 203 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.14 Optical Pyrometer 

 

Optical pyrometers compare the incident radiation to the 

radiation from an internal filament, as shown in Figure 7.15. The 

current through the filament is adjusted until the radiation colors 

match. The current then can be directly related to the temperature 

of the radiation source.  

 

 

 

 

 

 

 

 

Figure 7.15 Optical Pyrometer comparing the Incident Radiation 

to the Radiation from an Internal Filament 
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Radiation Pyrometers 

Radiation pyrometer measure temperature by sensing the heat 

radiated from a hot body through a fixed lens, which focuses the 

heat energy onto a thermopile. This is a noncontact device. For 

instance, furnace temperatures are normally measured through a 

small hole in the furnace wall. The distance from the source to the 

pyrometer can be fixed and the radiation should fill the field-of-

view of the sensor. Figure 7.16 shows the focusing lens and 

thermocouple setup, using a thermopile as a detector. 

 

 

 

 

 

 

 

 

Figure 7.16 Focusing Lens and Thermocouple Setup using a 

Thermopile as Detector 

 

The radiation pyrometer has an optical system that is similar 

to that in the optical pyrometer and focuses the energy emitted 

from the measured body. However, it differs by omitting the 

filament and eyepiece and having instead energy detector in the 

same focal plane as the eyepiece was, as shown in Figure 7.17.  

 

 

 

 

 

 

Figure 7.17 structure of the radiation thermometer 
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This principle can be used to measure temperature over a 

range from -1000C to +36000C. The radiation detector is either a 

thermal detector, which measures the temperature rise in a black 

body at the focal point of optical system, or a photon detector. 

Thermal detectors respond equally to all wavelengths in the 

frequency spectrum, and consist of thermopiles, resistance 

thermometer or thermostats. All of this typically has time 

constants of several milliseconds, because of the time taken for 

the black body to heat up and the temperature sensor to respond to 

the temperature change. Photon detectors respond selectively to a 

particular band within the full spectrum, and are usually of the 

photoconductive or photovoltaic type. They respond to 

temperature changes very much faster than thermal detectors 

because they involve atomic processes, and typical measurement 

time constant are a few microseconds. Fiber-optic technology is 

frequently used in high-temperature measurement applications to 

collect the incoming radiation and transmit to a detector and 

processes electronics that are located remotely. This prevents 

exposure of the processing electronics to potentially damaging, 

high temperature. Fiber-optic cables are also used to apply 

radiation pyrometer principle in very difficult applications, such 

as measuring the temperature inside jet engines by collecting the 

engine and transmitting it outside.  

The size of object measured by a radiation pyrometer is 

limited by the optical resolution, which is defined as the ratio of 

target size to distance. A good ratio is 1:300, and this would allow 

temperature measurement of a 1mm sized object at a range of 

300mm. With large distance/target size ratios, accurate aiming 

and focusing of the pyrometer at the target is essential. It is now 

common to find ‘through the lens’ viewing provided in the 

pyrometers, using a principle similar to SLR 
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Camera technology, as focusing and orientating the instrument 

for visible light automatically focuses it for infrared light. 

Alternatively, dual laser beams are sometimes used to ensure that 

the instrument is aimed correctly towards the target. Various 

forms of electrical output are available from the radiation 

detector; these are function of the incident energy on the detector 

and are therefore function of the temperature of the measured 

body. While this therefore makes such instruments of use in 

automatic control systems, their accuracy is often inferior to the 

optical pyrometers, this reduced accuracy arises firstly because a 

radiation pyrometer is sensitive to a wider band of frequencies 

than the optical instrument and the relationship between emitted 

energy and temperature is less well defined. Secondly, the 

magnitude of energy emission at low temperatures gets very 

small, according to the equation below, increasing the difficulty of 

accurate measurement. 

 
4KTE   

 

Where, E is the total rate of radiation emission per second, K is 

the thermal constant and T is the temperature of the object. 

It should be noted that all objects emit electromagnetic 

radiation as a function of their temperature above absolute zero. 

Radiation thermometers are also known as radiation pyrometers.  

 

 Thermal Time Constant 

A temperature detector does not react immediately to a chance 

in temperature. The reaction time of the sensor, or thermal time 

constant, is a measure of the time it takes for the sensor to 

stabilize internally to the external temperature change, and is 

determine by the thermal mass and thermal conduction resistance 

of the device. Thermometer bulb size, probe size, or protection 
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well can affect the response time of the reading. For example, a 

large bulb contains more liquid for better sensitivity, but this will 

increase the time constant to fully respond to a temperature 

change. Thermal time constant is related to the thermal parameters 

by the following equation: 

                 

KA

mc
tc   

 

Where, tc is the thermal time constant, m is the mass, c is the 

specific heat, K is the heat transfer coefficient, and A is the area 

of the thermal contact. 

When temperature changes rapidly, the temperature output 

reading of a thermal sensor is given by: 

  ct
t

TTTT
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Where, T is the temperature reading, T1 is the initial temperature, 

T2 is the true system temperature, and t is the time from when the 

change occurred.  

The time constant of a system tc is defined as the time it takes 

for the system to reach 63.2% of its final temperature value after a 

temperature change. As an example, a copper block is held in an 

ice-water bath until its temperature has stabilized at 00C. It is then 

removed and placed in a 1000C steam bath. The temperature of 

the cooper block will not immediately go to 1000C, but its 

temperature will rise on an exponential curve as it absorbs energy 

from the steam, until after some time period (i.e its time constant), 

it will reach 63.20C, eventually reaching 1000C. During the 

second time constant, the copper will rise another 63.2% of the 

remaining temperature to get to equilibrium. That 

is,   C03.23%2.632.63100  , or at the end of two time 
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constant periods, the temperature of the copper will be 86.50C. At 

the end of three periods, the temperature will be 950C, and so on. 

When a fast response time is required, thermal time constant can 

be a serious problem. In some cases, the constants can be several 

seconds in duration, and a correction may have to be 

electronically applied to the output reading to obtain a faster 

response. Measuring the rate of rise of the temperature indicated 

by the sensor and extrapolating the actual aiming temperature can 

do this. 

 

Calibration 

Temperature calibration can be performed on most 

temperature sensing devices by immersing them in known 

temperature standards, which are the equilibrium points of 

solid/liquid or liquid/gas mixtures (also known as the triple-

point). Some of these standards are given in Table 7.7. Most 

temperature-sensing devices are rugged and reliable, but they can 

go out of the calibration, due to leakage during use or 

contamination during manufacture, and therefore should be 

checked on a regular basis.  

 

Table 7.7 Temperature Scale Calibration  

 
Points Calibration Materials  K 0R 0F 0C 

Zero thermal energy   0 0 -459.6 -273.15 
Oxygen: liquid-gas  90.18 162.3 -297.3 -182.97 

Water: solid-liquid 273.15 491.6 32 0 

Water liquid-gas 373.15 671.6 212 100 
Gold: solid-liquid        1336.15 2405 1945.5 1063 

 

Installation  

Care must be taken in locating the sensing portion of the 

temperature sensor. It should be fully encompassed by the 
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medium whose temperature is being measured, and not be in 

contact with the walls of the container. The sensor should be 

screened from reflected and radiant heat, if necessary.  The sensor 

also should be placed downstream from fluids being mixed, to 

ensure that the temperature has stabilized, but as close as possible 

to the point of mixing, to give as fast as possible temperature 

measurement for good control. A low thermal time constant in the 

sensor is necessary for a quick response. Compensation and 

calibration may be necessary when using pressure-spring devices 

with long tubes, especially when accurate readings are required. 
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Exercise 7 

 

7.1. The output e.m.f from a chomel-alumel thermocouple (type 

K), with its reference junction maintained at 00C, is 

12.207mV. What is the measured temperature? 

7.2 The output e.m.f from a nicrosil-nisil thermocouple (type N), 

with its reference junction maintained at 00C is 4.21mV. 

What is the measured temperature? 

7.3 A platinum/10% rhodium-platinum (type S) thermocouple is 

used to measured the temperature of a furnace. The output 

e.m.f with the reference junction maintained at 500C, is 

5.975mV. What is the temperature of the furnace? 

7.4 In a particular industrial situation, a nicrosil-nisil 

thermocouple with nicrosil-nisil extension wires is used to 

measure the temperature of a fluid. In connecting up this 

measurement system, the instrumentation engineer 

responsible has inadvertently interchanged the extension 

wires from the thermocouple. The ends of the extension 

wires are held at a reference temperature of 00C and the 

output e.m.f measured is 21.0mV. If the junction between 

the thermocouple and extension wires is at a temperature of 

500C, what temperature of fluid is indicated and what is the 

true fluid temperature? 

7.5 A chromel-constantan thermocouple measuring the 

temperature of a fluid is connected by mistake with copper-

constantan extension leads (such that the two constantan 

wires are connected together and the copper extension wire 

is connected to the chromel thermocouple wire). If the fluid 

temperature was actually 2500C, and the junction between 

the thermocouples and the extension wires was at 800C, what 

e.m.f would be measured at the open ends of the extension 

wires if the reference junction is maintained at 00C? What 
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fluid temperature would be deduces from this (assuming that 

the connection mistake was not known about)? (Hint: apply 

the law of intermediate metals for the thermocouple-

extension lead junction). 

7.6 A straight bimetallic strip 40cm long and 2.0mm thick is 

made of copper and invar, and has one end fixed. How much 

will the free end of the strip deflect if the temperature 

changes by 300C? 

7.7 A 60cm length of 5.0mm thick copper-invar bimetallic strip 

is wound into a spiral with a radius of 8.0cm at 800C. What 

is the deflection of the strip at 1500C?  

7.8  (a) State four advantages and four disadvantages of mercury 

as a thermometric liquid? (b) Mention two thermometric 

liquids that can be used at temperature below 1100C. 

7.9  Explain the principle and application of the following 

temperature measuring devices: 

i. Bimetallic thermometers and thermostats; 

ii. Liquid-in-glass thermometers; 

iii. Gas filled thermometers, 

iv. Vapour pressure thermometers, 

v. Thermocouple thermometers, and  

vi. Radiation and optical pyrometers. 

7.10 (a) Describe the calibrations of temperature measuring 

instruments to known standards. 

(b) Why should temperature-sensing device be regularly 

checked? 

7.11 (a) Describe the installation of temperature measuring 

devices. 

(b) State three precautions that should be taken in the 

installation of thermometric devices?        
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7.12  (a) What is a thermostat? 

 (b) Explain the following terms: 

(i) Conduction, (ii) Convection, (iii) Radiation, (iv) 

Thermal energy, (v) Sublimation, and (vi) Phase change. 

7.13 (a) List and explain the three effects associated with 

thermocouple (b) Draw a table to show the operating 

ranges for thermocouples and see beck coefficients. 

 (c) (i) State one source of error in thermocouples.  

      (ii) How can this be corrected? 

 (d) State three effects of contamination on thermocouples?  

 (e) How are thermocouples protected? 

 (f) State three types of packaging for thermocouples. 

7.14 Explain the construction, working principle and application 

of: (i) optical pyrometers, (ii) radiation pyrometers. 

7.15 (a) Write short note on: (i) extension leads, (ii) compensating 

leads. (b) Define the optical resolution of a radiation 

pyrometer. (c) Why is it necessary to choose materials for 

the extension lead wires so that E1 and E2 are approximately 

zero? 

7.16  State the following laws: 

 (i) The law of intermediate metals, 

 (ii) The law of intermediate temperatures. 

7.17  (a) Define the time constant of a system.  

 (b) State the formula for calculating the thermal time 

constant. Explain the terms in the formula. 
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Answers To Exercise 7 

7.1 3000C 

7.2 147.10C  

7.3 7000C 

7.4 6100C; 678.40C 

7.5 15.55mV; 228.50C 

7.6 11.30cm 

7.7 17.80cm 
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CHAPTER 8 

 

BASIC PLANT CONTROL CONCEPTS 

 

Introduction 

The technology of controlling a series of events to transform a 

material into a desired end product is called process control. In 

other words, control in process industries refers to the regulation 

of all aspect of the process. Precise control of level, temperature, 

pressure and flow is important in the many process applications. 

For example, the making of fire could be considered a primitive 

form of process control. Industrial process control was originally 

performed manually by operators. Their sensors were their sense 

of sight, feel, and sound, making the process totally operator-

dependent. To maintain a process within broadly set limits, the 

operator would adjust a simple control device. Instrumentation 

and control slowly evolved over the years, as industry found a 

need for better, more accurate and more consistent measurements 

for tighter process control. Process as used in the terms of process 

control and process industry; refer to the methods of changing or 

refining raw materials to create end products. The raw materials, 

which either pass through or remain in liquid, gaseous, or slurry (a 

mix of solids and liquids) state during the process, are transferred 

measured, mixed, heated or cooled, filtered, stored, or handle in 

some other way to produce the end product. Process industries 

include the chemical industry, the oil and gas industry, the food 

and beverage industry, the pharmaceutical industry, the water 

treatment industry, and the power industry. 

 

The Objectives of the Control Systems  

Refining, combining, handling, and otherwise manipulating 

fluids to profitably produce end products, can be a precise, 
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demanding and potentially hazardous process. Small changes in a 

process can have a large impact on the end result. Process control 

refers to the methods that are used to control process variables 

when manufacturing a product. Variation in proportions, 

temperature, flow, turbulence, the pressure under which the 

materials are held, and many other factors must be carefully and 

constituently controlled to produce the desired end product with a 

minimum of raw materials and energy. Manufacturers control the 

production process for three reasons: (i) reduce variability, (ii) 

increase efficiency, and (iii) ensure safety. 

 

Reduce variability 

Process control can reduce variability in the end product, 

which ensures a constituently high-quality product. Manufacturers 

can also save money by reducing variability. For example, in a 

gasoline blending process, as many as twelve or more different 

components may be blended to make a specific grade of gasoline. 

If the refinery does not have precise control over the flow of the 

separate components, the gasoline may get too much of the high-

octane components. As a result, customers would receive a higher 

grade and more expensive gasoline than they paid for, and the 

refinery would loose money. The opposite situation would be 

customer receiving a lower grade at the higher price. Reducing 

variability can also save money by reducing the need for product 

padding to meet required product specifications. Padding refers to 

the process of making a product of higher quality than its needs to 

be to meet specifications. When there is variability in the end 

product (that is, when process control is poor), manufacturers are 

forced to pad the product to ensure that specifications are met, 

which adds to the cost. With accurate, dependable process control, 

the set point (desired or optimal point) can be moved closer to the 

actual product specification and thus save the manufacturer 
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money. Hence, reducing variability ensures quality and maximum 

profit. 

 

 

 

 

 

  

 

Figure 8.1 Reducing Variability 

 

Increase Efficiency 

Some processes need to be maintained at a specific point to 

maximize efficiency. For example, a control point might be 

temperature at which a chemical reaction takes place. Accurate 

control of temperature ensures process efficiency. Manufacturers 

save money by minimizing the resources required to produce the 

end product. 

 

Ensure safety 

A run-away process, such as an out-of-control nuclear or 

chemical reaction may result if manufacturers do not maintain 

precise control of all of the processing variables. The 

consequences of a run-away process can be catastrophic. Precise 

process control may also be required to ensure safety. For 

example, maintaining proper boiler pressure by controlling the 

inflow of air used in combustion and the outflow of exhaust gases 

is crucial in preventing boiler implosions that can clearly threaten 

the safety of workers. 
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Process Control  

Process Control can take two forms: 

(1.) Sequential control, which is an event-based process in which 

one event follows another until a process sequence is complete. 

(2.) Continuous control, which requires continuous monitoring 

and adjustment of the process variables. However, continuous 

process control comes in many forms, such as domestic water 

heaters and heating, ventilation, and air conditioning (HVAC), 

where the variable temperature is not required to be measured 

with great precision, and complex industrial process control 

application, such as in the petroleum or chemical industry, where 

many variables have to be measured simultaneously with great 

precision. These variables can vary from temperature, flow, level, 

and pressure to time and distance, all of which can be 

interdependent variables in a single process requiring complex 

microprocessor systems for total control. Due to the rapid 

advances in technology, instrument in used today may be obsolete 

tomorrow. New and more efficient measurement techniques are 

constantly being introduced. These changes are being driven by 

the need for higher accuracy, quality, precision and performance. 

Techniques that were thought to be impossible a few years ago 

have been developed to measure parameters. 

Sequential Process Control 

Control systems can be sequential in nature, or can use 

continuous measurement; both systems normally use a form of 

feedback for control. Sequential control is an event-based process, 

in which the completion of one event follows the completion of 

another, until a process is complete, as by the sensing devices. 
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Figure 8.2 shows an example of a process using a sequencer for 

mixing liquid in a set ratio. The sequence of event is as follows: 

1.  Open valve A to fill tank A. 

2.  When tank is full, a feedback signal from the level sensor tells 

the sequencer to turn valve A off. 

3. Open valve B to fill tank B. 

4. When tank B is full, a feedback signal from the level sensor 

tells the sequencer to turn valve B off. 

5. When valves A and B are closed, valves C and D are opened 

to let measured quantities of liquids A and B into mixing tank 

C.  

6. When tanks A and B are empty, valves C and D are turned off. 

7. After C and D are closed, start mixing motor, run for set 

period. 

8. Turn off mixing motor. 

9. Open valve F to use mixture 

10. The sequence can then be repeated after tank C is empty and 

valve F is turned off.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 Sequencer used for Liquid Mixing 
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Continuous Process Control 

Continuous process control falls into the categories: 

1. Elementary on/off action, and  

2. Continuous control action. 

On/off action is used in applications where the system has 

high inertia, which prevents the system from rapid cycling. This 

type of control only has two states, On and Off; hence, its name. 

This type of control has been in use for many decades, long before 

the introduction of the computer. HVAC is a prime example of 

this type of application. Such application does not require accurate 

instrument. In HVAC, the temperature (measured variable) is 

continuously monitored, typically using a bimetallic strip in older 

systems and semiconductor elements in newer systems, as the 

sensor turns the power (manipulated variable) On and off at preset 

temperature levels to the heating/cooling section. 

Continuous process action is used to continuously control a 

physical output parameter of a material. The parameter is 

measured with the instrumentation or sensor, and compared to a 

set value. Any deviation between the two causes an error signal to 

be generated, which is used to adjust an input parameter to the 

process to correct for the output change. An example of an 

unsophisticated automated control process is shown in Figure 8.3. 

A float in a swimming pool is used to continuously monitor the 

level of the water, and to bring the water level up to a set 

reference point when the water level is low. The float senses the 

level, and feed back to the control valve is via the float arm and 

pivot. The valve then controls the flow of water (manipulated 

variable) into swimming pool, as the float moves up and down.  
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Figure 8.3 Automated Control Systems 

 

 

 

 

 

 

 

 

Figure 8.4 Continuous Controls for Liquid Mixing. 

 

A more complex continuous process control system is shown 

in Figure 8.4, where a mixture of two liquids is required. The flow 

rate of liquid A is measured with a differential pressure (DP) 

sensor, and the amplitude of the signal from the differential 

pressure (DP) measuring the flow of rate of the liquid is used as a 

controller as a reference signal (set point) to control the flow rate 

of liquid B. The controller uses a DP to measure the flow rate of 

liquid B, and compares its amplitude to the signal from the DP 

monitoring the flow of liquid A. The difference between the two 

signals (error signal) is used to control the valve, so that the flow 

rate of liquid B (manipulating variable) is directly proportional to 

that of liquid A, and then the two liquids are combined. 
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Definition of the Basic Concepts of Control Systems                               

 

Process Variable    

A process variable is a condition of the process fluid (a liquid 

or gas) that can change the manufacturing process in some way. 

For instance, imagine you are in a kitchen in front of a small fire 

on a cold rainy evening. You feel uncomfortably cold, so you 

throw another log into the fire. In this scenario, the process 

variable is temperature. In the example of water in a tank passing 

out through a valve, the process variable is level. Common 

process variables include: (i) Pressure (ii) flow (iii) level (iv) 

temperature (v) density (vi) PH (acidity or alkalinity) (vii) liquid 

interface (the relative amounts of different liquids that are 

combined in a vessel) (viii) mass (ix) conductivity. 

 

Set Point 

The set point is a value for a process variable that is desired to 

be maintained. For example if a process temperature needs to be 

kept within 50C of 1000C, then the set point is 1000C. A 

temperature sensor can be used to help maintain the temperature 

at set point. The sensor is inserted into the process, and a 

controller compares the temperature reading from the sensor to 

the set point. If the temperature reading is 1100C, then the 

controller determines that the process is above set point and 

signals the fuel valve of the burner to the close slightly until the 

process cools to 1000C. Set points can also be maximum or 

minimum values. For example, level in a tank cannot exceed 

0.70m  
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2

int

int
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ErrorSetpoueMinimumVal

ErrorSetpoueMaximumVal









 

In the above example, error = ±50C and set point = 1000C. 

 

Measured Variables, Process Variables and Manipulated 

Variables. 

In the temperature control loop example, the measured 

variable is temperature, which must be held close to 1000C. In this 

example and in most instances, the measured variable is also the 

process variable. The measured variable is the condition of the 

process fluid that must be kept at the designated set point.  

Sometimes the measured variable is not the same as the 

process variable. For example, manufacturers may measure the 

flow into and out of a storage tank to determine tank level. In this 

scenario, flow is the measured variable, and the process fluid level 

is the process variable. The factor that is changed to keep the 

measured variable at set point is called the manipulated variable. 

In the example described, the manipulated variable would also be 

flow as shown in Figure 8.5. 

 

 

 

 

 

 

Figure 8.5 variables 

 

 
Process variables 
or measured 

variables 
Controller 

Manipulated 

variable 

Setpoint 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 223 

Error 

Error is the difference between the measured variable and the 

set point and can be either positive or negative. In the temperature 

control loop example, the error is the difference between the 

1100C measured variable and the 1000C set point that is, the error 

is +100C. The objective of any control scheme is to minimize or 

eliminate error. Therefore it is imperative that error will be well 

understood. Any error can be seen as having three major 

components. These three components are shown in Figure 8.6. 

 

 

 

 

 

 

 

 

 

 

Figure 8.6 Components of Error 

 

Magnitude of Error 

The magnitude of the error is simply the deviation between the 

values of the set point and the process variable. The magnitude of 

error at any point in time compared to the previous error provides 

the basis for determining the change in error. The change in error 

is also an important value. 
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Rate of Change 

The rate of change is shown by the slope of the error plot.  

 

Off Set 

Off set is a sustained deviation of the process variable from 

the set point. In the temperature control loop example, if the 

control system held the process fluid at 100.50C constituently, 

even though the set point is 1000C, then an offset of 0.50C exists. 

 

Load Disturbance 

A load disturbance is an undesired change in one of the factors 

that can affect the process variable. In the temperature control 

loop example, adding cold process fluid to the vessel would be a 

load disturbance because it would lower the temperature of the 

process fluid. 

 

Control Algorithm 

A control algorithm is a mathematical expression of a control 

function. Using the temperature control loop example, v, in the 

equation below is the fuel valve position, and e is the error. The 

relationship in a control algorithm can be expressed as: 

 efv   
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The fuel valve position (v) is a function (f) of the sign 

(positive or negative) of the error as shown in Figure 8.7. 

  

 

 

 

 

 

 

 

 

Control algorithm can be used to calculate the requirements of 

much more complex control loops than the one described here. In 

more complex control loops, questions such as “How far should 

the valve be opened or closed in response to a given change in set 

point?” and “How long should the valve be held in the new 

position after the process variable moves back toward set point?” 

need to be answered. 

  

Manual And Automatic Control 

Before process automation, people, rather than machines, 

performed many of the process control tasks. For example, a 

human operator might have watched a level gauge and closed a 

valve when the level reached the set point. Control operations that 

involve human action to make an adjustment are called manual 

control systems. Conversely, control operation in which no human 

intervention is required, such as an automatic valve actuator that 

responds to a level controller, are called automatic control 

systems. 

 

Process 

variable  

Summing 

Block 
Error  Valve 

position 

Manipulated 

 Variables 

Feedback 

F(e) 

Figure 8.7 Algorithm Example 

 



Chapter 8 – Basic Plant Control Concepts 

 

 226 

Primary Elements/Sensors 

In all cases, some kind of instrument is measuring changes in 

the process and reporting a process variable measurement. Some 

of the greatest ingenuity in the process control field is apparent in 

sensing devices. Because sensing devices are the first element in 

the control loop to measure the process variable, they are also 

called primary elements. Examples of primary elements include: 

1. Pressure sensing diaphragms, strain gauges, capacitance cells. 

2. Resistance temperature detectors (RTDs) 

3. Thermocouples  

4. Orifice plates 

5. Pitot tubes 

6. Venturi tubes 

7. Magnetic flow tubes  

8. Coriolis flow tubes 

9. Radar emitters and receivers 

10. Ultrasonic emitters and receivers 

11. Annular flow elements 

12. Vortex shedder 

 

Primary elements are device that cause some change in their 

property with changes in process fluid conditions that can then be 

measured. For example, when a conductive fluid passes through 

the magnetic field in a magnetic flow tube, the fluid generates a 

voltage that is directly proportional to the velocity of the process 

fluid. The primary element (magnetic flow tube) outputs a voltage 

that can be measured and use to calculate the fluid’s flow rate. 

With an RTD, as the temperature of a process fluid surrounding 

the RTD rises or falls, the electrical resistance of the RTD 

increases a proportional amount. The resistance is measured, and 

from this measurement, temperature is determined.  
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Transducers And Converters 

Transducer is a device that translates a mechanical signal into 

an electrical signal. For example, inside a capacitance pressure 

device, a transducer converts changes in pressure into a 

proportional change in capacitance. A converter is a device that 

converts one type of signal into another type of signal. For 

example, a converter may convert current into voltage or an 

analogue signal into a digital signal. In process control, a 

converter used to convert a 4-20mA current signal into a 3-15 psig 

pneumatic signal (commonly used by valve actuators) is called a 

current-to-pressure converter. 

 

Transmitter 

A transmitter is a device that converts a reading from a sensor 

or transducer into a standard signal and transmits that signal to a 

monitor or controller. Transmitter types include; 

1. Pressure Transmitters 

2. Flow Transmitters 

3. Temperature Transmitters 

4. Level Transmitters 

5. Analytical Oxygen (O2), carbon monoxide (CO) and pH 

Transmitters. 

 

Signals 

There are three kinds of signals that exist for the process 

industry to transmit the process variable measurement from the 

instrument to a centralized control system. 

1. Pneumatic signal 

2. Analog signal 

3. Digital signal 
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Pneumatic Signals 

Pneumatic Signals are signals produced by changing the air 

pressure in a signal pipe in proportion to the measured change in a 

process variable. The common industry standard pneumatic signal 

range is 3-15psig. The 3 corresponds to the lower range value 

(LRV) and the 15 corresponds to the upper range value (URV). 

Pneumatic signaling is still common. However, since the advent 

of electronic instrument in the1960s, the lower costs involved in 

running electrical signal wire through a plant as opposed to 

running pressurized air tubes has made pneumatic signal 

technology less attractive. 

 

Analog Signals 

The most common standard electrical signal is the 4-20mA 

current signal. With this signal, a transmitter sends a small current 

through a set of wires. The current signal is a kind of gauge in 

which 4mA represent the lowest possible measurement, or zero, 

and 20mA represent the highest possible measurement. For 

example, imagine a process that must be maintained at 1000C. An 

RTD temperature sensor and transmitter are installed in the 

process vessel, and the transmitter is set to produce a 4mA signal 

when the process temperature is at the 1050C. The transmitter will 

transmit a 12mA when the temperature is at the 1000C set point. 

As the sensor’s resistance property changes in response to 

changes in temperature, the transmitter outputs a 4-20mA signal 

that is proportionate to the temperature changes. This input to a 

control device, such as a burner fuel valve. Other common 

standard electrical signals include the 1-5V (volts) signal and the 

pulse output. 
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Digital Signals 

Digital signal are the most recent addition to process control 

signal technology. Digital signals are discrete levels or valves that 

are combined in specific ways to represent process variable and 

also carry other information, such as diagnostic information. The 

methodology used to combine the digital signals is referred to as 

protocol. Manufacturers may use either an open or proprietary 

digital protocol. Open protocol are those that anyone who is 

developing a control device can use. Proprietary protocols are 

owned by specific companies and may be used only with their 

permission. Open digital protocol include the HART (Highway 

Addressable Remote Transducer) protocol, FOUNDATION 

fieldbus, profibus, Device Net, and the Modbus protocol. 

 

Indicators 

While most instruments are connected to a control system, 

operators sometimes need to check a measurement on the factory 

floor at the measurement point. An indicator makes this reading 

possible. An indicator is a human-readable device that displays 

information about the process. Indictors maybe as a simple as a 

pressure or temperature gauge or more complex, such as a digital 

read-out device. Some indicators simply display the measured 

variable, while others have control buttons that enables operators 

to change settings in the field. 

 

Recorders  

A recorder is a device that records the output of a 

measurement device. Many process manufacturers are required by 

law to provide a process history to regulatory agencies, and 

manufacturers use recorders to help meet this regulatory 

requirement. In addition, manufacturers often use recorders to 

gather data for trend analysis. By recording the readings of critical 
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measurement points and comparing those readings over time with 

the results of the process, the process can be improved. Different 

recorders display the date they collect differently. Some recorders 

list a set of readings and the times the readings were taken, others 

create a chart or graph of the reading. Recorders that create charts 

or graphs are called chart recorders. 

 

Controllers 

A controller is a device that receives data from a measurement 

instrument, compares that data to a programmed set point, and, if 

necessary signals a control element to take corrective action. 

Local controllers are usually one of the three types: pneumatic, 

electronic or programmable. Controllers also commonly reside in 

a digital control system. Controllers may perform complex 

mathematical function to compare a set of data to set point or they 

may perform simple addition or subtraction function to make 

compactions. Controllers always have an ability to receive input, 

to perform a mathematical function with the input, and to produce 

an output signal. Different types of process controllers are show in 

Figure 8.8. Common examples of controllers include: 

(i) Programmable logic controllers (PLCs): PLCs are usually 

computers connected to a set of input/output (I/O) devices. The 

computers are programmed to respond to inputs by sending 

outputs to maintain all process at set point. 

(ii) Distributed control systems (DCSs): DCSs are controllers that, 

in addition to performing control functions, provide reading of the 

status of the process, maintain databases and advanced man-

machine-interface. 
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Figure 8.8 Types of Process Controllers. 
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Correcting Elements/Final Control Elements 

The correcting or final control element is the part of the 

control system that acts to physically change the manipulated 

variable. In most cases, the final control element is a valve used to 

restrict or cut off fluid flow, but pump motors, louvers (typically 

used to regulate air flow), solenoids, and other devices can also be 

final control elements. Final control elements are typically used to 

increase or decrease fluid flow. For example, a final control 

element may regulate the flow of fuel to a burner to control 

temperature, the   flow of a catalyst into a reactor to control a 

chemical reaction, or the flow of air into a boiler to control boiler 

combustion. In any control loop, the speed with which a final 

control element reacts to correct a variable that is out of set point 

is very important. Many of the technological improvements in 

final control elements are related to improving their response 

time. 

 

Actuators 

An actuator is the part of a final control device that causes a 

physical change in the final control device when signaled to do so. 

The most common example of an actuator is a valve actuator, 

which opens or closes a valve in response to control signals form 

a controller. Actuators are often powered pneumatically, 

hydraulically, or electrically. Diaphragms, bellows, springs, gears, 

hydraulic pilot valves, pistons, or electric motors are often part of 

an actuator system. 

    

Definition of the Elements in a Control Loop 

In any process, there are a number of inputs (i.e. from 

chemicals to solid goods). These are manipulated in the process, 

and a new chemical or component emerges at the output. To get a 

more comprehensive look at a typical process control system, it 
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will be broken down into its various elements. Figure 8.9 is a 

block diagram of the elements in a continuous control process 

with a feedback loop. 

 

Process 

Process is a sequence of events designed to control the flow of 

materials through a number of steps in a plant to produce a final 

utilitarian product or material. The process can be a simple 

process with few steps, or a complex sequence of events with a 

large number of interrelated variables. The examples shown are 

single steps that may occur in a process. 

 

Measurement 

Measurement is the determination of the physical amplitude of 

a parameter of a material; the measurement value must be 

consistent and repeatable. Sensors are typically used for the 

measurement of physical parameters. A sensor is a device that 

can convert the physical parameter repeatedly and reliably into 

a form that can be used or understood. Examples include 

converting temperature, pressure, force, or flow into an electrical 

signal, measurable motion, or a gauge reading. 

 

Error Detection 

Error Detection is the determination of the difference between 

the amplitude of the measured variable and a desired set reference 

point. Any difference between the two is an error signal, which is 

amplified and conditioned to drive a control element. The 

controller sometimes performs the detection, while the reference 

point is normally stored in the memory of the controller. 
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Controller 

Controller is a microprocessor-based system that can 

determine the next step to be taken in a sequential process, or 

evaluate the error signal in continuous process control to 

determine what action is to be taken. The controller can normally 

condition the signal, such as correcting the signal for temperature 

effects or nonlinearity in the sensor. The controller also has the 

parameters of the process input control element, and conditions 

the error sign to drive the final element. The controller can 

monitor several input signals that are sometimes interrelated, and 

can drive several control elements simultaneously. The controllers 

are normally referred to as programmable logic controllers (PLC). 

These devices use ladder networks for programming the control 

functions. 

 

 

 

 

 

 

 

 

Figure 8.9 Block Diagram of the Elements that make up the 

Feedback Path in a Process Control Loop 
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Figure 8.9 are over simplified, and are broken down in Figure 

8.10. The measuring element consists of a sensor to measure the 

physical property of a variable, a transducer to convert the sensor 

signal into an electrical signal, and a transmitter to amplify the 

electrical signal, so that it can be transmitted without loss. The 

control element has an actuator, which changes the electrical 

signal from the controller into a signal to operate the valve, and a 

control valve. In the feedback loop, the controller has memory and 

a summing circuit to compare the ser point to the sensed signal, so 

that it can generate an error signal.  The controller then uses the 

error signal to generate a correction signal to control the valve via 

the actuator and the input variable. 

 

                                          

 

 

 

 

 

 

 

Figure 8.10 Breakdown of Measuring and Control Element. 
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A control system is an arrangement of physical components 

connected or related in such a manner as to dynamically or 
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Definition of Output 

The output is the actual response obtained from a control 

system. It may or may not be equal to the specified response 

implied by the input. 

The purpose of the control system usually identifies or defines 

the output and input. If the output and input are given, it is 

possible to identify or define the nature of the system’s 

components. Control system may have more than one input or 

output. Often all inputs and outputs are well defined by the system 

description. But sometimes they are not. It is usually important to 

carefully consider extra or unwanted inputs and outputs when the 

system is examined in detail. There are three basic types of 

control systems: 

 

1. Man-made control systems 

2. Natural, including biological control system. 

3. Control system whose components are both man-made and 

natural. 

 

Control systems abound in man’s environment and some of 

them are: 

1. An electric switch is a man-made control system, controlling 

the flow of electricity. By definition, the apparatus or person 

flipping the switch is not part of this control system. Flipping 

the switch On or Off maybe considered as the input, while the 

output is the flow or non flow (two states) of electricity. 

2. The simple act of pointing at an object with a finger requires a 

biological control system consisting chiefly of the eyes, the 

arm, hand and finger, and the brain of a man. The input is the 

precise direction of the object (moving or not) with respect to 
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some reference, and the output is the actual pointed direction 

with respect to the same reference. 

3. The control system consisting of a man driving an automobile 

has components which are clearly both man-made and 

biological. 

Classification of Control Systems  

Control systems are classified into two general categories: 

open-loop and close-loop systems. The distinction is determined 

by the control action, which is that quantity responsible for 

activating the system to produce the output. The three tasks 

associated with any control loop are measurement, comparison 

and adjustment.  

 

Definition Open-Loop 

An open-loop control system is one in which the control 

action is independent of the output. In order words, an open 

control loop exists where the process variable is not compared, 

and action is taken not in response to feedback on the condition of 

the process variable, but is instead taken without regard to process 

variable conditions. For example, a water valve maybe opened to 

add cooling water to a process to prevent the process fluid from 

getting too hot, based on a pre-set time interval, regardless of the 

actual temperature of the process fluid. 

Features of Open-Loop Control Systems 

Two outstanding features of open-loop control systems are: 

1. Their ability to perform accurately is determined by their 

calibration. To calibrate means to establish or re-establish the 

input-output relation to obtain desired system accuracy. 

2. They are not generally troubled with problems of instability. 
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Advantages Of Open-Loop Control Systems 

The major advantages of open-loop control systems are as 

follows: 

1. Simple construction and ease of maintenance. 

2. Less expensive than a corresponding closed-loop system. 

3. There is no stability problem. 

4. Convenient when output is hard to measure or measuring the 

output precisely is economically not feasible. (For example, in 

the washer system, it would be quite expensive to provide a 

device to measure the quality of the washer’s output, 

cleanliness of the clothes.) 

 

Disadvantages of Open-Loop Control Systems 

The major disadvantages of open-loop control systems are as 

follows: 

1. Disturbance and changes in calibration cause errors and the 

output may be different from what is desired. 

2. To maintain the required quality in the output, recalibration is 

necessary from time to time. 

 

Definition of Closed-Loop 

A closed-loop control system is one in which the control 

action is somehow dependent on the output. A closed-loop exists 

where a process variable is measured, compared to a set point, and 

action is taken to correct any deviation from set point. Closed-

loop control systems are more commonly called feedback control 

systems.  
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Closed-Loop versus Open-Loop Control Systems 

An advantage of the closed-loop control system is the fact that 

the use of feedback makes the systems response relatively 

insensitive to external disturbance and internal variations in 

system parameters. It is thus possible to use relatively inaccurate 

and inexpensive components to obtain the accurate control of a 

given plant, whereas doing so is impossible in the open-loop case. 

From the point of view of stability, the open-loop control system 

is easier to build because system stability is not a major problem. 

On the other hand, stability is a major problem in the closed-loop 

control system, which may tend to over correct errors and thereby 

can cause oscillations of constant or changing amplitude. It should 

be emphasized that for systems in which the inputs are known 

ahead of time and in which there are no disturbances it is 

advisable to use open-loop control. Closed-loop control systems 

have advantages only when unpredictable disturbances and/or 

unpredictable variations in system components are present. Note 

that the output power rating partially determines the cost, weight 

and size of a control system. The number of component used in a 

closed-loop control system is more than that of a corresponding 

open-loop control system. Thus the closed-loop control system is 

generally higher in cost and power. To decrease the required 

power of a system, open loop control may be used where 

applicable. A proper combination of open-loop and closed-loop 

control is usually less expensive and will give satisfactory overall 

system performance system. 

In order to classify a control system as an open-loop or closed-

loop, the components of the system must be clearly distinguished 

from components that interact with, but are not part of the system. 

For example, a human operator may or may not be a component 

of a system. An autopilot mechanism and the airplane it controls 

is a closed-loop (feedback) control system. 
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Feedback 

Feedback is that characteristic of closed-loop control systems 

which distinguishes them from open-loop systems. 

 

Definition of Feedback 

Feedback is that property of a closed-loop system which 

permits the output (or some other controlled variable of the 

system) to be compared with the input to the system (or an input 

to some other internally situated component or subsystem of the 

system) so that the appropriate control action may be formed as 

some function of the output and input. More generally, feedback 

is said to exist in a system when a closed sequence of cause-and-

effect relation exists between system variables. In essence, every 

passive system (one containing no energy sources) may be viewed 

as a feedback system. In this write-up, only those closed loop-

control systems where the existence and purpose of feedback are 

readily identified is considered. 

 

Characteristics of Feedback 

The most important characteristics or features the presence of 

feedback imparts to a system are the following: 

1. Increased accuracy. For example, the ability to faithfully 

reproduce the input. 

2. Reduced sensitivity of the ratio of output to input to variations 

in system characteristics. 

3. Reduced effects of nonlinearities and distortion. 

4. Increased bandwidth. The bandwidth of a system is that range 

of frequencies (of the input) over which the system will 

respond satisfactorily. 

5. Tendency towards oscillation or instability. 
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Block Diagram of a Feedback Control System 

 

Definition of Block Diagram 

A block diagram is shorthand, pictorial representation of the 

cause and effect relationship between the input and output of a 

physical system. It provides a convenient and useful method for 

characterizing the functional relationships among the various 

components of a control system. System components are 

alternatively elements of the system. The simple form of the block 

diagram is the single block, with one input and one output. 

 

 

 

 

Figure 8.11 Block Diagram 

 

The blocks representing the various components of a control 

system are connected in a fashion which characterizes their 

functional relationship within the system. The basic configuration 

of a simple closed-loop (feedback) control system is illustrated in 

the block diagram shown in Figure 8.12. It is emphasized that the 

arrows of the closed-loop, connecting one block with another, 

represent the direction of flow of control energy or information, 

and not the main source of energy for the system. 

The generalized feedback control system is given by Figure 

8.12. 
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Figure 8.12 Generalized Feedback Control Systems 

 

Terminology of the Closed-Loop Block Diagram 

It is important that the terms used in the closed-loop block 

diagram be clearly understood and remembered. Hence, the 

following closed-loop terms are defined as follows: 

1. Pant: The Plant g2, also called the controlled system, is the 

body, process, or machine of which a particular quantity or 

condition is to be controlled. 

2. Control Elements: The control elements g1, also called the 

controller, are the components required to generate the 

appropriate control signal m applied to the plant. 

3. Feedback Elements: The feedback elements h are the 

feedback components required to establish the functional 

relationship between the primary feedback signal b and the 

controller output c. 

4. Reference Input: The reference input r is an external signal 

applied to a feedback control system in order to command a 

specified action of the plant. It often represents ideal plant 

output behavior. 
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5. Controlled Output: The controlled output c is that quantity or 

condition of the plant which is controlled. 

6. Primary Feedback Signal: The primary feedback signal b is a 

signal which is a function of the controlled output c, and 

which is algebraically summed with the reference input r to 

obtain the actuating signal e. 

7. Actuating Signal: The actuating signal e, also called the error 

or control action, is the algebraic sum consisting of the 

reference input r plus or minus (usually minus) the primary 

feedback b. 

8. Manipulated Variable: The manipulated variable m (control 

signal) is that quantity or condition which the control elements 

g, apply to the plant g2. 

9. Disturbance: A disturbance u is an undesired input signal 

which affects the value of the controlled output c. It may enter 

the plant by summation with m, or via an intermediate point, 

as shown in the block diagram of Figure 8.12. 

10. Forward Path: The forward path is the transmission path 

from-the-actuating signal e to the controlled output c.  

11. Feedback Path: The feedback path is the transmission path 

from the controlled output c to the primary feedback signal b. 

12. Transducer: A transducer is a device which converts one 

energy form into another. For example, one of the most 

common transducers in control systems applications is the 

potentiometer, which converts mechanical position into an 

electrical voltage as shown in Figure 8.13. 
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Figure 8.13 A Potentiometer Transducer 

 

13. Command: The command v is an input signal, usually equal 

to the reference input r. But when the energy form of the 

command v is not the same as that of the primary feedback b, 

a transducer is required between the command v and the 

reference input r as shown in Figure 8.14(a). 

 

 

 

 

 

 

 

 

 

 

Figure 8.14 Transducer with command 

 

14.  Error Detector: When the feedback element consists of a 

transducer, and a transducer is required at the input, that part 

of the control system illustrated in the above block diagram 

Figure 8.14 (b) is called the error detector 

15. Negative Feedback: Negative feedback means that the 

summing point is a subtracter; or 
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bre   

16. Positive Feedback: Positive feedback means that the summing 

point is an adder; or 

bre   

17. Stimulus: A stimulus is any externally introduced input signal 

affecting the controlled output, c. For example, the reference 

input r and a disturbance u are stimuli. 

18.  Time Response: The time response of a system or element is 

the output as a function of time, following the application of a 

prescribed input under specified operating conditions. 

19. Servomechanism: A servomechanism is a power-amplifying 

feedback control system in which the controlled variable c is 

mechanical position or a time derivative of position such as 

velocity or acceleration. It is a specialized feedback control 

system. 

20.  Regulators: A regulator or regulating system is a feedback 

control system in which the reference input or command is 

constant for long periods of time, often for the entire time 

interval during which the system is operational. A regulator 

differs from a servomechanism in that the primary function of 

a regulator is usually to maintain a constant controlled output, 

while that of a servomechanism is most often to cause the 

output of the system to follow a varying input. 

 

Practical Examples: Engineering Systems 

 

Example 8.1 

An automobile power-steering apparatus is a servomechanism. 

The command input is the angular position of the steering wheel. 

A small rotational torque applied to the steering wheel is 

amplified hydraulically, resulting in a force adequate to modify 

the output, the angular position of the front wheels. The block 
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diagram of such a system may be represented by Figure 8.15 

below. Negative feedback is necessary in order to return the 

control valve to the neutral position, reducing the torque from the 

hydraulic amplifier to zero when the desired wheel position has 

been achieved.  

 

 

 

 

 

 

 

 

Figure 8.15 Block Diagram of a Servomechanism 

 

Example 8.2 

A thermostatically controlled heater or furnace automatically 

regulating the temperature of a room or enclose is a control 

system. The input to this system is a reference temperature, which 

is usually specified by appropriately setting a thermostat. The 

output is the actual temperature of the enclosure. When the 

thermostat detects that the output is less than the input, the furnace 

provides heat until the temperature of the enclosure becomes 

equal to the reference input. Then the furnace is automatically 

turned off. For the thermostatically control furnace, the thermostat 

may be chosen as the summing point, since this is the device 

which determines whether or not the furnace shall be turned on as 

shown in Figure 8.16   
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Figure 8.16 Block Diagram of Thermostatically Controlled 

Furnace 

 

Example 8.3 

Devise a control system to fill a container with water after it is 

emptied through a stop cock at the bottom. The system must 

automatically shut off the water when the container is filled as 

shown in Figure 8.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.17 Ordinary Water Closet Tank Filling System 
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i. Draw a block diagram for the water-filling system. 

ii. Which component or components comprise the plant? 

iii. The controller? 

iv. The feedback? 

Solution 

The simplified schematic diagram, Figure 8.17, illustrates the 

principle of the ordinary water closet tank filling system. The ball 

floats on the water. As the ball gets closer to the top of the 

container, the stopper decreases the flow of water. When the 

container becomes full, the stopper shuts off the flow of water.  

i. The container is the plant because the water level of the 

container is being controller 

ii. The stopper may be chosen as the control element or 

controller. 

iii. The ball-float, cord, and associated linkage as the feedback 

elements. 

iv. The block diagram is given by      

 

 

 

 

 

 

 

 

 

Figure 8.18 Block Diagram of Water-filling System 
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Example 8.4 

Draw a block diagram for the elementary speed control system 

(velocity servomechanism) given by the following schematic 

diagram in Figure 8.19  

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 8.19 Elementary speed control system 
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the prime-mover speed, motor field winding and input 

potentiometer currents are constant functions of time. No load is 

attached to the motor shaft.  

 

Solution 
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and motor field winding, and the prime-mover source for the 

generator are not part of the control loop of this servomechanism. 

The output of each of these sources is a constant function of 

time, and can be accounted for in the mathematical description of 

the input potentiometer, generator, and motor, respectively. 

+ 

_ 

Battery 
Voltage 

Source      r 
  volts 

     _  

 
_
_ 
  
+ 

 
Amplifier  

Generator  
 

Motor  
+ 
m 
__ 

+ 
e 
_
_ 

b 
volts  
_ 

Motor 
Field 
Winding  

Battery 

rad/s 

c 
v rad/s 

Input 
Pot 

Tachometer  

Prime 
Mover  



Chapter 8 – Basic Plant Control Concepts 

 

 250 

Therefore the block diagram for this system is shown in Figure 

8.20. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.20 Block Diagram for Elementary Speed Control System 

 

Biological Systems 

 

Example 8.5 

The following simplified version of a biological mechanism 

regulating human arterial blood pressure is an example of a 

feedback control system. An adequate, relatively content pressure 

must be maintained in the blood vessels (arteries, arterioles, and 

capillaries) supplying the tissues. This pressure is usually 

measured in the aorta (artery), and is called the blood pressure P. 

It is typically equal to 10-16KPa (Pascal, N/m2). Let us assume 

that P is equal to 13KPa (on the average) in a normal individual. 

One of the fundamental equations of circulatory physiology is the 

general equation for arterial blood pressure: 
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Where, Q is the cardiac output, or the volume flow rate of blood 

from the heart to the aorta, and P is the peripheral resistance 

offered to blood flow by the arterioles, P is inversely proportional 

to the fourth power of the diameter d of the vessels (arterioles). 

Now, d is controlled by the vasomotor centre (VMC), situated in 

the medulla at the base of the brain. Increased activity of the 

VMC decreases d, and vice-versa. Although several factors affect 

VMC activity, the baroreceptor cells, located in a region of the 

arterial tree known as the arterial sinus, are the most important. 

Baroreceptor activity inhibits the VMC, and therefore functions in 

a feedback mode. If P increases, the baroreceptors send signals 

along the vagus and glossopharyngeal nerves to the VMC, 

decreasing its activity. This results in an increase in arteriole 

diameter d, a decrease in peripheral resistance p, and (assuming 

constant cardiac output Q) a corresponding drop in blood pressure 

P. This feedback network serves to maintain an approximately 

constant blood pressure in the aorta. 

Draw a block diagram of the feedback control system 

described above, identifying all signals and components. The 

purpose of the system is to maintain constant blood pressure 

(13KPa) in the aorta. 

 

Solution 

Let the aorta be the plant, represented by Q (cardiac output), 

the VMC and arterioles may be chosen as the controller; the 

barorecepters are the feedback elements. The input Po is the 

average normal (reference) blood pressure, 13KPa. The output P 

is the actual blood pressure. Since  

4
1










d
KP  

Where, K is a proportionality constant, the arterioles can be 

represented in the block K(*)4. The block diagram is shown in 

Figure 8.21. 
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Figure 8.21 Block Diagram of a Biological Mechanism 

 

Business Systems 

A business system may consist of many groups. Each task 

assigned to a group will represent a dynamic element of the 

system. Feedback methods of reporting the accomplishments of 

each group must be established in such a system for proper 

operation. The cross-coupling between functional groups must be 

made a minimum in order to reduce undesirable delay times in the 

system. The smaller this cross-coupling, the smoother the flow of 

work signals and materials will be. A business system is a closed-

loop system. A good design will reduce the managerial control 

required. Note that disturbances in this system are the lack of 

personal or materials, interruption of communication, human 

errors, and the like. The establishment of a well-founded 

estimating system based on statistics is mandatory to proper 

management. Note that it is a well-known fact that the 

performance of such a system can be improved by use of lead 

time, or anticipation. To apply control theory to improve the 

performance of such a system, we must represent the dynamic 

characteristic of the component groups of the system by a 

relatively simple set of equations. Although it is certainly a 

difficult problem to derive mathematical representations of the 
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component groups, the application of optimization techniques to 

business systems significantly improves the performance of the 

business system. 

 

Example 

An engineering organizational system is composed of major 

groups such as management, research and development, 

preliminary design experiments, product design and drafting, 

fabrication and assembling, and testing. These groups are 

interconnected to make up the whole operation. Such a system 

may be analyzed by reducing it to the most elementary set of 

components necessary that can provide the analytical detail 

required and by representing the dynamic characteristics of each 

component by a set of simple equations. (The dynamic 

performance of such a system may be determined from the 

relation between progressive accomplishment and time). Draw a 

functional block diagram showing an engineering organizational 

system. 

 

Solution 

A functional block diagram can be draw by using blocks to 

represent the functional activities and interconnecting signal lines 

to represent the information or product output of the system 

operation. A possible block diagram is shown in Figure 8.22    
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Transfer Function 

 

Definition 

The transfer function P(s) of a system is defined as that factor 

in the equation for Y(s) multiplying the transform of the input 

X(s). The transfer function is  
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and the transform of the response may be rewritten as 

      SXSPSY (terms due to all initial values 
kk

yx 00 , ) 

 

Properties of a Transfer Function 

The transfer function of a system has several useful properties:  

1. The transfer function of a system is the Laplace transform of its 

impulse response. That is, if the input to a system with transfer 

function P(S) is an impulse and all initial values are zero, the 

transform of the output is P(S). 

2. The system transfer function can be determined from the 

system differential equation by taking the Laplace transform 

and ignoring all terms arising from initial values. The transfer 

function P(S) is then given by    

 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 255 

 
 
 SX

SY
SP   

 

3. The system deferential equation can be obtained from the 

transfer function by replacing the S variable with the 

differential operator D defined by 
dt

d
D  . 

 

4. The stability of a time-invariant linear system can be 

determined from the characteristic equation. The denominator 

of the system transfer function set equal to zero is the 

characteristic equation. Consequently if all roots of the 

denominator have negative real parts, the system is stable. 

5. The roots of the denominator are the system poles and the roots 

of the numerator are the system zeros. The system transfer 

function can then be specifying the system poles and zeros. 

This constant, usually denoted by K, is the system gain-factor. 

The system poles and zeros can be represented schematically 

by a pole-zero maps in the S-plane. 

 

Transport Lag  

Figure 8.23 shows a thermal system in which hot air is 

circulated to keep the temperature of a chamber constant. In this 

system, the measuring element is placed downstream a distance L 

meters from the furnace, the air velocity is v, m/sec, and T = L/v 

in sec, would elapse before any change in the furnace temperature 

is sensed by the thermometer. Such a delay in measuring, delay in 

controller action, or delay in actuator operation, and the like, is 

called transport lag, transportation lag, delay time or dead time. 
Dead time is present in most process control systems. 

The input x(t) and the output y(t) of a transport-lag or dead-time 

element are related by: 
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   Ttxty   

Where, T is dead time. The transfer function of transport lag or 

dead time is given by:  

 

Transfer function of transport lag or dead time is 
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Figure 8.23 Root Loci for Systems with Transport Lag 
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Figure 8.24 Block Diagram of the System shown in Figure 8.23 

 

Suppose that the feed forward transfer function of this thermal 

system can be approximated by  
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 as shown in Figure 8.24. 

 

Transfer Functions of Control System Compensators 

The transfer functions of three common control system 

compensators are presented below. 

 

Examples 8.7   

The transfer function of a lead compensator is 
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This compensator has a zero at S = -a and a pole at S = -b. For 

lead compensation, b is larger than a. 

 

Example 8.8 

The transfer function of a lag compensator is 
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 For compensation, b is larger than a. However, in this case 

the zero is at s = -b and the pole is at s = -a. The gain factor a/b is 

included because of the way it is usually mechanized.  

 

Example 8.9  

The transfer function of a lag-lead compensator is 

  

 
  
  21

21

aSbS

bSaS
SPLL




  

 

This compensator has two zeros and two poles. For lag-lead 

compensation, b1 is greater than a1 and b2 is greater than a2. For 

mechanization considerations, the restriction a1b2 = b1a2 is usually 

imposed. 

 

Lag Compensation  

The transfer function for a lag network is: 
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Where, a< b, the polar plot of Plag (jw) for o ≤ ω ≤ α is shown in 

Figure 8.25 below  
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Figure 8.25 Polar Plot of Plag(JW) 

 

The lag network usually provides compensation by virtue of 

its attenuation property in the high frequency proportion of the 

polar plot, since PLag(jo) =1 and Plag(joo) = a/b<1. Several lag 

networks can be cascaded to provide even higher attenuation, if 

required. The phase-lag contribution of the lag network is often 

restricted by design to the very low frequency range.  

 

General Effects of Lag Compensation  

Several general effect of lag compensation is: 

1. The bandwidth of the system is usually decreased. 

2. The predominant time constant τ of the system is usually 

increased, producing a more sluggish system. 

3. For a given relative stability, the value for the error constant is 

increased.  

4. For a given value of error constant, relative stability is 

improved. 

The procedure for using lag compensation to improve the 

accuracy of some systems is essentially the same as that for lead 

compensation. 

NYQUIST DESIGN  

Im PLag 

(jw) 

(a/
b.0
) 

(1.
0) 

PLag 

(jw) 

PLag 

(jw) Re PLag 

(jw) 



Chapter 8 – Basic Plant Control Concepts 

 

 260 

Example 8.10  

The Bode form transfer function for a lag network is     

 

as

bs
Plag

/1

/1




  

 

Where a < b, the decibel (db) magnitude-phase angle plots of P1ag 

for several values of b/a and with the normalized frequency ω/a as 

the parameter are shown in Figure 8.26. 
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Phase angle 
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Exercise 8 

8.1 In a tabular form show the purpose of each of the following 

elements in a control system: 

i.  Plant 

ii.  Control Elements 

iii.  Feedback Elements 

iv.  Reference Input 

v.  Controlled output 

vi.  Primary feedback signal 

vii.  Actuating Signal 

viii. Manipulated Variable 

ix.  Stimulus 

x.  Time Response 

8.2 What is control action? 

8.3 Classify the control systems 

8.4 List the three tasks associated with any control loop. 

8.5 Define: 

(i) Process  

(ii) Process Variable 

8.6 List five examples of the process industry 

8.7 What are the main reasons for manufacturers to control a 

process? 

8.8 Give eight examples of process variables. 

8.9 Distinguish between manual and automatic control system. 

8.10 Under what circumstances does an open control loop exist? 

8.11 Identify three examples of primary element/sensors in a 

process control? 

8.12 Define:  

(i) transducers (ii) converters (iii) transmitters (iv) signals (v) 

indicators (vi) recorders (vii) controllers (viii) 

correcting elements (ix) actuators. 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 263 

8.13 (a) Define signals  

(b) Identify the three types of signals that are used in the 

process control industry. 

(c) Explain each of these signals. 

8.14 Distinguish between a regular and a servomechanism 

8.15 Describe inherent regulation as a plant characteristic  

8.16 (a) State four advantages of open-loop control systems 

(b) State two disadvantages of open-loop control system. 

(c) State three advantages of closed-loop control system 

(d) State two disadvantages of closed-loop control system. 

8.17 (a) State the features of open-loop control systems 

(b) State the characteristics of close-loop control systems. 

8.18 Compare and contrast open-loop and closed-loop control 

systems 

8.19 Draw a labeled block diagram showing the generalized 

feedback control system 

8.20 Mention four basic plant characteristics. Illustrate with a 

block diagram. 

8.21 State five characteristics of feedback system 

8.22 (a) List ten terms used in closed-loop block diagram. 

(b) Explain five of them 

8.23 (a) Explain business systems in relation to control systems 

(b) Draw a block diagram to illustrate this 

 8.24 (a) Explain biological systems as applied to control systems. 

(b) Draw a block diagrams to illustrate this 

8.25 (a) Explain any engineering system with respect to control 

systems 

(b) Draw a block diagram to illustrate this 

8.26 (a) Define: 

(i) Transfer Function 

(ii) Block Diagram  

(b) List and explain five properties of a transfer function 
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8.27 (a) What is transport lag? 

 (b) State three equations used to solve problems on transport 

lag 

(c)  A measuring element is placed downstream a distance 

50meres from a furnace, the   air velocity is 10m/sec. 

Calculate the dead time that would elapse before 

change in the furnace temperature is sensed by the 

thermometer. 

(d)  A process stream is flowing through a pipe in essentially 

plug flow and that it takes 5minutes for an individual 

element of fluid to flow from the entrance to the exit of 

the pipe. If the length of the pipe is 1m, calculate the 

velocity of the dynamic variable composition f (t) 

flowing through the pipe. 

8.28 State the transfer function of three common control system 

compensators. 

8.29 (a) State the transfer function of a: 

(i) Lag Compensator, 

(ii) Bode form for a lag network 

(b) State four general effects of lag compensation. 

(c) Draw a sketch to show: 

(i) Bode Plot 

(ii) Polar Plot of P1ag (jw). 

8.30 Draw a block diagram from the following schematic of a 

position servomechanism whose function is to open and 

close a water valve. 
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Figure 8.27 Servomechanism 

8.31 The schematic diagram of a triode voltage amplifier called 

a cathode follower is given by Figure 8.28 
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An equivalent circuit for this amplifier is shown in Figure 8.29 

where rp is the internal plate resistance of, and μ is a parameter of 

the particular triode. Draw both on open-loop and a closed-loop 

block diagram for this circuit with an input Vin and an output Vout. 

    

Answers To Exercise 8 Questions 

8.27 (c)  T =      L   = 5 sec 

   V 

  

 (d)  V =      L   = 0.0033m/s 

   T 

 

8.30 The block diagram for this system, Figure 8.30, is easily 

drawn from the schematic diagram. 

 

 

  

   

 

 

 

Figure 8.30 Servomechanism Block Diagram 
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and the open-loop block diagram is given by 

 

 

 

 

 

Figure 8.31 Open-loop Block Diagram 

 

The closed-loop output equation is simply  
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 and the closed-loop block diagram is 

given by 

 

 

 

 

 

 

 

 

 

 

Figure 8.32 Closed-loop Block Diagram 
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CHAPTER NINE 

 

MODES OF CONTROL AND THEIR APPLICATIONS 

 

Introduction  

The two basic modes of process control are sequential control, 

or On/Off action, and continuous control action, sequential control 

is an event-based process, in which one event follows another 

until a process sequence is complete. Many process control 

function are sequential. Continuous control requires continuous 

monitoring of the process variables, so that they can be held at set 

levels. Process control systems vary extensively in complexity 

and industrial application. For instance, controllers in the 

petrochemical industry, automotive industry, and soda processing 

industry have completely different types of control functions. The 

control loops can be very complex, requiring microprocessor 

supervision. Some of the functions need to be very tightly 

controlled, with tight tolerance on the variables and a quick 

response time, while in other areas, the tolerances and response 

times are not so critical. These systems are closed loop systems. 

The output variable level is monitored against a set reference level 

and any difference detected between the two is amplified and used 

to control an input variable that will maintain the output at the set 

reference level.  

The actions of controllers can be divided into groups based 

upon the functions of their control mechanism. Each types of 

controller have advantages and disadvantages and will meet the 

needs of different applications. Grouped by control mechanism 

function, the three types of controllers are: 

(i) Discrete Controllers 

(ii) Multistep Controllers 

(iii)Continuous Controllers 
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Discrete Controllers 

Discrete controllers are controllers that have only two modes 

or positions; On and Off. A common example of a discrete 

controller is a home hot water heater. When the temperature of the 

water in the tank falls bellow the set point, the burner turns on. 

When the water in the tank reaches set point, the burner turns off. 

Because the water starts cooling again when the burner turns off, 

it is only a matter of time before the cycle begins again. This type 

of control doesn’t actually hold the variable at set point, but keeps 

the variable within proximity of set point in what is known as a 

dead zone as shown in Figure 9.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1 Discrete Controls 
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Multistep Controllers 

Multistep controllers are controllers that have at least one 

other possible position in addition to on and off. Multistep 

controllers operate similarly to discrete controllers, but as set 

point is approached, the multistep controller takes immediate 

steps. Therefore, the oscillation around set point can be less 

dramatic when multistep controllers are employed than when 

discrete controllers are used as shown in Figure 9.2. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

    

Figure 9.2 Multistep Control Profile 

 

Continuous Controllers 

Controllers automatically compare the value of the process 

variable (PV) to the set point (SP) to determine if an error exists. 

If there is an error, the controller adjusts its output according to 

parameters that have been set in the controller. The tuning 

parameters essentially determine: How much correction should be 

made? The magnitude of the correction (change in controller 

Control action 

Process variable action  
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output) is determined by the proportional mode of the controller. 

How long the correction should be applied? The duration of the 

adjustment to the controller output is determined by the integral 

mode of the controller. How fast should the correction be applied? 

The speed at which a correction is made is determined by the 

derivative mode of the controller as shown in the Figure 9.3 

 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 9.3 Automatic Feedback Controls 
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Sequential Control 

There are many other processes in which a variable does not 

have to be controlled, but a sequence event has to be controlled. 

The sequential process, or batch process, can be event-based, 

time-based, or combination of both. An event-based system is one 

in which the occurrence of an event causes an action to take place. 

For example, a level sensor detects that a container is full, and 

switches its output from On to Off, which sends a signal to the 

controller to turn off the filling liquid. A time-based sequence is 

one in which an event is timed by the controller and is not waiting 

for an input signal. A batch process can be distinguished from a 

continuous process as follows: 

(1) All action can be defined by On/Off states. 

(2) Discrete quantities are handled individually at each step, 

rather than as continuous flow.  

(3) Each quantity is kept as a separate unit and can be individually 

identified 

(4) Each unit, unlike in continuous processing, can see different 

process steps. 

(5) Each unit will not start a new step until the previous step has 

been completed 

(6) Batch processes can have process variations for each batch of 

new material, depending on previous processing. 

 

It should be noted that a continuous process could be part of or 

a step in, a discrete process. 

 

Example 9.1 

The On/Off controller action has many applications in 

industry. An example of some of these uses is shown in Figure 

9.4. In this case, Jars on a conveyor belt are being filled from a 

silo. When a jar is full, it is sensed by the level sensor, which 
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sends a signal to the controller to turn off the hot liquid flowing 

from the silo, and to start the conveyer moving. As the next jar 

moves into the filling position, it is sensed by the position sensor, 

which sends a signal to the controller to stop the conveyor belt, 

and to start filling the jar. Once it is full, the cycle repeats itself.  

Level sensors in the hopper senses when the hopper is full, 

and when it is almost empty. When empty, the sensor sends a 

signal to the controller to turn on the feed valve to the silo; when 

full, the level is detected and a signal is sent to the controller to 

turn the feed to the silo off. When the silo is full, the heater is 

turned on to bring the liquid up to temperature before the jars can 

be filled. An On/Off temperature sensor senses the temperature, 

which informs the controller when to resume filling, and to stop 

the operation if the temperature in the silo falls below the 

minimum set temperature.                     
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Figure 9.4 Example of the use of On/Off Controls used for Jar Filling 
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Discontinuous Control 

Discontinuous control mode is frequently used in process 

control, and could be considered as a discrete On/Off mode. In 

reality, discontinuous control is the basis of continuous control, in 

its simplest and least expensive form. It is used where its 

disadvantages can be tolerated. Such systems have high inertia, 

which prevents the system from continuously cycling. 

 

Discontinuous On/Off Action 

The measured variable is compared to set reference. When the 

variable is above the reference, the system is turned on, and when 

below the reference, the system is turned off, or vice versa, 

depending upon the system design. This could make for rapid 

changes in switching between states. However, some systems, 

such as heating systems, normally have a great deal of inertia or 

momentum, which produces over swings and introduces long 

delays or lag times before the variable again reaches the reference 

level. Figure 9.5 shows an example of a simple oven heating 

system. The top graph shows the oven temperature or measured 

variable, and the lower graph shows the actuator signal. The oven 

temperature reference is set at 700C. When the air is being heated, 

the temperature in the centre of the room has already reached 

above730C before the temperature at the sensor reaches the 

reference temperature of 700C. Similarly, as the oven cools, the 

temperature in the oven will drop to below 670C before the 

temperature at the sensor reaches 700C. The oven temperature will 

go approximately from 660C to 740C due to the inertia in the 

system. 
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Figure 9.5 Temperature Fluctuations using On/Off Action in an 

Oven Heating System 

 

Differential Closed Loop Action 

Differential or delayed on/off action is a mode of operation 

where the simple on/off action has hysteresis or a dead-band built 

in. Figure 9.6 shows an example of the fluctuations in an oven 

heating system with delayed action. This is similar to Figure 9.5, 

except that, instead of thermostat turning on and off at the set 

reference of 700C, the switching points are delayed by ±30C. As 

can be seen in the top graph, the oven temperature reaches 730C 

before the thermostat turns “Off the actuator, and the oven 

temperature falls to 670C before the actuator is turned on, giving a 

built-in hysteresis of 60C. There is, of course, still some inertia. 

The oven temperature will go approximately from 650C to 750C 
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Figure 9.6 Temperature Fluctuations using Deferential On/Off 

Action in an Oven Heating System 

 

On/Off Action Controller 

There are many ways of designing and implementing a two-

position controller. An example of a typical bimetallic On/Off 

switch used in a temperature controller is shown in Figure 9.7. 

The bimetallic element operates a mercury switch, as shown in 

Figure 9.7(a). At low temperatures, the bimetallic element tilts the 

mercury switch down, causing the mercury to flow to the end of 

the glass envelope, making an electrical short between the two 

contacts, which would operate a low voltage relay to turn on the 

blower motor and the heating element, when the oven temperature 

rises to a predetermined set point, the bimetallic strip tilts the 

mercury switch back, as shown in Figure 9.7(b), causing the 

mercury to flow away from the contacts. The low voltage 

electrical circuit is turned ‘Off, the relay opens, and the power to 

the heater and the blower motor is disconnected. 
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Figure 9.7 Simple On/Off Oven heating Controller using a 

Bimetallic Switch 

 

Electronic On/Off Controller 

An electronic two-way On/Off controller is shown in Figure 9.8. 

The LM 34 can be used as a temperature sensor in an oven 

controller application. The output of the LM 34 changes 

10mV/0C. If the nominal oven temperature is 750C, then the 

output of the LM 34 is 0.75V, and with a ratio for R2/R1 of 10, the 
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output of the amplifier is –7.5V. If the set point voltage (Vset) is –

7.5V, the output of the comparator will switch from “0” to “1” 

when the temperature increasing from 00C reaches 750C. The 

feedback via resistor RHIS will give hysteresis, so that when the 

temperature is dropping, the comparator will switch off a few 

degrees below the turn on point, depending of the R1/ RHIS ratio. 

 

 

 

 

 

 

 

 

 

 

Figure 9.8 Electronic Temperature Controller Switch with Built-

in Hysteresis 

 

Example 9.2 
In Figure 9.8, the comparator is set to switch from “0” to “1” 

at 750C (0.75V input). What is the value of RHIS for the 

comparator to switch from “1” to “0” at 700C? Assume R1 = 10kΩ 

and the output “1” level is 5V. 

 

Solution 

 

Turn On input V = 0.75V 

Turn Off input V = 0.70V 
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Continuous Control 

In continuous control (modulating control) action, the 

feedback controller determines the error between a set point and a 

measured variable. The error signal is then used to produce and 

actuator control signal, which is used to control a process input 

variable. The change in input variable will reduce the change in 

the measured output variable, reducing the error signal. This type 

of control continuously monitors the measured variable, and has 

three modes of operation: proportional, integral, and derivation. 

Controllers normally use the proportional function on its own, or 

with one or both of the other functions, as required. 

 

Proportional Action 

Continuous industrial process control action uses proportional 

control action. The amplitude of the output variable from a 

process is measured and converted to an electrical signal. This 

signal is compared to a set reference point, and any difference in 

amplitude between the two (error signal) is amplified and fed to a 

control valve (actuator) as a correction signal. The control valve 

controls one of the inputs to the process. Changing this input will 

result in the output amplitude changing, until it is equal to the set 

reference, or the error signal is zero. The amplitude of the 

correction signal is transmitted to the actuator controlling the 

input variable, and is proportional to the percentage change in the 

output variable amplitude measured with respect to the set 

reference. In industrial processing, a situation exists that is 
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different than a room heating system. The industrial system has 

low inertia. Overshoot and response times must be minimized for 

fast recovery and to keep processing tolerances within tight limits. 

In order to achieve these goals, fast reaction and setting times are 

needed. There also may be more than one variable to be 

controlled, and more than one output being measured in a process. 

The change in output level may be a gradual change, a large on-

demand change, or a change caused by a change in the reference 

level setting. An example of an on-demand change would be hot 

material flowing to a number of processing stations, using a heater 

to give a fixed temperature, as shown in Figure 9.9 (a). At one 

point in time, the demand could be very low, with in low flow 

rate, as would be the case. If only one process station were in use. 

If processing commenced at several of the other stations, then the 

demand could increase in steps, or there could be a sudden rise to 

a very high flow rate, and the increased flow rate would cause the 

material temperature to drop. The drop in material temperature 

would cause the temperature sensor to send a correction signal to 

the actuator controlling the fuel flow, in order to increase the fuel 

flow, raising the temperature of the material to bring it back to the 

set reference level, as shown in Figure 9.9(b). The rate of 

correction will deepened on factors such as: inertia in the system, 

gain in the feedback loop, allowable amount of overshoot, and so 

forth. 

Proportional action responds to a change in the measured 

variable, but does not fully correct the change in the measured 

variable, due to its limited gain. As an example, if the gain in the 

proportional amplifier is 100, then when a change in load occurs, 

99% of the change is corrected. However, a 1% error signal is 

required for amplification to drive the actuator to change the 

manipulated variable. The 1% error signal is effectively an offset 

in the variable with respect to the reference. There is also a delay 
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between the change in variable, the correction signal to the 

actuator, and the correction in the measured variable. The time 

from when the change in the variable is detected to when the 

corrective action is started is called the “Dead Time”, and the time 

to complete the corrective action is the “Lag Time”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.9(a) Material Heater showing a Feedback Loop for 

Constant Temperature Output, and (b) Effect of Load Changes on 

the Temperature of the Material from the Heater 
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controller output from 0% to 100% is known as the proportional 

band (PB) or P, and can be expressed by: 

 

0PeKP PP   

Where Kp is the proportional gain between error and controller 

output, expressed as a percentage per percentage, and the bias 

signal, P0 is the controller output with zero error, expressed as a 

percentage, ep is the offset error. When there is zero error, the 

output equals P0. When there is an error, a correction of Kp% is 

added to, or subtracted from, P0 for every 1% of error, providing 

the output is not saturated. The term gain (Kp) or proportional 

band can be used to describe the transfer function, and the relation 

between the two is given by: 

 

PK
PB

100
  

That is, PB = 100/gain 

The error signal, PVSPeP    

Where SP is the set-point signal and PV is the process variable 

coming from the transmitter. In other words the error signal, ep, is 

the difference between the set-point or input signal (SP) and the 

process variable signal (PV) coming from the transmitter. 

From the equation above we obtain: changes in controller output 

(P) or (PB)   

     

     PP

P

eErrorKGainPBias

bleocessVariaSetPoKGainoportionalPBias





0

0 PrintPr

 

Where set-point or input signal = SP, process variable signal = 

PV, new controller output = P, old controller output or bias P0, 

Span = range = P - P0 
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Relationship between Gain (KP), New Controller Output (P), 

Old Controller Output (PO) and Set Point (SP) 
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Example 9.3 

In Figure 9.9, the hot material demand changes from a flow of 

1.3 to 1.8m/min. If the controller output is normally 50%, with a 

constant of Kp = 12% per Percentage for the set temperature, then 

calculate the new controller then output and offset error. Assume 

a temperature/flow scale factor of 0.028% controller output. 
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Solution 

New controller output, COmax = Scale Factor of Controller 

Output (SFCO) × SP% = 1.8m/min. 

Where, Normal or Original Controller Output, PO = 50%, Gain, 

Kp = 12%  

 

Set-point or Input Signal, SP 
FCOS

COmax  

                                                

%3.64

%028.0

min/8.1




m

 

 

 

 

%2.63%
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%6.821%13
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The new controller output, P = 63.2% 

From the equation of the offset error, 

 

%1.1

%12

%502.63
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Gain 

Gain is defined simply as the change in output divided by the 

change in input. 
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putntrollerInChangeInCo

tputntrollerOuChangeInCo
Gain   

 

Example 9.4 

If change in input to controller is 10% and change in 

controller output is 20%. Calculate the gain. 

 

Solution 

Gain  = Δ Controller Output 

  Δ Controller Input 

 = 20%  = 2 

  10% 

 

Gain Plot 

The Figure 9.10 below is simply one of the graphical ways of 

representing the concept of gain. 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

  

Figure 9.10 Graphical Representation of Gain Concept 
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Proportional Action 

The proportional action or mode is used to set the basic gain 

value of the controller. The setting for the proportional mode may 

be expressed as either: 

(i) Proportional Gain 

(ii) Proportional Band 

The limits of proportional mode are that it responds only to a 

change in the magnitude of the error. Proportional mode alone 

will not return the process variable (PV) signal to set point (SP) 

signal. It will return the PV to a value that is within defined span 

(SB) around the PV. Its major advantage is that it is simple to 

operator while its major disadvantage is the error signal between 

the set-point signal and the process variable signal. 

 

Proportional Gain 

In electronic controllers, proportional action is typically 

expressed as proportional gain. Proportional gain (Kp) answers the 

question: “what is the percentage change of the controller output 

relative to the percentage change in controller input 

 

Proportional Gain is expressed as: Gain,   %
Input

Output
K P




   

 

Proportional Band 

Proportional Band (PB) is another way of representing the 

same information and answers this question: “what percentage of 

change of the controller input span will cause a 100% change in 

controller output?” 
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SpanGainputntrollerInChangeInCotputntrollerOuChangeInCo

OutputforSpanInputPB



 %100%

 

Example 9.5 

If the set-point is suddenly changed10% with a proportional 

band setting of 50%, calculate the controller output, expressed in 

unit,  

(i) If the pneumatic signal range is 3–15psig 

(ii) If the transmitters signal range is 4–20mA current signal. 

 

Solution 

Δ Input = 10% 

PB  = 50% 

Gain = 100% = 100% =  2 

     PB    50% 

 

Δ controller Output = Δ Input × Gain  

Δ controller Output = 10% × 2 = 20%  

(i) Controller output change =  Δ controller Output% × Span 
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(ii) Controller output change = Δ Controller Output% × Span 
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Proportional Action-Closed Loop 

 

Loop Gain 

Every loop has a critical or natural frequency. This is the 

frequency at which cycling may exist. This critical frequency is 

determined by all of the loop components. If the loop gain is too 

high at this frequency, the PV will cycle around the SP, that is, the 

process will become unstable.  

 

Low Gain Example 

In the example below, the proportional band is high (gain is 

low). The loop is very stable, but an error remains between SP and 

PV as shown in Figure 9.11 
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Figure 9.11 Proportional Control Closed Loop-Low Gain 
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High Gain Example 

In the example the proportional band is small resulting in high 

gain, which is causing instability as shown in Figure 9.12. Notice 

that the process variable is still not on set-point. Small 

proportional band (%) results in minimize offset while large 

proportional band (%) results in large offset. The advantage of 

proportional mode is that it is simple and its disadvantage is that it 

is prone to error. 
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Figure 9.12 Proportional Control Closed Loop-High Gain 

Example 

Derivative Action 

Proportional plus derivation (PD) action was developed in an 

attempt to reduce the correction time that would have occurred 

using proportional action alone. Derivation action senses the rate 

of change of the measured variable, and applies a correction 

signal that is only proportional to the rate of change (this is also 

called rate action or anticipatory action). Figure 9.13 shows some 

example of derivative action. As can be seen in these examples, a 
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derivation output is obtained only when the load is changing. The 

derivative of a positive slope signal and the derivative of a 

negative slope is a negative signal, while zero slopes give zero 

signals. 

Figure 9.14 shows a changing measured variable and the 

resulting proportional and derivative waveforms. To obtain the 

control signal, the proportional and derivative waveforms are 

added, as shown in the composite waveform. Figure 9.15 shows 

the effect of PD action on the correction time. When a change in 

loading is sensed, both the P and D signals are generated and 

added, as shown. The effect of combining these two signals is to 

produce a signal that speeds up the actuator’s control signal. The 

faster reaction time of the control signal reduces the time to 

implement corrective action, thus reducing the excursion of the 

measured variable and it’s settling time. The amplitudes of these 

signals must be adjusted for optimum operation, otherwise, 

overshoot or undershoot can still occur. In derivative controller 

action, the derivative of the error is the rate at which the error is 

changing, and is approximately given by: 

 

dt

de
KP P

Dt   

Where the gain KD is the percentage change in controller output 

for every percentage per second rate of change of error 
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Figure 9.13 Variable Changes and Resulting Derivative 

Waveform 
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Figure 9.15 Proportional plus derivation control action 

 

Note that an output is obtained only when the error is 

changing. In PD action, the analytic expression is given by the 

following combinations: 
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DPPP P
dt

de
KKeKP   

Integral Action 

Proportional plus integral (PI) action, also known as reset 

action, was developed to correct for long-term loads, and applies a 

correction that is proportional to the area under the change in the 

variable curve. Figure 9.16 gives some examples of the 

integration of a curve or the area under a curve. In the top 
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example, the area under the square wave increases more rapidly 

when the sine wave is at its maximum, and more slowly as it 

approaches the zero level. during the triangular section, the area 

decreases rapidly at the higher slopes, but increases slowly 

response to change in the measured variable to avoid overshoot, 

but has a high gain, so that with long term load changes, it takes 

over control of the manipulated variable, and applies the 

correction signal to the actuator. Because of the higher gain, the 

measured variable error or off-set is reduced to close to zero. This 

also returns the proportional amplifier to its normal operating 

point, so that it can correct other fluctuations in the measured 

variable. Note that these corrections are done at relatively high 

seconds to make such a correction. When a change in loading 

occurs, the P signal responds to take corrective action to restore 

the measured variable to its set point. Simultaneously, the integral 

signal starts to change linearly to supply the long-term correction, 

thus allowing the proportional signal to return to its normal 

operating point. The integral signal can become complex. The 

expression for the integral process is given by: 

    
t

P PdteKtP
0

1 0  

Where p(0 is the controller output when the integral action starts, 

and the gain K1 is the controller output in percentage needed for 

every percentage time accumulation of error. 

Alternatively the integral action can be found by taking the 

derivation of the above equation, which gives: PeK
dt

dp
1  
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Figure 9.16 Integral Variable Change in Reponses to a change in 

a Variable, and in the Area under the Change in Variable 

 

The combination equation shows that if the error is not zero, 

then the output will change at a rate of K1% per second for every 

1% of error. The integral of a function determines the area under 

the function, so the analytic expression is providing a controller 

output equal to the error-time area; the output will be K1%. When 

proportional mode is combined with integral mode, the equation 

for the control process is given by:   

 

    

t

PPPP PdteKKeKP
0

11 0  

Where p1 (0) is the integral term value at t = 0 (initial value). 
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PID Action 

A combination of all three of the actions described above is 

more commonly referred to as PID action. The waveforms of PID 

action are illustrated in Figure 9.17. The proportional, derivative, 

and integral signals are generated from the change in measured 

variable. The P and D signals are summed, and combined with the 

I signal, to generate the PID signal for the controlled variable. The 

integral signal is shown taking over from the proportional signal 

and reducing the offset to zero. PID is the most complex 

corrective action used for process control. However, there are 

many other types of control actions based upon PID action. 

Understanding the fundamentals of PID action gives a good 

foundation for understanding other types of controllers. The 

waveforms have been idealized for ease of explanation, and are 

only an example of what may be encountered in practice. Loading 

is a function of demand, and is not affected by the control 

functions or actions. The control function it to ensure that the 

variable are within their specified limits. 
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Figure 9.17 (a) Waveform for Proportional plus integral action, 

and (b) Waveforms for proportional plus derivative and integral 

action 

 

The effects of combining P, I, and D, can be found by 

combining the typical PID equation as follows:    

 

 

 

 

Where, p is the controller output in percentage of full scale, ep is 

the process error in percentage of the maximum, Kp is the 
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proportional gain, K1 is the integral gain, KD is the derivative 

gain, and p1 (0) is the internal controller integral output. 

This equation can be implemented using op-amps. An 

alternative expression when combining the effects of P, I, and D is 

give by: 

 

 














 

t

d
dt

de
Tedt

T
eGainOutput

01

1
  

 

Where Output is the controller output, e is the error (variable-set 

point), T1 is integral time in minutes, t = time (munities), and Td is 

the derivate time in minutes. To give an approximate indication of 

the use of PID controllers for different types of loops, the 

following are general rules: 

(i) Pressure control requires P and I, but D is not normally 

required. 

(ii) Level control uses P and sometimes I, but D is not normally 

required  

(iii)Flow control requires P and I, but D is not normally required. 

(iv) Temperature control uses PP, I, and D, usually with I set for a 

long time period. 

 

However, these are general rules, and each application has its 

own requirements. 

Typical feedback loops have been discussed. However, the 

reader should be aware that there are other kinds of control loops 

used in process control, such as cascade, ratio, and feed-forward 

controls. 

Cascade control is two feedback loops operating together in a 

series mode. The interaction that occurs between two control 
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systems can sometimes be used to achieve an overall 

improvement in performance. This could be achieved in a 

feedback loop by measuring a second variable to give enhanced 

control. An example of cascade control is shown in Figure 9.18. 

The primary controller measures the temperature. A secondary 

control loop is introduced to measure the rate of flow of fuel. The 

primary controller now adjusts the set point of the secondary loop 

to give improved fuel flow and better temperature control. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.18 Cascade Feedback Loop 

 

Ratio control is used to reference one variable to anther 

variable. An example of this is shown in Figure 9.19, where a 

controlled flow rate is set to a primary flow rate by a fixed ratio. 

The primary flow rate is measured and the ration is used as the set 

point to the controller, setting the secondary flow rate. The 
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primary flow rate (wild flow) is uncontrolled, and can be used a 

reference to control several other variables.    

Feed-forward control is used to anticipate a change and its 

own is an open loop control, but is normally used in conjunction 

with feedback control system. In Figure 9.20, the flow sensor is 

used to detect the increase (or decrease) in the rate of material 

flow, which will eventually lead to a temperature drop in the 

measured variable. The flow sensor will increase the fuel to the 

heater in anticipation that the temperature of the material is going 

to drop, because of the increase in demand. The change in flow 

rate can be sensed before the actual temperature drops, because of 

the reservoir of hot material in the heater. The feedback loop can 

fine-tune the amount of fuel required to maintain constant 

temperature. 
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Figure 9.19 Ratio Control Loop 
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Figure 9.20 Feed-forward Feedback Loop 

 

Implementation of Control Loops 

Implementation of the control loops can be achieved using 

pneumatic controllers, or analog or digital electronic controllers. 

The first process controllers were pneumatic. However, these are 

largely obsolete and in most cases have been replaced by 

electronic systems. Electronic systems have improved reliability, 

less maintenance, easier installation, easier adjustment, higher 

accuracy, lower cost, higher operating speeds, and they can be 

used with multiple variable. 

 

On/Off Action Pneumatic Controller 

Figure 9.21 shows a pneumatic control system using a 

pneumatic On/Off controller. In this case, the transducer moves a 

flapper that controls the airflow from a nozzle. When the spring 

force on the flapper reaches the reference point, the transducer 

moves the flapper away from the nozzle, letting air flow from the 

nozzle; which allows the pressure to the actuator to drop. This 

reduction in pressure opens the valve. When the force from the 

transducer drops below the set level, the flapper moves, stopping 
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the air flow from the nozzle increasing the air pressure to the 

valve, which in turn opens the actuator and closes the valve 

 

 Typical Rules of Thumb for PID Setting 

Type of Loop  Gain (Kp) Te(min)  Tp(min) 

Line pressure  0.5  0.2  0 

Tank Pressure  2.0  2.0  0.5 

Temperature   2.0  2.0  2.0 

Flow   0.7  0.05  0 

Level   1.7  5.0  0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.21 On/Off Pneumatic Controller 

 

Pneumatic Linear Controller 

A force to pressure converter is shown in Figure 9.22 When 

the force F is increasing, the flapper pivots to close the nozzle. 

This in turn increases the pressure in the feedback bellows, which 

tries to rotate the flapper to open the nozzle and balance the force 

of the input. A balance condition occurs when the torque exerted 
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by the force equals the torque exerted by the feedback bellows, 

giving: 

  dFtAPP oout   

 

Solving for the output pressure 

 

oout P
tA

dF
P 




  

 

Where, Pout is the output pressure, Po is the zero error pressure, A 

is the area of the bellows, t is the distance between the pivot and 

bellows, F is the applied force, and d is the distance from the force 

to the pivot. For pressure transudes Po is normally 3psi (20KPa). 

Since d, A, and t are fixed, there is a linear relation between Pout 

and F. the gain of the system is set by the ratio d/t, which is 

chosen so that when F is at its maximum, Pout = 15psi (100KPa). 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.22 Linear Pneumatic Controllers 
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Pneumatic Proportional Mode Controller 

Proportional mode control can be achieved with the setup 

shown in Figure 9.23. The operation is basically the same as in the 

force to pressure converter. The torque is produced by the error 

signal. The torque produced by the output balances the difference 

between the reference and input pressure (Pin), giving the 

following: 

 

    dAPPtAPP inrefinoout   

  

Solving for the output pressure 

 

  orefin
in PPP

tA

dA
Pout 




  

 

Where Ain is the area of the input and reference bellows, and Pref 

is the reference pressure. This gives a linear relation between Pin 

and Pout 

 

PID Action Pneumatic Controller 

Many configurations for PID pneumatic controllers have been 

developed over the years, have performed well, and still in use in 

some older processing plants. With the advent of the requirements 

of modern processing and the development of electronic 

controllers, pneumatic controllers have achieved the distinction of 

becoming museum piece. Figure 9.24 shows and example of a 

pneumatic PID controller. The pressure from the sensing device 

(Pin) is compared to a set or reference (Pref) to generate a 

differential force (error signal) on the flapper, which moves the 

flapper in relation to the nozzle, giving an output pressure 

proportional to the difference between Pin and Pref. if the 

derivative restriction is removed, then the output pressure is feed 
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back to the flapper via the proportional bellows is positioned to 

the pivot, the greater the movement of the flapper arm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.23 Pneumatic On/Off Furnace controller 

 

By putting a variable restriction between the pressure supply 

and the proportional bellows, a change in Pin causes a large change 

in Pout, since the feedback from the proportional bellows is 

delayed by the derivative restriction. This gives a pressure action. 

The size of the bellows and the setting of the restriction set the 

duration of the transient. Integral action is achieved by the 

addition of the integral bellows and restriction, as shown. An 

increase in Pin moves the flapper towards the nozzle, causing an 

increase in output pressure. The increase in output pressure is fed 

to the integral bellows via the restriction, until the pressure in the 

integral bellows is sufficient to hold the flapper in the position set 

by the increase in Pin, creating integral action. 
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PID Action Control Circuits 

PID action can be performed using either analog or digital 

electronic circuits. This section discuses the use of analog circuits 

for proportional, derivative, and integral action. A large number of 

circuit variations can be used to perform these analog functions, 

but only the basic circuits used in control circuits are discussed. 

The proportional mode, shown in Figure 9.25, is a circuit that can 

be used to generate an amplified voltage that is proportional to the 

error signal voltage. The proportional signal is given earlier, this 

is the equation of a summing amplifier, which, when used in a 

voltage amplifying circuit, can be modified to: 

 

oinout VVAV   

 

Where Vout is p, A is gain or Kp, Vin is ep, and Vo is Po, or output 

voltage with zero error input; that is, the measured variable and 

the reference voltage are equal. Proportional action is achieved by 

amplifying the error signal (Vin). The stage gain is the ratio of 

R2/R1, and the gain is adjusted by potentiometer (R1). In the 

equation po is the controller output with zero error, because the R2 

input has unity gain. This input can be used to set the zero error 

output voltage Po, by making VO = Po. The output is inverted to 

keep the signal positive. 
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Figure 9.24 Pneumatic PID Controller 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.25 Circuits used in PID Action: (a) Error Generating 

Circuit, and (b) Proportional Circuit 

 

The derivative mode is never used alone because it cannot 

provide a dc input to control the level of the output. 

Implementation of the action is shown so that it can be used to 

work with other modes. The circuit for derivative action is shown 

in Figure 9.26. The feedback resistor R2 can be replaced with a 
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potentiometer to adjust the differentiation amplitude. The output 

signal of the differentiator is inverted, but is change to a non-

inverted signal with an inverting amplifier stage. When using 

voltage amplifiers,  

 











dt

dV
CRVout 12

 

In practice, this circuit tends to be unstable due to high gain at 

high frequencies. Using ac analysis and impedances, the amplifier 

equation becomes: 

 

2R

V

jX

V out

c

in 


 

    

Where
12

1

fC
X c


 , from which we get: 

 

inout VRfCjV 212   

 

Because only magnitudes are of interest, the equation can be 

written: 

 

inout VRfCjV 212   

This equation shows the gain increasing linearly with 

frequency, and the possibility of instability at high frequencies. 

Resistor R1 is put in series with C1 to limit the gain of the 

amplifier at high frequencies, ensuring high frequency stability. 

The maximum frequency response fin of the system is estimated, 

for stability: 
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2πf R2 C1 = 0.1 

Where C1 is found from the mode derivative gain requirements 

and R2 then can be calculated. 

 

The PD mode can be obtained by combining the circuits 

shown in Figure 9.25 and 9.26, as shown in Figure 9.27. 

Derivative action is obtained by the input capacitor C1 with R3, 

and proportional action is obtained by the ratio of the resistors R2 

to R1 series with R3. From analysis of the circuit, we get: 

 

011

31

2

31

2 V
dt

dV
CR

RR

R
V

RR

R
V in

inout 
























  

 

Where the proportional gain is R2/ (R1 + R3), and the derivative 

gain is R1 C1. 

 

 

 

 

 

 

 

 

 

 

Figure 9.26 Derivative Amplifier: (a) Circuit, and (b) Waveforms 

 

The integral mode can be obtained using the circuit shown in 

Figure 9.28. Capacitive feedback around the amplifier prevents 

the output from the amplifier from following the input change, 

giving integral action. The output changes slowly and linearly 
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when there is a change in the measured variable (Vin). The 

feedback C1 and the input resistance R1, which can be adjusted, 

set the required integration time. Integral action is given by which, 

when applied to the voltage amplifier in Figure 9.28, results in: 

 

 

 

 

 

 

 

 

 

Figure 9.27 Proportional plus Derivative Amplifier: (a) Circuit, 

and (b) Waveforms 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.28 Integrating Amplifier: (a) Circuit, and (b) Waveforms 
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The PI mode is a combination of the proportional mode and 

the integral mode. The resulting circuit is shown in Figure 9.29. 

Using circuit analysis results in: 
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PID Electronic Controller 

Figure 9.30 shows the block diagram of an analog PID 

controller. The measured variable from the sensor is compared to 

the set point in the summing circuit, and its output is the 

difference between the two signals. This is the error signal. This 

signal is fed to the integrator. When there is a change in the 

measured variable, the error signal is seen by the proportional 

amplifiers is combined in a summing circuit, amplified, and fed to 

the actuator motor to change the input does not change 

immediately, but starts to integrate the error signal, it is slow to 

react, so its output does not change immediately, but starts to 

integrate the error signal. If the error signal is present for an 

extended period of time, then the integrator will supply the 

correction signal via the summing circuit to the actuator. 

 

 

 

 

 

 

 

 

 

Figure 16.26 Proportional Integral Amplifiers 
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Figure 9.30 Block Schematic of a PID Electronic Controller 
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Exercise 9 

 

9.1  Mention two basic modes of process control. 

 

9.2  Distinguish between a batch process and a continuous 

process. 

 

9.3  (a) Grouped by control mechanism function mention the 

types of controllers. 

(b) Describe each of the controller mentioned. 

 

9.4 (a) Use a labeled diagram to show On/Off controller action 

as applied in industry. 

(b) Describe the On/Off process in (a) above. 

 

9.5 (i) What is Dead Time? 

(ii) What is Lag Time? 

 

9.6 If the change in input to controller is 10% and the change in 

controller output is 5%. Calculate the gain. 

 

9.7 (i) What is proportional mode? 

(ii) What is its advantage? 

(ii) What is its disadvantage? 

(iv) What are the limits of proportional mode? 

 

9.8  If the set-point is suddenly changed 20% with a proportional 

band setting of 40%. Calculate the controller output, 

expressed in units. 

(i) If the pneumatic signal range is 5-20 psig. 

(ii) If the transmitter signals range is 8-28mA current signal. 
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9.9  In Figure 9.9, the hot material demand changes from a flow 

of 0.5 to 2.0m/min. If the controller output is normally 55%, 

with a constant controller gain (Kp) of 15% per percentage 

for the set temperature, then calculate the: 

(i) New controller output and 

(ii) Offset error. 

Assume a temperature/flow scale factor of 0.035% controller 

output. 

 

9.10 Show the relationship between gain (Kp), new controller 

output (P), old controller output (Po) and set-point (SP) if P = 

Kp ep + Po and ep = SP–PV. 

 

9.11 (a) Explain the following terms: 

(i) Proportional action, 

(ii) Proportional gain, 

(iii) Gain plot, 

(iii) Proportional band. 

 

9.12  (a) State the advantages and disadvantages of propositional 

mode. 

(b) State the effects of PB settings. 
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Answers To Exercise 9 

(9.6) 0.5 

(9.8) (i) 7.5 psig  

 (ii) 10mA 

(9.9) (i) P = 57.01%  

 (ii) ep = 0.134% 

(9.12) Advantage-   Simple 

 Disadvantage-   Error 

 Setting -   PB settings have the following effects: 

 Small PB (%) - Minimum Off-set 

 High Gain (%) - Possible Cycling 

 Large PB (%) - Large Off-set 

 Low gain - Stable Loop 
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CHAPTER 10 

 

CONSTRUCTION AND OPERATION OF PRACTICAL 

CONTROLLERS 

 

Introduction 

Regulations and valves are the last, most expensive and least 

understood element in a process control loop. They are used to 

control the process variable by regulating gas flow, liquid flow, 

and pressure. In many process, this involves of many thousand of 

cubic meters of a liquid, using low-level analog, digital, or 

pneumatic signals. Regulating gas and /or liquid flow also can be 

used to control temperature. Control loops can be local self-

regulating loops under pneumatic, hydraulic, or electrical control; 

or the loops can be process or controlled, with additional position 

feedback loops. Electrical signals form a controlled are either   

low-level signals, which require the use of relays for power 

control,   or amplification and power switching devices, and 

possibly opt isolators for signal isolation. These power control 

devices are   normally at the point of use, so that electrically 

controlled actuators and motors can be supplied directly form 

power lines. 

 

Pressure Controllers 

 Gases used industrial processing, such as oxygen, nitrogen, 

hydrogen, and pro-pane, are stored in high-pressure containers in 

liquid form. The high-pressure gases form above the liquid are 

reduced in pressure and regulated with gas regulators. Before they 

can be distributed through the facility, the gas lines may have 

additional regulators at the point of use. Other types of regulators 

are used for release of excessive pressures and control of liquid 

levels. 
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Pressure Regulators 

A spring control is a regulator is an internally controlled 

pressure regulator. Initially, the springs holds the inlet valve open, 

gas under pressure flow into the main cylinder, and expand at a 

rate higher than the gas can exit the cylinder. As the pressure in 

the cylinder increase, a predetermined pressure is reached at 

which the spring loaded diaphragm start to move up, causing the 

valve to partially close. That is, the pressure on the diaphragm 

controls the flow of gas into the cylinder, in order to ideally 

maintain a constant pressure in the main and at the output, 

regardless of flow rate. The output pressure can be adjusted by the 

spring screw adjustment.  The doubt-seated valve as shown is 

normally used. This type of valve is not loaded by the pressure of 

the incoming gases, as would be the case with a single-seated 

valve. The pressure on one face of the valve is balanced by the 

pressure on the face of the other   valve, so that the diaphragm is 

not loaded by the incoming gas pressure acting on the valve. 

A weigh-controlled regulator: The internally controlled 

regulator has a weigh loader diaphragm. The operation is the same 

as the spring-loaded diaphragm, except the spring is replaced with 

a weight. The pressure can be adjusted by the position of a sliding 

weight on a cantilever arm. 

A pressure controlled diaphragm regulator: The internally 

controlled regulator has a pressure loaded diaphragm. Pressure for 

m a regulated external air or gas supply is used to load the 

diaphragm via a restriction. The pressure the regulator then can be 

adjusted by the bleed valve, which in turn is used to set the output 

pressure of the regulator. Alternative to the internal pressure c 

diaphragm, as in regulator show above, is to apply the top of the 

diaphragm. The cross sections show the output pressure being fed 

externally to a spring-loaded pressure regulator. The spring   holds 

the valve open until the output pressure, which is fed to the upper 
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surface of the diaphragm, overcome the force of the spring on the 

diaphragm and start to close the valve, thus regulating the output 

pressure the valve is inverted regulator connection, and the 

internal pressure is the isolated form the lower side of the 

diaphragm. Such an externally connected pilot, who in turn 

amplifies the signal and control the pressure form the air supply to 

the diaphragm, giving greater control than that available with the 

internal   pressure control diaphragm. A small change in the 

output pressure is required to produce a full pressure rang change 

of the regulator giving a high gain system for good output 

pressure regulator. 

 

Safety Valve 

Safety valves are fitted to all; high-pressure   containers, form 

stream generators to domestic water heaters. Figure 10.1 show the 

cross section of a safety valve. The valve is close until the 

pressure on the lower face of the valve reaches a predetermined 

level set by the spring. When this level is reached, the valve 

moves up, allowing the excess pressure to escape through the 

vent. 

 

 

 

 

 

 

 

 

 

 

Figure 10.1 Automatic Safety Valves 

 

Gas under pressure 

Vent  

Spring  

Pressure adjustment 

Valve  



Chapter 10 – Construction and Operation of Practical Controllers 

 

 318 

 

Level Regulators 

Level regulators are in common use in industry   to maintain to 

constant fluid pressure, or a constant fluid supply to a process. 

Level regulators can be a simple float and valve arrangement, as 

show in Figure 10.2(a), or an arrangement using capacitive sense, 

to control a remote pump. The arrangement show in Figure 

10.2(a) is a simple, cost–effective method used to control water 

levels in many application; two common uses of this device are in 

swimming pools and toilet cisterns. When the fluid level drops, 

the float moves downward, opening the inlet valve and allowing 

fluid to flow into the tank. As the tank fills, the   float rises, casing 

the inlet valve to close, maintain a constant level and preventing 

the tank form overflowing. 

    The float controls the position of the weight in Figure 10.2 (b). 

the position of the weight is monitored by position sensor A and 

B. where the weight is in position A(container empty), the sensor 

can be used to turn the pump  fill the tank, and where sensor 

B(container full )  sense the weight, it can be used to turn pump 

off.  

The weight can be made of a magnetic material, and the level 

sensors would then be Hall Effect or MRE devices. 

 

 

 

 

 

 

      

Figure 10.2 (a) Automatic Fluid Level Controller, and (b) Means 

of Detecting Full Level or Empty Level in a Fluid Reservoir. 
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Flow Control Valves 

Where a change in a measure variable with respect to a 

reference has been sensed it is necessary to apply a control signal 

to an actuator to make corrections to an input controlled variable, 

via a valve bringing the measured variable back to its preset value. 

In most cases, any change in the variable (e.g., temperature, 

pressure, mixing ingredients, and level) can be corrected by 

controlling flow rates. In general, the actuators used to control 

valves for flow rate control, and can be electrically, 

pneumatically, or hydraulically controlled. Actuators can be self-

operating in local feedback loops, in such applications as 

temperature sensing with direct hydraulic or pneumatic valve 

control, pressure regulators, and float level controllers. The two 

most common types of variable aperture devices used for flow 

control are the globe valve and the butterfly valve. 

 

Globe Valve 

The globe valve’s cross section is show in Figure 10.3(a). The 

actuator controlling the valve can be driven electrically (using a 

solenoid or motor), pneumatically, or hydraulically. The actuator 

determines the speed of travel and the distance that the valve shaft 

travels. The globe valve can be deigned for quick opening 

operation, for equal percentage operation, or with a linear 

relationship between flow and lift, or any combination of these. In 

equal percentage operation, the flow is proportional to the 

percentage the valve is open, or there is a logarithmic relationship 

between the flow and valve travel. The shape of the plug 

determines the flow characteristics of the actuator, and is normally 

described in terms of percentage of flow versus percentage of lift 

or travel. Various valve configurations for quick opening 

operation, for equal percentage operation, or with a linear 

relationship between flow and lift, are shown in Figure 10.4 
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The valve plug showed in Figure 10.3(a) gives a linear 

relationship between flow and lift. The valve characteristics are 

given in Figure 10.3(b). Shown in the graph are the characteristics 

for quick opening plug and a percentage plug, illustrating some of 

the characteristics that can be obtained from the large number of 

plugs that area available? The selection of the type of control plug 

should be carefully Chosen for any particular. The type will 

depend on a careful analysis of the process characteristics. If the 

load changes are linear, then a linear plug should be used; 

conversely, if the load changes are nonlinear, then a plug with the 

appropriate nonlinear characteristics should be used. The globe 

valve can be straight through with single seating, as illustrated in 

Figure 10.3(a), or can be configured with double seating, which is 

used to reduce the actuator operating force, but is expensive, 

difficult to adjust and maintain, and does not have a tight seal 

when shut off. Angle valves also are available, in which the 

output port is at right angles or 45o to the input port. 
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Figure 10.3(a) Cross section of a globe valve with a linear flow 

control plug, and (b) different flow patterns for various versus 

plug travel 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 10.4 Examples of types of quick opening linear and equal 

percentage plugs 

Flow  

Plug  

To coil or 
pneumatic 

diaphragm 

    a  

Quick open 

Linear 

Equal % 

Travel % max 

F
lo

w
 %

 m
ax

 

    b  



Chapter 10 – Construction and Operation of Practical Controllers 

 

 322 

Many other configurations are available in the globe valve 

family. Figure 10.5(a) shows a two-way valve (diverging type) 

that is used to switch the incoming flow from one exit to another. 

When the valve stem is up, the lower port is closed and the 

incoming liquid exits to the right; and when the valve stem is 

done, the upper port is closed and the liquid exits from the bottom. 

A converging type is also available, which is used to switch either 

of two incoming flows to single output. Figure 10.5(b) illustrates a 

three-way valve. In the neutral position, both exit are held closed 

by the spring; when the valve stem moves down, the top port is 

opened; and when the valve stem moves up from the neutral 

position, the lower port is opened. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.5 Cross sections of globe valve configurations: (a) two-

way valve, and (b) three-way valve 
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Other types of globe valves are the needle valve, which have a 

diameter from 1/8 to 1 in; the balanced cage-guided valve; and the 

slit body valve. In the cage-guided valve, the plug is grooved to 

balance the pressure in the valve body, and the valve has good 

sealing when shut off. The split body valve is designed for ease of 

maintenance, and can be more cost-effective than the standard 

globe valve, but pipe stresses can be transmitted to the valve and 

cause it to leak. Globe valve are not well-suited for use with 

slurries. 

 

Valve Characteristics 

Other factors that determine the choice of valve type are 

corrosion resistance, operating temperature ranges, high and low 

pressures, velocities, pipe size, and fluids containing solids. 

Correct valve installation is essential, and vendor 

recommendations must be carefully followed. In situations where 

sludge or solid particulates can be trapped upstream of a valve, a 

means of purging the pipe must be available. To minimize 

disturbances and obtain good flow characteristics, a clear run from 

one to five pipe diameters upstream and downstream should be 

allowed. Valve sizing is based on pressure loss. Valves are given 

a Cv capacity number that is based on test results, and indicates 

the number of gallons per minute of water at 600F (15.50C), 

which, when flowing through the fully opened valve, will have a 

pressure drop of 1 psi (6.9KPa). That is a valve with a capacity of 

25 Cv means that the valve will have a pressure drop of 1 psi when 

25 gal/min of water are flowing. For liquids, the relation between 

pressure drop Pd (psi), flow rate Q (gal/min), and capacity Cv is 

given by: 

        

 dV PSGQC /  

 



Chapter 10 – Construction and Operation of Practical Controllers 

 

 324 

Where, SG is the specific gravity of the liquid  

 

Example 10.1 

What is the capacity of valve, if there is pressure drop of 3.5 

psi when 2.3 gal/s of a liquid with and SG of 60lb/ft3 are 

following?  

 

3.7252.0138
5.34.62

60
603.2 


VC  

 

Valve Fail Safe 

An important consideration in many systems is the position of 

the actuators when there is a los of power (i.e, if chemicals or the 

fuel to the heaters continue to flow, or if total system shutdown 

occurs). Figure 10.6 shows an example of a pneumatically or 

hydraulically operated globe valve design that cane be configure 

to open or close during a system failure. The modes of failure are 

determined by simply changing the spring position and the 

pressure port. 

 

 

 

 

 

 

 

 

 

 

Figure 10.6 Fail-Safe Pneumatic Hydraulic Operated Valves. If 

there is a loss of operating pressure, the valve (a) Opens, and (b) 

Closes 
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In Figure 10.6(a) above, applying pressure to the pressure port 

to oppose the spring action will close the globe valve. If the 

system fails (i.e, if there is a loss of pneumatic pressure), then the 

spring acting on the piston will force the valve to its open 

position. In Figure 10.6(b), the spring is removed from below the 

piston to a position above the piston, and the inlet and exhaust 

ports are revered. In this case applied pressure working against the 

spring action will open the valve. If the system fails and there is a 

loss of control pressure, the spring action will force the piston 

down and close the valve. Similar fail-safe electrically and 

hydraulically operated down valves are available. Two-way and 

three-way fail-safe valves also are available, which can be 

configuring to be in a specific position when the operating system 

fails. 
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135, 214, 323 

source, 58, 66, 162, 164, 

179, 200, 203, 204, 212, 

235, 241, 249 



Process Instrumentation & Control – Otoikhian, Ohikhena, Olayebi, Otu 

 

 336 

span, 3, 4, 9, 17, 21, 286 

specific gravity, 47, 52, 148, 

324 

specifications, 16, 64, 171, 

215 

speedometer, 12, 13 

Spiral, 56, 57 

spread, 6, 7 

spring, 17, 19, 68, 69, 70, 71, 

108, 209, 300, 316, 317, 

322, 324, 325 

Stability, 16 

static, 3, 16, 23, 26, 30, 41, 

42, 44, 115, 120, 136, 137, 

139, 140, 142, 143, 144, 

148 

Static, 3, 115, 116, 136, 137, 

138 

stimulus, 235, 245 

straight line, 10, 19 

strain, 59, 60, 85, 109, 200, 

226 

strip, 92, 169, 171, 172, 173, 

211, 219, 276 

sublimation, 157 

switch, 15, 100, 169, 174, 

236, 276, 278, 322 

tachogenerator, 105 

techniques, 40, 46, 59, 75, 

76, 217, 253 

temperature, v, 3, 6, 12, 16, 

17, 19, 27, 28, 30, 42, 43, 

44, 47, 59, 60, 64, 74, 85, 

89, 90, 93, 94, 95, 96, 99, 

106, 109, 110, 111, 148, 

152, 153, 154, 155, 156, 

157, 158, 159, 161, 162, 

163, 164, 165, 166, 167, 

168, 169, 171, 172, 174, 

175, 176, 177, 179, 182, 

183, 184, 185, 186, 187, 

188, 190, 191, 192, 194, 

196, 197, 198, 200, 201, 

202, 203, 204, 205, 206, 

207, 208, 210, 211, 214, 

215, 216, 217, 219, 221, 

222, 223, 224, 226, 228, 

229, 232, 233, 234, 237, 

246, 255, 264, 269, 273, 

274, 275, 276, 277, 280, 

283, 298, 299, 313, 315, 

319, 323 

tetrachloride, 53 

thermal expansively, 167 

thermistor gauge, 65 

Thermocouples, 178, 179, 

190, 198, 199, 200, 226 

thermometers, 169, 171, 172, 

175, 206, 211 

thermopiles, 205 

Thompson effects, 198 

threshold, 3, 12, 13, 15 

thumbwheel, 17 

tolerance, 3, 8, 268 
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Tolerance, 8 

transduce, 171 

transducer, 9, 11, 27, 30, 44, 

55, 100, 130, 227, 235, 

243, 244, 300 

transformer, 53, 56, 171 

turbine, 100, 104, 105, 106, 

109, 128 

turbulence, 85, 94, 110, 111, 

132, 133, 215 

Ultrasonic, 76, 95, 226 

undamped, 30, 44 

U-tube, 46, 51, 52, 53, 54, 

73, 140 

vacuum, 46, 47, 48, 59, 65 

Vacuum pumps, 47 

valve, 68, 70, 71, 218, 219, 

220, 221, 224, 225, 227, 

228, 232, 235, 237, 246, 

264, 273, 279, 300, 316, 

317, 318, 319, 320, 321, 

322, 323, 324, 325 

vane, 100, 101, 108, 109, 

128, 142 

velocity, 23, 27, 29, 44, 104, 

110, 111, 116, 117, 118, 

120, 121, 123, 124, 126, 

129, 130, 136, 137, 139, 

140, 141, 145, 149, 157, 

158, 226, 245, 249, 255, 

264 

vena contracta, 133, 149, 

150 

venturi tube, 131, 132, 141, 

143 

vibration, 16, 156, 157, 161 

volatile, 76 

voltage, 25, 60, 78, 93, 105, 

179, 181, 182, 184, 197, 

198, 226, 227, 243, 249, 

265, 276, 278, 305, 307, 

309 

Volume, 74, 75, 141, 167, 

168 

Vortex, 226 

water, 7, 27, 44, 47, 50, 53, 

73, 76, 83, 87, 89, 97, 100, 

103, 107, 112, 113, 120, 

140, 148, 153, 156, 157, 

160, 161, 163, 207, 214, 

217, 219, 221, 237, 247, 

248, 264, 269, 317, 318, 

323 

weight, 17, 46, 47, 50, 52, 

54, 58, 66, 68, 69, 74, 75, 

80, 82, 83, 85, 86, 87, 94, 

97, 98, 110, 118, 126, 145, 

148, 239, 316, 318 

zero drift, 16, 17, 18, 19, 20, 

42, 44 

 


