www.jntuworld.com || www.android.jntuworld.com || www.jwjobs.net || www.android.jwjobs.net

Instrumentation and Control
UNIT-1
General Concept
Measurement:The old measurement is used to tell us length, weight and temperature are a change of these
physical measurement is the result of an opinion formed by one (or) more observes about the
relative size (or) intensity of some physical quantities.
Definition:
The word measurement is used to tell us the length, the weight, the temperature, the colour or a
change in one of these physical entities of a material. Measurement provides us with means for
describing the various physical and chemical parameters of materials in quantitative terms. For example
10 cm length of and object implies that the object is 10 times as large as 1 cm; the unit employed in
expressing length.

These are two requirements which are to be satisfied to get good result from the measurement.
1. The standard must be accurately known and internationally accepted.
2. The apparatus and experimental procedure adopted for comparison must be provable.
Instrumentation:Definition:
The human senses cannot provide exact quantitative information about the knowledge of events
occurring in our environments. The stringent requirements of precise and accurate measurements in the
technological fields have, therefore, led to the development of mechanical aids called instruments.
Or
Definition: the technology of using instruments to measure and control physical and chemical
properties of materials is called instrumentation.
In the measuring and controlling instruments are combined so that measurements provide impulses
for remote automatic action, the result is called control system.
Uses:
-> study the function of different components and determine the cause of all functioning of the system,
to formulate certain empirical relations.
-> to test a product on materials for quality control.
-> to discover effective components.
-> to develop new theories.
-> monitor a data in the interest of health and safety.
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Ex:- fore casting weather it predicting in the earth case.
Methods of measurement:1. Direct and indirect measurement.
2. Primary and secondary & tertiary measurement.
3. Contact and non-contact type of measurement.
1. Direct and indirect measurement:
Measurement is a process of comparison of the physical quantity with a standard depending upon
requirement and based upon the standard employed, these are the two basic methods of
measurement.
Direct measurement:
The value of the physical parameter is determined by comparing it directly with
different standards. The physical standards like mass, length and time are measured by direct
measurement.
Indirect measurement:
The value of the physical parameter is more generally determined by indirect
comparison with the secondary standards through calibration.
The measurement is convert into an analogous signal which subsequently process
and fed to the end device at present the result of measurement.
2. Primary and secondary & tertiary measurement:
The complexity of an instrument system depending upon measurement being made and
upon the accuracy level to which the measurement is needed. Based upon the complexity of the
measurement systems, the measurement are generally grouped into three categories.
i. Primary
ii. Secondary
iii. Tertiary.
In the primary mode, the sought value of physical parameter is determined by comparing it
directly with reference standards the required information is obtained to sense of side and touch.
Examples are:
a) Matching of two lengths is determining the length of a object with ruler.
b) Estimation the temperature difference between the components of the container by inserting fingers.
c) Use of bean balance measure masses.
d) Measurement of time by counting a number of strokes of a block.
Secondary and tertiary measurement are the indirect measurements involving one
transmission are called secondary measurements and those involving two convergent are called
tertiary measurements.
Ex:
The convergent of pressure into displacement by means of be allows and the convergent of force
into displacement.
Pressure measurement by manometer and the temperature measurement by mercury in glass
tube thermometer.
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The measurement of static pressure by boundary tube pressure gauge is a typical example of tertiary
measurement.
3. Contact and non-contact type of measurements:
Contact type:
Where the sensing element of measuring device as a contact with medium whose characteristics are
being measured.
Non-contact type:
Where the sense doesn't communicate physically with the medium.
Ex:
The optical, radioactive and some of the electrical/electronic measurement belong to this category.
Objectives of instrumentation:1. The major objective of instrumentation is to measure and control the field parameters to increase
safety and efficiency of the process.
2. To achieve good quality.
3. To achieve auto machine and automatic control of process there by reducing human.
4. To maintain the operation of the plan within the design exportations and to achieve good quantity
product.
Generalised measurement system and its functional elements:-

1) Primary sensing element.
2) Variable conversion (or) Transducer element.
3) Manipulation of element.
4) Data transmission element.
5) Data processing element.
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6) Data presentation element.
The principal functions of an instrument is the acquisition of information by Sensing and perception, the
process of that information and its final presentation to a Human observer. For the purpose of analysis
and synthesis, the instrument s are considered as systems (or) assembly of inter connected components
organised to perform a specified function. The different components are called elements.
1) PIMARY SENSING ELEMENT:
An element that is sensitive to the measured variable .The sensing element sense the condition , state
(or) value of the process variable by extracting a small part of energy from the measurement and
produces an output which is proportional to the input. Because of the energy expansion, the measured
quantity is always disturb. Good instruments are designed to minimise this loading effect.
2) Variable conversion (or) transducer element:
An element that converts the signal from one physical for to Another without changing the information
content of the signal.
Example:





Bourdon tube and bellows which transfer pressure into displacement.
Proving ring and other elastic members which converts force into displacement.
Rack and Pinion: It converts rotary to linear and vice versa.
Thermo couple which converts information about temperature difference to information in the
form of E.M.F.

3) MANIPULATION ELEMENT:
It modifies the direct signal by amplification, filtering etc., so that a desired output is produced.
[input]× constant = Output
4) DATA TRANSMISSION ELEMENT:
An element that transmits the signal from one location to another without changing the information
content. Data may by transmitted over long distances (from one location to another) or short distances
(from a test centre to a nearby computer).
5) DATA PROCESSING ELEMENT:
An element that modifies data before it is displayed or finally recorded. Data processing may be used for
such purposes as:
 Corrections to the measured physical variables to compensate for scaling, non-linearity, zero
offset, temperature error etc.
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 Covert the data into useful form, e.g., calculation of engine efficiency from speed, power input
and torque developed.
 Collect information regarding average, statistical and logarithmic values.
6) DATA PRESANTION ELEMENT:

An element that provides record or indication of the output from the data processing element. Ina
measuring system using electrical instrumentation, an exciter and an amplifier are also incorporated
into the circuit.
The display unit may be required to serve the following functions.






transmitting
Signalling
Registering
Indicating
recording

The generalised measurement system is classified into 3 stages:
a) Input Stage
b) Intermediate Stage
i. Signal Amplifications
ii. Signal Filtration
iii. Signal Modification
iv. Data Transmission
c) Output Stage
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a) Input Stage:
Input stage (Detector-transducer) which is acted upon by the input signal (a variable to be measured)
such as length, pressure, temperature, angle etc. and which transforms this signal in some other physical
form. When the dimensional units for the input and output signals are same, this functional
element/stage is referred to as the transformer.
b) Intermediate Stage:
i. signal amplification to increase the power or amplitude of the signal without affecting its waveform.
The output from the detector-transducer element' is generally too small to operate an indicator or a
recorder and its amplification is necessary. Depending upon the type of transducer signal, the
amplification device may be of mechanical, hydraulic/pneumatic, optical and electrical type.
ii. Signal filtration to extract the desired information from extraneous data. Signal filtration removes the
unwanted noise signals that tend to obscure the transducer signal. Depending upon nature of the signal
and situation, one may use mechanical, pneumatic or electrical filters.
iii. Signal modification to provide a digital signal from an analog signal or vice versa, or change the form
of output from voltage to frequency or from voltage to current.
Iv. Data transmission to telemeter the data for remote reading and recording.
c) Output Stage:
which constitutes the data display record or control. The data presentation stage collects the output
from the signal-conditioning element and presents the same to be read or seen and noted by the
experimenter for analysis. This element may be of: visual display type such as the height of liquid in a manometer or the position of pointer on a
scale
 numerical readout on an electrical instrument
 Graphic record on some kind of paper chart or a magnetic tape.
Example: Dial indicator
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CLASSIFICATION OF INSTRUMENTS:1) Automatic and Manual instruments:
2) Self generating and power operated
3) Self contact and remote indicating instruments
4) Deflection and null type
5) Analog and digital types
6) Contact and no-contact type
1) Automatic and manual instruments:
The manual instruments require the services of an operator while the automatic types donot. For
example, the temperature measurement by mercury-in-glass thermometer is automatic as the
instrument indicates the temperature without requiring any manual assistance. However, the
measurement of temperature by a resistance thermometer incorporating; Wheatstone brigde in its
circuit is manual in operation as it needs an operator for obtaining the null position.
2) Self generating and power operated
Self-generated instruments are the output is supplied entirely by the input signal. The instrument
does not require any out side power in performing its function
Example: mercury in glass thermometer, bourdon pressure gauge, pitot tube for measuring velocity
So instruments require same auxillary source of power such as compound air, electricity, hydraulic
supply for these operations and hence are called externally powered instruments (or) passive
instruments.
Example:





L.V.D.T(Linear Variable Differential Transducer)
Strain gauge load cell
Resistance thermometer and the mister.
Self contained remote indicator.

3) Self contact and remote indicating instruments:
The different elements of a self-contained instrument are contained in one physical assembly. In a
remote indicating instrument, the primary sensing element may be located at a sufficiently long distance
from the secondary indicating element. In the modern instrumentation technology, there is a trend to
instalremote indicating instruments where the important indications can be displayed in the central
control rooms.
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4) Deflection and null output instruments:
In null-type instruments, the physical effect caused by the quantity being measured is nullified
(deflection maintained at zero) by generating an equivalent opposing effect. The equivalent null causing
effect then provides a measure of the unknown quantity. A deflection type instrument is that in which
the physical effect generated by the measuring quantity (measurand) is noted and correlated to the
measurand.
5) Analog and digital instruments:
The signals of an analog unit vary in a continuous fashion and can take on infinite number of values in a
given range. Wrist watch speedometer of an automobile, fuel gauge, ammeters and voltmeters are
examples of analog instruments.
Instruments basically perform two functions:
(i) Collection of data and
(ii) control of plant and process
Accordingly based upon the service rendered, the instruments may also be classified as indicating
instruments, recording instruments and controlling instruments.
INPUT, OUTPUT CONFIGURATION OF A MEASURING INSTRUMENT:-

An instrument performs an operation on an input quantity (measurement/designed variable) to provide
an output called the measurements. The input is denoted by “i” and the output is denoted by “o”.
According to the performance of the instrument can be stated in terms of an operational transfer
function(G).The input and output relationship is characterised by the operation ‘G’ such that
o=G i
The various inputs to a measurement system can be classified into-three categories:
i) Desired input:
A quantity that the instrument is specifically intended to measure. The desired input 𝑖𝐷 produces an
output component according to an input-output relation symbolised by 𝐺𝐷 ; here 𝐺𝐷 represents the
mathematical operation necessary to obtain the output from the input.
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ii) Interfering input:
A quantity to which the instrument is unintentionally sensitive. The interfering input 𝑖𝑙 would produce
an output component according to input-output relation symbolised by 𝐺𝑙
iii) Modifying input:
A quantity that modifies the input-6utput relationship for both the desired and interfering inputs. The
modifying input 𝑖𝑀 would cause a change in 𝐺𝐷 and/or 𝐺𝑙 . The specific manner in which 𝑖𝑀 affects 𝐺𝐷
and G, is represented by the symbols 𝐺𝑀𝐷 and 𝐺𝑀𝑙 , respectively.
A block diagram of these various aspects has been illustrated in Fig.

Example:
Consider a deferential manometer which consists of an u-tube filled with mercury and with its ends
connected to the two points between which the pressure differentia is to be measured .The pressure
differential 𝑝1 -𝑝2 is worked out from the hydro static (Equilibrium) equation:
(𝑝1 -𝑝2 )=g h ( 𝜌𝑚 − 𝜌𝑓 )
𝜌𝑚 and 𝜌𝑓 are the mass densities of mercury and fluid respectively, and h is the scale reading. lf the fluid
flowing in the pipeline is a gas, then 𝜌𝑓 << 𝜌𝑚 accordingly the above identity can be re-written as
(𝑝1 -𝑝2 )=g h 𝜌𝑚

Here differential pressure is 𝑝1 - 𝑝2 is the desired input; Scale reading ‘h’ is the output and 𝜌𝑚 is the
parameter which relates the output and the input.
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A) The manometer is placed on a wheel which is subjected to acceleration and scale indicates a reading
even through the pressures 𝑝1 & 𝑝2 at the two ends are equal.
The acceleration that constitutes the interference input. The manometer has an angular tilt i.e., is not
properly align with the direction of the gravitational force.
An output will result even when there is no pressure difference. Here the angular tilt acts as the
interfering input.
Here scale factor establishes the input - output relation and this gets modified due to
i) Temperature variation which change the value of density of mercury.
ii) Change in gravitational force due to change in location of a manometer.
So, these 2 are modifying quantities.
1) Signal filtering
2) Compensation by opposing inputs.
3) Output correction.
Performance characteristics of a measuring instrument:1. Static characteristics
2. Dynamic characteristics
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The performance characteristics of an instrument system is conclusion by low accurately the system
measures the requires input and how absolutely it reject the undesirable inputs.
Error = measured value (𝑉𝑚 ) – true value ((𝑉𝑡 )
Correction = (𝑉𝑡 -𝑉𝑚 ).
1. Static characteristics:
a) Range and span, b) Accuracy, error, correction, c) Calibration, d) Repeatability, e) Reproducibility
f) Precision, g) Sensitivity, h) Threshold, i) Resolution, j) Drift, k) Hysteresis, dead zone.
a) Range and span
The region between the limits with in which as instrument is designed to operate for measuring,
indicating (or) recording a physical quantity is called the range of instrument. The range is expressed by
standing the lower and upper values. Span represents the algebraic difference between the upper and
lower range values of the instruments.
Ex: Range

- 10 Co to 80 Co

Range 5 bar to 100 bar
Range 0 v to 75v

Span=90oc
Span=100-5=95 bar
Span=75volts

b) Accuracy, error, correction:
No instrument gives an exact value of what is being measured, there is always some uncertainty in the
measured values. This uncertainty express in terms of accuracy and error.
Accuracy of an indicated value (measured) may be defined as closeness to an accepted standard value
(true value). The difference between measured value (𝑉𝑚 ) and true value (𝑉𝑡 ) of the quantity is
expressed as instrument error.
𝐸𝑠 =𝑉𝑚 - 𝑉𝑡
Static correction is defined as 𝑉𝑡 -𝑉𝑚
𝐶𝑠 =𝑉𝑡 -𝑉𝑚
c) Calibration:
The magnitude of the error and consequently the correction to be applied is determined by making a
periodic comparison of the instrument with standards which are known to be constant. The entire
procedure laid down for making, adjusting or checking a scale so that readings of an instrument or
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measurement system conform to an Accepted standard is called the calibration. The graphical
representation of the calibration record is called calibration curve and this curve relates standard values
of input or measurand to actual values of output throughout the operating range of the instrument. A
comparison of the instrument reading may be made with

(i) a primary standard,
(ii) a secondary standard of accuracy greater than the instrument to be calibrated,
(iii) a known input source.
The following points and observations need consideration while calibrating an instrument:(a) Calibration of the instrument is out with the instrument in the same (upright, horizontal etc.) and
subjected same temperature and other environmental conditions under which it is to operate while in
service.
(b) The instrument is calibrated with values of the measuring impressed both in the increasing and in the
decreasing order. The results are then expressed graphically, typically the output is plotted as the
ordinate and the input or measuring as the abscissa.
(c) Output readings for a series of impressed values going up the scale may not agree with the output
readings for the same input values when going down.
(d) Lines or curves plotted in the graphs may not close to form a loop.
d) Repeatability:
Repeatability describes the closeness of the output readings, when the same input is applied
repeatability over a short period of time with the same measurement conditions, same instrument and
observer, same location and same conditions of use maintained throughout.
e) Reproductability: Reproductability describes the closeness of output readings for the same input.
When are changes in the method of measurement, observer, measuring instrument, location, conditions
of use and time of measurement.

www.jntuworld.com || www.jwjobs.net

www.jntuworld.com || www.android.jntuworld.com || www.jwjobs.net || www.android.jwjobs.net

f) Precision:
The instrument ability to reproduce a certain group of the readings with a given accuracy is known as
precision i.e., if a no of measurements are made on the same true value then the degree of closeness of
these measurements is called precision.
It refers to the ability of an instrument to give its readings again and again in the same manner for
constant input signals.
g) Sensitivity:
Sensitivity of an instrument is the ratio of magnitude of response (output signal) to the magnitude of the
quantity being measured (input signal) i.e.,
Static sensitivity =

change of output signal
change of input signal

∆𝜃0

= ∆𝜃1

h) Threshold:
Threshold defines the minimum value of input which is necessary to cause detectable change from zero
output.
When the input to an instrument is gradually increased from zero, then the input must reach to a certain
minimum value, so that the change in the output can be detected. The minimum value of input refers to
threshold.
i) Resolution:
It is defines as the increment in the input of the instrument for which input remains constant i.e., when
the input given to the instrument is slowly increased for which the output remains same until the
increment exceeds a different value.
j) Drift:
The slow variation of the output signal of a measuring instrument is known as draft.
The variation of the output signal is not due to any changes in the input quantity, but to the changes in
the working conditions of the components inside the measuring instruments.
k) Hysteresis, Dead zone:
Hysteresis is the maximum difference for the same measuring quantity (input signal) between the up
scale and down scale reading during a full range measure in each direction.
Dead zone is the largest range through which an input signal can be varied without initiating any
response from the indicating instrument it is due to the friction.
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2. Dynamic characteristics:
a) Speed of response and measuring lag, b) Fidelity and dynamic error, c) Over shoot, d) Dead time and
dead zone, e) Frequency response.
a) Speed of response and measuring lag:
In a measuring instrument the speed of response (or) responsiveness is defined as the rapidity with
which an instrument responds to a change in the value of the quantity being measured.
Measuring lag refers to delay in the responds of an instrument to a change in the input signal. The
lag is caused by conditions such as inertia, or resistance.
b) Fidelity and dynamic errors:
Fidelity of an instrumentation system is defined as the degree of closeness with which the system
indicates (or) records the signal which is upon its. It refers to the ability of the system to reproduce the
output in the same form as the input. If the input is a sine wave then for 100% fidelity the output should
also be a sine wave.
The difference between the indicated quantity and the true value of the time quantity is the
dynamic error. Here the static error of instrument is assumed to be zero.
c) Over shoot:
Because of maximum and inertia. A moving part i.e., the pointer of the instrument does not immediately
came to reset in the find deflected position. The pointer goes find deflected position. The pointer goes
beyond the steady state i.e., it over shoots.
The over shoot is defined as the maximum amount by which the pointer moves beyond the steady
state.

d) dead time and dead zone:
Dead time is defined as the time required for an instrument to begin to respond to a change in the
measured quantity it represent the time before the instrument begins to respond after the measured
quantity has been altered.
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Dead zone define the largest change of the measured to which the instrument does not respond.
Dead zone is the result as friction backlash in the instrument.

e) Frequency response:
(The dynamic performance of both measuring and control system is determine by applying some known
and predetermined input signal to its primary sensing element and them)
Maximum frequency of the measured variable that an instrument is capable of following with error.
The usual requirement is that the frequencies of the measured should not exceed 60% of the natural
frequency measuring instrument.
Standard test inputs:
The dynamic performance of both measuring and control system is determined by applying some known
and predetermined input signal to its primary sensing element and then studying the behaviour of the
output signals.

The most common standard inputs used for dynamic analysis
i. Step functions
ii. Linear (or) ramp functions
iii. Sinusoidal (or) sine wave functions
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i. Step function:
Which is a sudden change from one steady value to another the step input is mathematically
represented by

Where 𝜃0 𝑖𝑠 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑝𝑢𝑡 𝑠𝑖𝑛𝑔𝑙𝑒 𝜃𝑖 .
ii. Ramp (or) linear function:
The input varies linearly with time. The ramp input is mathematical represented as
𝜃𝑖 = 0 𝑎𝑡 𝑡 < 0
𝜃𝑖 = Ω 𝑡 𝑎𝑡 ≥ 0
Where Ω slope of the input versus time relationship.
iii. Sinusoidal (or) sine wave function:
Here the input has a cycle variation, the input varies sinusoidal with a constant amplitude
mathematically it may be represented as
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Zero, first and second order systems:-

First Order Systems:
The behaviour of a first order system is represented by a first order differential equation of the form.

www.jntuworld.com || www.jwjobs.net

www.jntuworld.com || www.android.jntuworld.com || www.jwjobs.net || www.android.jwjobs.net

www.jntuworld.com || www.jwjobs.net

www.jntuworld.com || www.android.jntuworld.com || www.jwjobs.net || www.android.jwjobs.net

Sources of error:
1.
2.
3.
4.
5.
6.

Calibration of Instrument
Instrument reproducibility
Measuring arrangement
Work piece
Environmental condition
Observes skill

1. Calibration of Instrument:
For any instrument calibration` is necessary before starting the process of measurement. When the
instrument is load frequently for long time, the calibration of instrument is used frequently for long
time, the calibration of instrument may get disturbed. The instrument which is gone out of b ration
cannot give actual value of the measured. Therefore the output produced by such an instrument have
error. The error due to improper calibration of instrument is known as systematic instrumental error,
and it occurs regularly.
Therefore this error can be eliminated by, properly calibrating the instrument at frequent intervals.
2. Instrument reproducibility:
Though an instrument is calibrated perfectly under group of conditions, the output produced by that
instrument contains error. This occurs if the instrument is used under those set of conditions which are
not identical to the conditions existing during calibration. i.e., the instrument should be used under
those set of conditions at which -.the instrument is calibrated. This type of error may occur
systematically or accidentally.
3. Measuring arrangement:
The process of measurement itself acts as a source of error if the arrangement of different components
of a measuring instrument is not proper.
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Example:
While measuring length, the comparator law of Abbe should be followed. According to this, actual value
of length is obtained when measuring instrument and scale axes are collinear, and any misalignment of
these will give error value. Hence this type of error can be eliminated by having proper arrangement of
measuring instrument.
4. Work piece:
The physical nature of object (work piece) i.e., roughness, softness and hardness of the object acts as a
source of error. Many optomechanical and mechanical type of instruments contact the. Object under
certain fixed pressure conditions. Since the response of soft and hard objects under these fixed
conditions is different the output of measurement will be in error.
5. Environmental condition:
Changes in the environmental conditions is also a major source of error. The environmental conditions
such as temperature, humidity, pressure, magnetic or electrostatic field surrounding the instrument
may affect the instrumental characteristics. Due to this the result produced by the measurement may
contain error.
There errors are undesirable and can be reduced by the following ways,
(a) Arrangement must be made to keep the conditions approximately constant.
(b) Employing hermetically sealing to certain components in the instrument, which eliminate the effects
of the humidity, dust, etc.
(c) Magnetic and electrostatic shields must be provided.
6. Observes skill:
It is a well-known fact that the output of measurement of a physical quantity is different from operator
to operator and sometimes even for the same operator the result may vary with sentimental and
physical states. One of the examples of error produced by the operator is parallax error in reading a
meter scale. To minimize parallax errors modern electrical instruments have digital display of output.
Classification of errors and elimination of errors:
No measurement can be made with perfect accuracy but it is important to find out what accuracy is
and how different errors have entered into the measurement. A steady of errors is a first step in finding
ways to reduce them. Errors may arise from different sources and are usually classified as under.
1. Gross errors
2. Systematic (or) instrumental errors
3. Random (or) environmental errors
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1. gross errors:
This cause of errors mainly covers human mistakes in reading instruments and recording and
calculating measurement result. The responsibility of the mistake normally lies with the experimental.
Ex: The temperature is 31.50c, but it will write as 21.50c its an error how ever they can be avoided by
adopting two means
1. Great care should be taken in reading and recording the data.
2. Two, three (or) even more readings should be taken for quantity under measurement
2. systematic errors:
These type of errors are divided into three categories.
a. Instrumental errors
b. Environmental errors
c. Observational errors
a. Instrumentation errors:
These errors occurs due to three main reasons.
a. Due to inherent short comings of the instrument
b. Due to misuse of instruments
c. Due to loading effects of instruments.
b. Environmental errors:
These errors are caused due to changes in the environmental conditions in the area surrounding the
instrument, that may affect the instrument characteristics, such as the affects of changes in
temperature, humidity, barometric pressure or if magnetic field or electrostatic field.
These undesirable errors can be reduced by the following ways.
(i) Arrangement must be made to keep the conditions approximately constant.
(ii) Employing hermetically sealing to certain components in the instrument, which eliminate the effects
of the humidity dust, etc.
(iii) Magnetic or electrostatic shields must be provided.
c. Observational errors:
These errors are produced by the experiment. Enter. The most frequent error is the parallax error
introduced in reading a meter scale.
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UNIT-2
Pressure definition:-

Measurement of pressure

The action of force against some opposite force.
OR
A force in the nature of thrust distributed over a surface.
OR
The force acting against a surface within a closed container.
Units:Some of the commonly used pressure units are:
1bar = 105 N/𝑚 2 = 1.0197 kgf/𝑐𝑚2 = 750.06 mm of Hg.
1 micron = 1M = 10−3 mm of Hg.
1 torr = 1 mm of Hg.
1 𝜇 bar = 1 dyne/ 𝑐𝑚2
Pa = N/𝑚 2 .
Terminology:Following terms are generally associated with pressure and its measurement.
Atmospheric pressure (𝑷𝒂𝒕 ):This is the pressure exerted by the envelope of air surrounding the earth surface. Atmospheric pressure
is usually determined by a mercury column barometer shown in fig. A long clean thick glass tube closed
at one end is filled with pure mercury. The tube diameter is such that capillary effects are minimum. The
open end is stoppered and the tube is inserted into a mercury container; the stoppered end kept well
beneath the mercury surface. When the stopper is removed, mercury runs out of the tube into the
container and eventually mercury level in the tube settles at height h above mercury level in the
container. Atmospheric pressure 𝑷𝒂𝒕 acts at the mercury surface in the container, and the mercury
vapour pressure 𝑷𝒗𝒑 exits at the top of mercury column in the tube. From hydrostatic equation,
𝑝𝑎𝑡 − 𝑝𝑣𝑝 = 𝜌𝑔ℎ……………………………..(i)
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Mercury has a low vapour pressure (≈1.6 × 10−6bar at 20 °C) and thus for all intents and purposes it
can be neglected in comparison to 𝑝𝑎𝑡 which is about 1.0 bar at mean sea level. Then
𝑝𝑎𝑡 = 𝜌𝑔ℎ ……………………………..(ii)
Atmospheric pressure varies with altitude, because the air nearer the earth’s surface is compressed by
air above. At sea level, value of atmospheric pressure is close to 1.01325 bar or 760 mm of Hg column (=
10.33 m of water column).
Absolute pressure (𝑷𝒂𝒃𝒔):It is defined as the force per unit area due to the interaction of fluid particles amongst themselves. A
zero pressure intensity will occur when molecular momentum is zero. Such a situation can occur only
when there is a perfect vacuum, i.e., a vanishingly small population of gas molecules or of molecular
velocity. Pressure intensity measured from this state of vacuum or zero pressure is called absolute
pressure.
GAUGE PRESSURE (𝑷𝒈 ) AND VACUUM PRESSURE (𝑷𝒗𝒂𝒄 ):-

Instruments and gauges used to measure fluid pressure generally measures the difference between the
unknown pressure ‘P’ and the existing atmospheric pressure ‘𝑃𝑎𝑡𝑚 ’. When the unknown pressure is
more than the atmospheric pressure the pressure is recorded by the instrument is called gauge pressure
(𝑃𝑔 ). A pressure reading below the atmospheric pressure is known as vacuum pressure or negative
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pressure. Actual absolute pressure is the sum of gauge pressure indication and the atmospheric
pressure.
𝑃𝑎𝑏𝑠 = 𝑷𝒈 + 𝑷𝒂𝒕
𝑃𝑎𝑏𝑠 = 𝑷𝒂𝒕 - 𝑷𝒗𝒂𝒄

STATIC PRESSURE (𝑷𝒔 ) AND TOTAL PRESSURE (𝑷𝒕 ):Static pressure is defined as the force per unit area acting on a wall by a fluid at rest or flowing parallel
to the wall in a pipe line.

Static pressure of a moving fluid is measured with an instrument which is at rest relative to the fluid. The
instrument should theoretically move with same speed as that of the fluid particle itself. As it is not
possible to move a pressure transducer along in a flowing fluid; static pressure is measured by inserting
a tube into the pipe line at right angles to the flow path. Care is taken to ensure that the tube does not
protrude into the pipe line and cause errors due to impact and eddy formation. When the tube
protrudes into the stream, there would be local speeding up of the flow due to its deflection around the
tube; hence an erroneous reading of the static pressure would be observed.
Velocity pressure = total pressure – static pressure.
𝑉2
= (𝑝𝑡− 𝑝𝑠 )
2𝑔
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Pressure measurement groups:A. Instruments for measuring low pressure (below 1 mm of Hg): - manometers and low pressure gauges.
B. Instruments for medium and low pressures (below 1 mm of Hg to 1000 atmospheres):- Bourdon tube
and diaphragm gauges.
C. Instruments for measuring low vacuum and ultra high vacuum (760 torr to 10−9 torr and beyond):McLeod thermal conductivity and ionization gauges.
D. Instruments for measuring very high pressure (1000 atmospheres and above):- bourdon tube,
diaphragm and electrical resistance pressure gauges.
E. Instruments for measuring varying pressure:- engine Indicator and CRO ( cathode ray oscilloscope).
Classification of pressure measuring devices:1.

2.

3.

4.
5.

6.
7.

Gravitational transducer.
a.
A dead weight tester.
b.
Manometer.
Electrical transducers.
a.
Bourdon tube pressure gauges.
b.
Elastic diaphragm pressure.
c.
Bellows gauges.
Strain gauge pressure cells.
a.
Pinched tubes.
b.
Cylindrical tube pressure cell.
McLeod gauge.
Thermal conductivity gauges.
a.
Thermocouple gauge
b.
Pirani gauge
Ionization gauge.
Electrical resistance pressure gauge.

VARIOUS PRINCIPLES OF MEASUREMENT:1. Pressure can be measured by balancing a column of liquid against the pressure which has to be
measured. The height of the column which is balanced becomes a measure of the applied pressure
when calibrated.
Ex: - manometer.
2. When the pressure is applied to the elastic elements the shape of the elastic element changes which
intern the pointer moves with respect to the scale. The pointer readings become a measure of applied
pressure.
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Ex: - bourdon tube pressure gauge, diaphragm, bellows.
3. When electric current flows through a conducting wire it gets heated. Depending up on the
conductivity of the surrounding media the heat is dissipated from the wire. The rate of change in the
temperature of the wire becomes a measure of the pressure.
Ex:- Pirani gauge, ionization gauge, thermal conductivity gauges.
DEAD WEIGHT PISTON GAUGE:The dead weight tester is a primary standard for pressure measurement, and it offers a good calibration
facility over a wide pressure range (700 N/𝑚 2 to 70 MN/𝑚 2 gauge in steps as small as 0.01% of range
with a calibration uncertainly of 0.01-0.05% of the reading).

A typical gauge is schematically shown in Fig. It consists of an accurately machined, bored and finished
piston which is inserted into a close fitting cylinder; both of known cross- section areas. A platform is
attached to the top of the piston and it serves to hold standard weights of known accuracy. The
chamber and the cylinder are filled with a clean oil; the oil being supplied from an oil reservoir provide
with a check valve at its bottom. The oil withdrawn from the reservoir when the pump plunger executes
an outward stroke and forced into the space below the piston during inward motion of the pump
plunger. For calibrating a gauge, an appropriate amount of weight is placed on the platform and the
fluid pressure is applied until enough upward force is developed to lift the piston-weight combination.
When this occurs, the piston-weight combination begins to float freely within the cylinder.
Under the equilibrium condition the pressure force is balanced against the gravity force on the mass ‘m’
of the calibrated masses, plus the piston and flat form and a frictional force. If ‘A’ is the equivalent area
of the piston cylinder combination then:
PA = mg + frictional drag.
P = (mg + frictional drag)/A
The effective or equivalent area depends on such factors as piston cylinder clearance, pressure level,
temperature, and is normally taken as the mean of the cylinder and piston areas.
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Manometers:Manometers measure pressure by balancing a column of liquid against the pressure to measured.
Height of column so balanced is noted and then converted to the desired units. Manometers may be
vertical, inclined, open, differential or compound. Choice of any type depends on its sensitivity of
measurement, ease of operation and the magnitude of pressure being measured. Manometers can be
used to measure gauge, differential, atmospheric, and absolute pressure.
i. Piezo meter
ii. U- tube manometer
iii. Single column manometer
i. Piezo meter:
lt is a vertical transparent glass tube, the upper end of which is open to atmosphere and the lower end is
in communication with the gauge point ; a point in the fluid container at which pressure is to be
measured. Rise of fluid in the tube above a certain gauge point is a measure of the pressure at that
point.

Fluid pressure at gauge point A = atmospheric pressure pu at the free surface + pressure due to a liquid
column of height ℎ1
𝑝1 = 𝑝𝑎 + 𝑤ℎ1
Where, w is the specific weight of the liquid.
Similarly for the gauge point B
𝑝2 = 𝑝𝑎 + 𝑤ℎ2
ii. U- tube manometer:
This simplest and useful pressure measuring consists of a transparent tube bent in the form of letter U
and filled with a particular liquid whose density is known. The choice of a particular manometric liquid
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upon the pressure range and nature of the fluid whose pressure is sought. For high mercury (specific
gravity 13.6) is the manometric/balancing liquid. For low pressure liquids like carbon tetrachloride
(specific gravity 1.59) or acetylene tetrabromide (specific gravity 2.59) are employed. Quite often, some
colours are added to the balancing so as to get clear readings.

(a) Measurement of pressure greater than atmospheric pressure:
Due to greater pressure 𝑝𝑥 in the container, the manometric liquid is forced downward the left limb of
the U-tube and there is a corresponding rise of manometric liquid in the right limb.
Let, ℎ1 = height of the light liquid above the datum line
ℎ2 = height of the heavy liquid above the datum line
For the right limb the gauge pressure at point 2 is
𝑝2 = atmospheric pressure, i.e., zero gauge pressure at the free surface+ pressure due to head ℎ2 of
manometric liquid of specific weight 𝑤2
= 0 + 𝑤2 ℎ2
For the left limb, the gauge pressure at point 1 is
𝑝1 = gauge pressure 𝑝𝑥 + pressure due to height ℎ1 of the liquid of specific weight 𝑤1
= 𝑝𝑥 + 𝑤1 ℎ1
Points 1 and 2 are at the same horizontal plane; 𝑝1 = 𝑝2 and therefore,
𝑝𝑥 + 𝑤1 ℎ1 = 𝑤2 ℎ2
Gauge pressure in the container, 𝑝𝑥 = 𝑤2 ℎ2 - 𝑤1 ℎ1
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(b) Measurement of pressure less than atmospheric pressure:
Due to negative pressure 𝑝𝑥 in the container, the manometric liquid is sucked upwards in the left limb of
the U-tube and there is a corresponding fall of manometric liquid in the right limb.
Pressure in the two legs at the same level 1 and 2 are equal; 𝑝1 = 𝑝2 and therefore,
Gauge pressure in the container, 𝑝𝑥 = −( 𝑤1 ℎ1 = 𝑤2 ℎ2 )
iii. Single column manometer:
Single column manometer is modified form of manometer in which a reservoir having a large cross
sectional area as compared to the area of the tube, is connected to one of the limbs (say left limb) of the
reservoir. The other limb may be vertical or inclined. There are two types of single column manometers.
1. Vertical single column manometer
2. Inclined single column manometer
1. Vertical single column manometer:

To start with, let both limbs of the manometer be exposed to atmospheric pressure. Then the liquid
level in the wider limb (also called reservoir well basin) and narrow limbs will correspond to position 0-0.
ℎ1 = height of center of pipe above 0-0
ℎ2 = rise of heavy liquid in right limb
For the left limb, gauge pressure at point 1 is: 𝑝1 = 𝑝𝑥 + 𝑤1 ℎ1 + 𝑤1 𝛿 h
For the right limb, the gauge pressure at point 2 is: 𝑝2 = 0 + 𝑤2 ℎ2 + 𝑤2 𝛿 h
Points 1 and 2 are at the same horizontal plane: 𝑝1 = 𝑝2 and therefore
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Gauge pressure 𝑝𝑥 in the container is: 𝑝𝑥 = (𝑤2 ℎ2 - 𝑤1 ℎ1 ) + 𝛿 h (𝑤2 - 𝑤1 )
2. Inclined single column manometer:
This manometer is more sensitive. Due to inclination the distance moved by heavy liquid in the right
limb will be more.
Let, l= length of heavy liquid moved in right limb from 0-0
𝜃 = Inclination of right limb with horizontal.

𝑝𝑥 = 𝑤2 𝑙 (sin𝜃 + 𝑎/𝐴)
Advantages and limitations of manometers:
- Relatively inexpensive and easy to fabricate
- good accuracy and sensitivity
- requires little maintenance; are not affected by vibrations
- particularly suitable to low pressures and low differential pressures
- sensitivity can be altered easily by affecting a change in the quantity of manometric liquid in the
manometer
- generally large and bulky, fragile and gets easily broken
- not suitable for recording e
- measured medium has to be compatible with the manometric fluid used
- readings are affected by changes in gravity, temperature and altitude
- surface tension of manometric fluid creates a capillary affect and possible hysteresis
- meniscus height, has to be determined by accurate means to ensure improved accuracy.
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Mechanical Gauges: - Elastic Pressure Transducer:For measuring pressures in excess of two atmosphere elastic mechanical type transducers are used. The
actions of these gauges are based on the deflection of the hollow tube, diaphragm and bellows caused
by the applied pressure difference. The resulting deflection made directly accurate a pointer. Scale read
out through suitable linkages and gears are the motion may be transmitted through and electrical signal.
Bellows and diaphragm gauges are generally suitable up to 28 to 56 bars. Where as bourdon tubes are
very high pressure gauges.
Bellow gauges:
The bellows is a longitudinally expansible and collapsible member consisting of several convolutions or
folds. The general acceptable methods of fabrication are:
(i) turning from a solid stock of metal, (ii) soldering or welding stamped annular rings, (iii) rolling a
tubing, and (iv) hydraulically forming a drawn tube. Material selection is generally based on
considerations like strength or the pressure range, hysteresis and fatigue.
In the differential pressure arrangement (Fig) two bellows are connected to the ends of an equal arm
lever. If equal pressures are applied to the two bellows, they would extend by the same amount. The
connecting lever would then rotate but no movement would result in the movement sector. Under a
differential pressure, the deflections of the bellow would be unequal and the differential displacement
of the connecting levers would be indicated by the movement of the pointer on a scale.

Advantages:
1.
2.
3.
4.

Simple in construction.
Good for low to moderate pressures.
Available for gauge, differential and absolute pressure measurements.
Moderate cost.
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Limitations:
1.
2.
3.

Zero shift problems.
Needs spring for accurate characterization.
Requires compensation for temperature ambient changes.

BOURDON GAUGE:-

The pressure responsive element of a bourdon gauge consists essentially of metal tube (called bourdon
tube or spring), oval in cross section and bent to from a circular segment of, approximately 200 to 300
degrees. The tube is fixed but open at one end and it is through this fixed end that the pressure to be
measured is applied. The other end is closed but free to allow displacement under deforming action of
the pressure difference across the tube walls. When a pressure (greater than atmosphere) is applied to
the inside of the tube, its cross-section tends to become circular. This makes the tube straighten itself
out with a consequent increase in its radius of curvature, i. e., the free end would collapse and curve.
Type travel:
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The motion of the free end commonly called tip travel is a function of tube length wall thickness, cross
sectional geometry and modulus of the tube material. For a bourdon tube a deflection ∆a of the
elemental tip can be expressed as
∆a = 0.05

𝑎𝑃 𝑟 0.2 𝑥 0.03
( ) (𝑦)
𝐸 𝑡

𝑥

( 𝑡 )3.0

Where ‘a’ is the total angle subtended by the tube before pressurization, P is the applied pressure
difference and ‘E’ is the modulus of elasticity of the tube material.
Errors and their rectification: in general 3 types of error are found in bourdon gauges:

(i) Zero error or constant error which remains constant over the entire pressure range.
(ii) Multiplication error where in the gauge may tend to give progressively a higher or low reading.
(iii) Angularity error: quite often it is seen that a one– to–one correspondence does not occur.
Bourdon tube shapes and configurations:

The C-type bourdon tube has a small tip travel and this necessitates amplification by a lever, quadrant,
pinion and pointer arrangement. Increased sensitivity can be obtained by using a very long length of
tubing in the form of a helix, and a flat spiral as indicated in Fig.
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Materials:
1.
2.

Pressure 100 to 700 KN/m2(tubes are made of phosphor bronze)
For high pressure P=7000 to 63000 KN/m2 (tubes are made of alloy steel or k-monel)

Advantages:
1.
2.
3.

Low cost and simple in construction.
Capability to measure gauge absolute and differential pressure.
Availability in several ranges.

Limitations:
1.
2.
3.

So response.
Susceptibility to sharp and vibration.
Mutually required geared movement for application.

DIAPHRAGM GAUGES:-

In its elementary form, a diaphragm is a thin plate of circular shape clamped firmly around its edges. The
diaphragm gets deflected in accordance with the pressure differential across the side; deflection being
towards the low pressure side. The pressure to be measured is applied to diaphragm causing it to
deflect the deflection being proportional to applied pressure. The movement of diaphragm depends on
its thickness and diameter. The pressure deflection relation for a flat diaphragm with adjustable
clamped is given by

Where, P=pressure difference across the diaphragm, E=modulus of elasticity, t= diaphragm thickness
M= Poisson’s ratio, R=diaphragm radium, Y=deflection at center of diaphragm.
There are two basic types of diaphragm element design:
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(i) Metallic diaphragm which depends upon its own resilience for its operation.
(ii) Non-metallic or slack diaphragm which employs a soft, flexible material with no elastic characteristic.
Diaphragm types: The diaphragms can be in the form of flat, corrugated or dished plates; the choice
depending on the strength and amount of deflection desired. Most common types of diaphragms are
shown in Fig.

Diaphragm material, pressure ranges and applications: Metallic diaphragms are generally fabricated
form a full hard, cold-rolled nickel, chromium or iron alloy which can have an elastic limit up to 560
MN/ml. Typical pressure ranges are 0 - 50 mm water gauge, 0-2800 kN/𝑚2 pressure and 0 - 50 mm
water gauge vacuum.
Typical applications are low pressure absolute pressure gauges, draft gauges, liquid level gauges and
many types of recorders and controllers operating in the low range of direct or differential pressures.
Non-metallic slack diaphragms are made a variety of materials such as gold beaters, skill , animal
membranes, impregnated silk clothes and synthetic materials like Teflon, neoprene, polythene …Etc.
Advantages:
1.
2.
3.
4.

Relatively small size and moderate cost.
Capability to with stand high over pressures and maintain good linearity over a wide range.
Availability of gauge for absolute and differential pressure measurement.
Minimum of hysteresis and no permanent zero shift.

Limitations:1.
2.
3.

Needs protection from shocks and vibrations.
Cannot be used to measure high pressure.
Difficult to repair.

LOW PRESSURE GAUGES: Below 1 mm of mercury (Hg) is known as low pressure gauges. Pressure ranges:
Low vacuum =760 torr to 25 torr,
Medium vacuum =25 torr to 10^-3 torr,
−3
−6
High vacuum =10 torr to 10 torr,
Very high vacuum =10 −6 torr to 10 −9 torr,
Ultra high vacuum =10 −9 torr and beyond.
Low pressure gauges are grouped into two types. They are
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(i) Direct measurement: wherein displacement deflection caused by the pressure is measured and is
correlated to the applied pressure. This principle is incorporated in bellows, diaphragm, bourdon tube,
manometer.
(ii) Indirect type measurements: wherein the low pressure is detected through measurement of a
pressure controlled property such as volume, thermal conductivity etc. the inferential gauges include
Thermal conductivity gauges, Ionization gauge, McLeod gauge.
THERMAL CONDUCTIVITY GAUGES: These gauges measure pressure through a change in the thermal conductivity of the gas. Their operation
is based on the thermodynamic principle that “at low pressures there is a relationship between the
pressure and thermal conductivity i.e., the heat conductivity decreases with decrease in pressure”.
There are two types of thermal gauges.
1. Thermocouple gauge.
2. Pirani gauge.
1. Thermocouple gauge:

The schematic diagram of a thermocouple type conductivity gauge is shown in figure (1). The pressure
to be measured admitted to a chamber. A constant current is passed through the thin metal strip in the
chamber.
Due to this current, the metal strip gets heated and acts as hot surface. The temperature of this hot
surface is sensed by a thermocouple which is attached to the metal strip. The glass tube acts as the cold
surface. Whose temperature is nearly equal room temperature. The conductivity of the metal strip
changes due to the applied pressure. This change in conductivity causes a change in the temperature,
which is sensed by the thermocouple. The thermocouple produces current corresponding to the
thermocouple output which is then indicated by a mm. This indicated current becomes a measure of the
applied pressure when calibrated.
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2. Pirani gauge:
The construction of a pirani gauge is shown in fig.

It consists of two identical tubes, platinum/tungsten Wire and a compensating element. A constant
current is passed through the platinum wire which is mounted along the axis of the glass tube. The wire
gets heated due to this current and its resistance is measured using a resistance bridge. The gas whose
pressure to be measured is admitted to the glass tube. The conductivity of the Wire changes due to this
applied pressure. This change in conductivity causes a change in temperature of the wire which in turn
causes, a change in the resistance of the wire. This change in resistance is measured using the resistance
bridge. The other tube present in the gauge is evaluated to a very low pressure and it acts as a
compensating element to minimize the variations caused by ambient temperature changes.
IONIZATION GAUGE:-

The hot filament ionization gauge consists of a heated filament (cathode) to furnish electrons, a grid,
and an anode plate. These elements are housed in an envelop which communicates with the vacuum
system under test. The grid is maintained at a positive potential of 100-350 V while the anode plate is
maintained at negative potential of about 3-50 V with respect to cathode. The cathode is thus a positive
ion collector and the anode plate is an electron collector.
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The rate of ion production is proportional to the number of electrons available to ionize the gas and the
amount of gas present. Thus the ratio of + ve ions, i. e., the anode current 𝐼1 to -ve ions and electrons,
ie., grid current 𝐼2 is a measure of the gas pressure P. The following approximate relation holds:
𝑃=

1
𝑆

𝐼1
𝐼2

Where the proportionality constant S is called the sensitivity of the gauge. Sensitivity is a function of the
tube geometry, nature of the gas, and the operating voltages. Its value is determined by calibration of
the particular gauge.
Advantages:1.
2.
3.
4.
5.
6.
7.
8.
9.

Wide pressure range 10−3 torr to 10−11 torr.
Constant sensitivity.
Possibility of process control and remote indication.
Fast response to pressure changes.
High cost and complex electrical circuit.
Calibration varies with gases.
Filament burns out if exposed to air by hot.
Decomposition of some gases by the hot filament.
Contamination of gas due to heat.

MCLEOD GAUGE:-

The unit comprises the system of glass tubes in which a known volume of gas at unknown pressure is
trapped and then isothermally compressed by a rising mercury column. Its operation involves the
following steps:
(i) Plunger is withdrawn and the mercury level is lowered to the cut off position, there by admitting gas
at unknown pressure ‘𝑝0 ’ in to the system. let ‘𝑉0 ′ be the volume of the gas admitted into the measuring
capillary, the bulb and into the tube down to the cutoff points.
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(ii) The plunger is push in and the mercury level goes up. The plunger motion is continued until the
mercury level in the reference capillary reaches the zero mark. Let height ‘h’ is the measure of the
compressed gas volume sealed into the measuring capillary. This height also represents rise in gas
pressure in terms of height of mercury column.
If ‘a’ denotes the area of the measuring capillary then the final volume ‘𝑉𝑓 ′=a.h and the final monomeric
pressure 𝑃𝑓 =𝑝0 +h. the unknown pressure is then calculated using boil’s law as follows:

This an one type of manometer. This is used for calibration of pirani and thermocouple gauges.
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Measurement of Temperature

Temperature is probably, most widely measured and frequently controlled variable encountered in
industrial processing of all kinds measurement of temperature is involved in thermo dynamics, heat
transfer and many chemical operations. Basically all the properties of matter such as size, colour,
electrical and magnetic characteristics and the physical states (solid, liquid, gas) change with changing
temperature.
Definition:
Temperature may be defined as the degree of hotness and coldness of a body are an environmental
measured on a definite scale.
The temperature of a substance is a measure of the hotness, or coldness, of that substance. It is the
thermal site of a body or a substance which determines whether it will give heat to, or receive heat
from, other bodies. If two bodies are placed in contact then heat tends to flow from a body at a higher
temperature to a body at a lower temperature, just as water flows from higher to lower levels.
The terms, heat and temperature, are closely related Temperature may be defined as "degree of heat"
but heat is usually taken to mean "quantity of heat” Temperature and heat flow are related
quantitatively by the second law of thermodynamics, which states that heat flows. Of its own accord,
from a body at a higher temperature to a body at a lower temperature. It is therefore important to
remember that in temperature measurement, two bodies in intimate contact are at the same
temperature only if there is no heat flow between them.
Temperature scales:
Temperature scales are based upon some recognized fixed points. At least two fixed points are required
which are constant in temperature and can be easily reproduced as:
(i) Centrigrade and fahren heat scales:
On both these scales the freezing point and boiling point of water are used as fixed point. The freezing
point. The centigrade scale abbreviated as 0c, assigns 0 0c to the ice point and 1000c to the steam point
and the intervals between these points is divided into 100 equal points. The corresponding values of the
Fahrenheit scale deviated 0F are 32 0F and 2120F with the interval divided into 180 equal parts.
(ii) kelvin and rankine absolute scales:On the kelvin and rankine scales the absloute and hypothetically placed at -273.2°𝑐 and -459.7°𝐹.
(iii) Thermo dynamic scale:The efficiency of an ideal engine operating up on the control cycle between any two temperatures is
given by.
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𝑇1−𝑇2
𝑇1

=

𝑄1−𝑄2
𝑄1

This can be written as 𝑇1/𝑇2 = 𝑄1/𝑄2
4. International temperature scale:This scale has been established and adopted provide an experimental basis for the calibration of specific
thermometers to indicate temperatures as close as possible to the Kelvin thermodynamic scale. The
International temperature scale covers the range from the boiling point of oxygen to the highest
temperatures of incandescent bodies and names. The main features of this scale, adopted in 1948 at the
Ninth General Conference on Weights and Measures are:
(1) Temperatures are to be designated as of and denoted by the symbol t. The name Celsius was
officially adopted to replace the name Centigrade.
(2) The scale is based upon a number of fixed and reproducible equilibrium temperatures to which
numerical values are assigned.
Fundamental fixed points and their numerical values (at standard atmospheric pressure of 1013250
dynes/𝒄𝒎𝟐 )
FIXED POINT
1.Temparature of equilibrium between liquid
oxygen and it’s vapour (oxygen point)

TEMPARATURE℃
-182.97

2 .Temperature of equilibrium between ice and
(saturated) water (ice point) fundamental fixed
point.
3. Temperature of equilibrium between liquid,
water and it’s vapour (steam point)-fundamental
fixed point.

0

100

4. Temperature of equilibrium between liquid,
sulphur and it’s vapour (sulphur point)

444.60

5.Temparature of equilibrium between solid and
liqud silver(silver point)
6. Temperature of equilibrium between the solid
and liquid gold (gold point)

960.8
1063

Classification:The instruments for measuring temperature have been classified in the first place according to the
nature of change produced in the testing body by the change of temperature. The following four broad
categories have been proposed.
1. Expansion thermometers.
2. Change of state thermometer.
3. Electrical methods of measuring temperature.
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4. Radiation and optical pyrometer.
1. EXPANSION THERMO METERS:(a)Expansion of solids
(i) Bimetaliic thermometer
(ii) Solid rod thermometer
(b) Expansion of liquids
(i) liquid in glass thermometer
(ii) liquid in metal thermometer
(C) Expansion of gases-gas thermometer
2. Change of state thermometers:Liquid in metal thermometers (or) vapour pressure thermometers.
3. Electrical methods of measuring temperature:(a) Electrical resistances bulbs.
(b) Thermistors.
(c) Thermo couples and thermopiles.
4. Radiation and optical pyrometers:Optical pyrometers (total radiation pyrometer).
Ranges:Type
1.Glass thermometers
(a) mercury filled
(b) 𝐻𝑔 +𝑁2
(C) Alcohol filled
2.Pressure gauge thermometer.
(a) vapour pressure type
(b) liquid (or) gas type filled
3.Bimetallic thermometer
4.Resistance thermometer
5.Thermo couples
(a) base metals
(b) Percious metals
6.Thermistors
7.pyrometers
(a) optical
(b) radiation

Range℃

Accuracy℃

-39 to 400
-39 TO 540
-70 to 65

0.3 to 1.0
0.3 TO5.5
0.5 to 1.0

11 to 200
-150 to 600
-74 to 540
-240 to 980

1 to 5.5
1 to 5.5
0.3 to 14.0
0.003 to 3.0

-185 to 1150
-185 to 1150
-100 to 260

0.3 to 11.0
0.3 to 11.0
Depends up on ageing

760 and above
540 and above

11 for black body
11-16 for black body

3
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8.fusion

590 to 3600

As low as 20-30 under optimum
conditions.

Bimetallic thermometer:- (or) solid expansion:-

Construction:A bimetallic strip consists of two pieces of different materials firmly bonded together by bending. For a
bi-metal in the form of a straight cantilever beam temp changes cause the free end to deflect because of
the different expansion rates of the components. This deflection can be correlated quantitatively to the
temp change.
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Normally the two expansion material is invar and the high expansion material is brass. The respective
coefficient of expansion for invar and brass.

When bimetallic strip in the form of cantilever is assumed to bend to a circular are than

Bimetallic elements can be arranged in the flat spiral the single helix and the multiple helix
configuration.
Characteristics:1. Low cost.
2. Simple and compact
Applications:1. Control of gas flow
2. electric iron boxes
3. Domestic ovaus.
Liquid in glass thermometers:The liquid in gas thermometers is one of the most common types of temp measuring devices. The unit
consists of glass envelope, responsive liquid and indicating scale.
Liquid

range℃

Mercury

-3.5 to 510

Alcohol

-80 to 70

Toluene

-80 to 100

Peutane

-200 to 30

Creosote

-5 to 200
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The choice in the type 𝑜𝑓 𝑔𝑙𝑎𝑠𝑠 𝑢𝑠𝑒𝑑 𝑖𝑠 𝑎 𝑚𝑎𝑡𝑒𝑟 of economics influenced by the range of the
thermometer. igher the range higher the cost. or temperature up to
° normal glass used.at high
temp up to 550℃. Above this temp quartz thermometers have been used.
Salient features/characteristics:1. Low cost and simplicity of use
2. Portable
3. Ease of checking for physical damage
4. Absence of need for auxiliary instruments.
5. No need of additional indicating instruments
6. Range limited to about 600℃.
Calibration of liquid in glass thermometer:1. Complete immersion
2. Total immersion
3. Partial immersion
Correction factor 𝑐𝑆 = 0.00018N(T1-T2)
𝐶𝑠 =Stem Correction In Degrees To Be Added algebrically To The Indicated Temp
N= Numberof degrees of exposed
T1= Reading of the primary thermometer and
T2= Average temperature of exposed stem.
Liquid in metal thermometers:The two distinct disadvantages of liquid in glass thermometers are
1. The glass is very fragile and hence care should be taken in handling these thermometers.
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2. The position of the thermometer for accurate temp measurement is not always the best
position for reading the scale of the thermometer

Both of these disadvantages are overcome in mercury in steel thermometer. The principle of operation
is again the differential expansion of liquid which is used.
(i) a temperature sensitive element (bulb) filled with expanding fluid
(ii) a flexible capillary tube
(iii) a pressure or volume sensitive device such as Bourdon tube, bellows or diaphragms, and
(iv) a device for indicating or recording a signal related to the measured temperature.
Advantages and limitations :
* Simple and inexpensive design of the system
* Quite rugged construction, minimum possibility of, damage or failure in shipment, installation and use
* Fairly good response, accuracy and sensitivity
* Remote indication upto about 100 m possible with capillary lines.
Gas Thermometer:This system is defined as "a thermal system with a gas and operating on the principle of pressure change
with temperature change". The expansion, of a gas is governed by the ideal gas law:
PV = RT; P = (RT/V)
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Gas: Nitrogen gas
Range: -130°to 540°
The volume of gas required in the bulb is determined by the gas expansion and by the temperature
range of the instrument.
𝑇 −𝑇

V = R (𝑃2− 𝑃1 )
2

2

Where subscripts 1, 2 refer to the conditions at the lowest and highest points of the scale.
 Electrical Methods:In electrical methods of measuring temperature, the temperature signal is converted into electrical
signal either through a change in resistance or voltage development of emf.
1. Resistance Thermometers
2. Thermistors
3. Thermo couples
1. Resistance Thermometers:

www.jntuworld.com || www.jwjobs.net

www.jntuworld.com || www.android.jntuworld.com || www.jwjobs.net || www.android.jwjobs.net

The thermometer comprises a resistance element or bulb, suitable electrical leads and an indicating recording or resistance measuring instrument. The resistance element is, usually in the form of a coil of
very fine platinum, nickel or copper wound non -conductively. Onto an insulating ceramic former which
is protected externally by a metal sheath. A laboratory type of resistance thermometer is often wound
on a crossed mica former and enclosed in a pyrex tube. The tube may be evacuated or filled with an
inert gas to protect the metal wire. Care is to be taken to ensure that the resistance wire is free from m
mechanical stresses. A metal which has been strained will suffer a change in the resistance
characteristics; the metal is therefore usually annealed at a temperature higher than that at which it is
so operate.
Platinum is preferred because,
1. Physically stable (i.e., relatively indifferent to its environment, resists corrosion and chemical
attack and is not readily oxidised) and has high electrical resistance characteristics.
2. Accuracy attainable with a platinum resistance thermometer is of the order of ± 0.01 of upto
500° 𝐶 and within ± 0. 1°𝐶 of upto 1200 °𝐶.
Advantages:* Simplicity and accuracy of operation
* Possibility of easy installation and replacement of sensitive bulb
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* Easy check on the accuracy of the measuring circuit 'by substituting a standard resistance for the
resistance element.
2. Thermistors:

Thermistors is a contraction of term Thermal Resistor. They are essentially semi-conductors which
behave as resistors with a high negative temperature coefficient. As -the temperature increases, the
resistance goes down, and as the temperature decreases, the resistance goes up. This is just opposite to
the effect of temperature changes on metals.

Thermistors are composed of sintered mixture of metallic oxides such as manganese. Nickel, cobalt,
copper, iron and uranium. These metallic oxides are milled, mixed in appropriate proportions, are
pressed into the desired shape with appropriate binders and finally sintered the electrical terminals are
either embedded before sintering or baked afterwards. The electrical characteristics of thermistors are
controlled by varying the type of oxide used and physical size and configuration of the thermistor.
Thermistors may be shaped in the form of beads, disks, washers, rods and `these standard forms are
shown in Fig.
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The mathematical expression for the relation- ship between the resistance of a thermistor and absolute
temperature of thermistor is

3. Thermo couples:
The basic principle of temperature measurement by thermo-electricity was discovered by Seebeck in
1821 and is illustrated in Fig. 10.20. When two conductors of dissimilar metals M1 and M2 are joined
together to form a loop (a thermocouple) and two unequal temperatures Tl1 and T2 are imposed at the
two interface connections, an electric current we through the loop.
Experimentally it has been found that -the magnitude of the current is directly related to the two
materials M1 and M2, and the temperature difference (T1 – T2 ). In the practical application of the
effect, a suitable device is incorporated in the circuit to indicate any electromotive force or Bower
current. For convenience of measurement and standardization, one of the two junctions is usually
maintained at some constant known temperature. The output voltage of the circuit then indicates the
temperature difference relative to the reference temperature. Most tabulations set the reference value
to the triple point of water (O°𝐶).

Thermo-electric effects arise in two ways:
* a potential difference always exists between two dissimilar metals in contact with each other (Peltier
effect)
* a potential gradient exists even in a single conductor having & temperature gradient (Thomson effect)
In commercial instruments, the thermocouple materials are so chosen that the Peltier and Thomson
emfs act in such a manner that the combined value is maximum and that varies directly with
temperature.
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 Measurement of displacement:Introduction:
The direct measurements of displacement, force, torque and speed are very important in industrial
processes. Also. Many other quantities such as pressure, temperature, level, flow, etc. are often
measured by transducers them to displacement. Motion, or force, and then measuring these
parameters which give the required value of a particular quantity. In this chapter some of the methods
for measuring displacement, force, torque and speed have been discussed.
Measurement of displacement:
Generally, displacement is thought of in terms of motion of a few millimeters (mm) or less. The
measurement of displacement is made frequently to relate to some other measurement and hence
displacement transducers are fundamental components of any instrumentation system Displacement is
closely associated with motion (from one point to another) and position (i.e. a change from one position
to the next). Displacement can be measured by both mechanical and electrical methods, but only
electrical methods which are common in industrial use will be described here.
Definition of a Transducer:
Strain gauge is a positive-type resistance transducer which converts a mechanical displacement into a
change of resistance. It is the most commonly used transducer for the measurement of displacement.
The resistance gauge is essentially a fine wire which changes its resistance, when mechanically strained.
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Measurement of Flow
 Measurement of Liquid Level:Liquid level refers to the position or height of a liquid surface above a datum line.
Level measurements are made to a certain quantity of the liquid held with in a container.
Level offers both the pressure and rate of flow in and out of the container and as such its measurement
and control is an important function in a variety of processes. The task of liquid level measurement may
be accomplished by direct methods and indirect methods.
(1) Direct methods

(2) Indirect methods

(1) Direct methods:This is the simplest method of measuring liquid level. In this method, the level of liquid is measured
directly by means of the following level indicators:
(i) Hook-type Level Indicator
(ii) Sight Glass
(iii) Float-type
(iv) Float and shaft liquid level gauge.
(i) Hook-type Level Indicator:
When the level of liquid in an open tank is measured directly on a scale (the scale may be in the liquid or
outside it), it is sometimes difficult to read the level accurately because of parallax error. In this case a
hook type of level indicator is used.
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Construction:
Hook-type level indicator consists of a wire of corrosion resisting alloy (such as stainless steel) about ¼ in
(0.063 mm) diameter. Bent into U-Shane with one arm longer than the other as shown in Fig. The
shorter arm is pointed with a °60 tater. While the longer one is attached to a slider having a Vernier
scale. Which moves over the main scale and indicates the level.
Working:
In hook-type level indicator, the hook is pushed below the surface of liquid whose level is to be
measured and gradually raised until the point is just about to break through the surface. It is then
clamped, and the level is read on the scale. This principle is further utilized in the measuring point
manometer in which the measuring point consists of a steel point fixed with the point upwards
underneath the water surface.
(ii) Sight Glass:
A sight glass (also called a gauge glass) is another method of liquid level measurement. It is used for the
continuous indication of liquid level within, tank or vessel.

Construction and working:
A sight glass instrument consists of a graduated tube of toughened glass which is connected to the
interior of the tank at the bottom in which the water level is required. Figure shows a simple sight
glass for an open tank in which the liquid level in the sight glass matches the level of liquid in the tank,
As the Ievel of liquid in the tank rises and falls, the level in the sight glass also rises and falls accordingly.
Thus, by measuring the level in the sight glass, the level of liquid in the tank is measured. In sight glass, it
is not necessary to use the same liquid as in the tank. Any other desired liquid also can be used.
(iii) Float-type:
FIoat-Type Level Indicator moat operated level indicator is used to measure liquid levels in a tank in
which a float rests on the surface of liquid and follows the changing level of liquid. The movement of the
float is transmitted to a pointer through a suitable mechanism which indicates the level on a calibrated
scale. Various types of floats are used such as hollow mewl spheres, cylindrical-shaped floats and discshaped floats.

2
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Figure shows the simplest form of float operated mechanism for the continuous liquid level
measurement. In this case, the movement of the float is transmitted to the pointer by stainless steel or
phosphor-bronze flexible cable wound around a pulley, and the pointer indicates liquid level in the tank.
The float is made of corrosion resisting material (such as stainless steel) and rests on liquid level surface
between two grids to avoid error due to turbulence, With this type of instrument, liquid level from ½ ft.
(152 mm) to 60, ft. (1.52 m) can be easily measured.
(2) INDIRECT METHODS:
Indirect methods liquid level measurements converts the changes in liquid level into some other form
such as resistive, capacitive or inductive beyond force, hydrostatic pressure … Etc. and measures them.
Thus the change occurred in these parameters gives the measures of liquid level.
(i) CAPACITIVE LIQUID LEVEL SENSOR:

The principle of operation of capacitance level indicator is based upon the familiar capacitance equation
of a parallel plate capacitor given by:
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𝑐=𝐾

𝐴
𝐷

where, C = Capacitance, in farad
K = Dielectric constant
A = area of plate, in 𝑚2
D= Distance between two plates. in m
Therefore, it is seen from the above elation that if A and D are constant, then the capacitance of a
capacitor is directly proportional to the dielectric constant, and this principle is utilized in the
capacitance level indicator.
Figure shows a capacitance type Liquid level indicator. It consists of an insulated capacitance probe
(which is a metal electrode) firmly fixed near and parallel to the maul wall of the tank If liquid in the tank
is non-inductive, the capacitance probe and the tank wall form the plates of a parallel plate capacitor
and liquid in between them acts as the dielectric. If liquid is conductive, the capacitance probe and liquid
form the plates of the capacitor and the insulation of the probe acts as the dielectric. A capacitance
measuring device is connected with the probe and the tank wall, which is calibrated in terms of the level
of liquid in the tank.

(ii) Ultrasonic method:

Ultrasonic liquid level works on the principle of reflection of the sound wave from the surface of the
liquid. The schematic arrangement of liquid level measurement by ultrasonic liquid level gauge is
illustrated above.
The transmitter ‘T’ sends the ultrasonic wave towards the free surface of the liquid. The wave gets
reflected from the surface. The reflected waves received by the receiver ‘R’. The time taken by the
transmitted wave to travel to the surface of the liquid and then back to the receives gives the level of
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the liquid. As the level of the liquid reaches the time taken to reach the surface of the liquid and then
back to receiver also changes. Thus the change in the level of the liquid are determined accurately.
Advantages:1.
2.

Operating principle is very simple.
It can be used for various types of liquids and solid substances.

Disadvantages:1.
2.

Very expensive.
Very experienced and skilled operator is required for measurement.

(iii) MAGNETIC TYPE LEVEL INDICATORS:

These are used for measuring the toxic and corrosive liquids. It is used to measure the level of liquids
which contain corrosive and toxic materials.
It contains a float in which a magnet is arranged and is placed in the chamber, whose liquid level is to be
determined. The float moves up and down with the increase and decrease in the level of liquid
respectively. A magnetic shielding device and an indicator containing small wafers arranged in series and
attached to the sealed chamber. These wafers are coated with luminous paint and rotate 180*. As the
level changes the float moves (along with the magnet) up and down. Due to this movement of magnet,
wafers rotate and present a black coloured surface for the movement of float in opposite direction.
(iv) Cryogenic fuel level indicator:
A gas which changes its state (gaseous state into liquid state). When cooled to very low temperatures is
known as cryogenic fluid. A cryogenic fluid exists in liquid state at very low temperatures, which are
usually less than the temperature levels at which a superconductor exhibits zero resistance
characteristic.
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(v) Bubbler level indicator:
The Bubbler type level indicator is also known as purge type of liquid level meter.

In this technique of level measurement, the air pressure in the pneumatic pipeline is adjusted and
maintained slightly greater than the hydrostatic pressure at the lower end of the bubbler tube. The
bubbler tube is dipped in the tank such that its lower end is at zero level i.e., reference level, and the
other end is attached to a pressure regulator and a pressure gauge. Now the supply of air through the
bubbler tube is adjusted so that the air pressure is slightly higher than the pressure exerted by the liquid
column in the vessel or tank. This is accomplished by adjusting the air pressure regulator until a slow
discharge of air takes place i.e., bubbles are seen leaving the lower end of the bubbler tube. (In some
cases a small air flow meter is arranged to control an excessive air flow if any). When there is a small
flow of air and the fluid has uniform density, the pressure indicated by the pressure gauge is directly
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proportional to the height of the level in the tank provided the gauge is calibrated properly in unit of
liquid level.
 FLOW MEASUREMENT:Introduction: Measurement of fluid velocity, flow rate and flow quantity with varying degree of
accuracy or a fundamental necessity in almost all the flow situations of engineering. Studying ocean or
air currents, monitoring gas input into a vacuum chamber, measuring blood movement in a vein. The
scientist or engineer is faced with choosing a method to measure flow. For experiment procedures, it
may be necessary to measure the rates of flow either into or out of the engines. “Pumps, compressors
and turbines”. In industrial organizations flow measurement is needed for providing the basis for
controlling processes and operations. That is for determining the proportions of materials entering or
leaving, a continuous manufacturing process. Flow measurements are also made for the purpose of cost
accounting in distribution of water and gas to domestic consumers, and in the gasoline pumping
stations.
TYPES OF FLOW MEASURING INSTRUMENTS:1.
2.
1.

Quantity meters.
Flow meters.
Quantity meters:-

In this class of instruments actual flow rate is measured. Flow rate measurement devices
frequently required accurate. Pressure and temperature measurements in order to calculate the
output of the instrument. The overall accuracy of the instrument depends upon the accuracy of
pressure and temperature measurements.
Quantity meters are used for the calibration of flow meters:
1.

2.

Quantity meters.
a.
Weight or volume tanks.
b.
Positive displacement or semi-positive displacement meters.
Flow meters.
a.
Obstruction meters.
i.
Orifice
ii.
Nozzle
iii.
Venture
iv.
Variable-area meters.
b.
Velocity probes.
i.
Static pressure probes.
ii.
Total pressure probes.
c.
Special methods.
i.
Turbine type meters.
ii.
Magnetic flow meters.
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d.

iii.
Sonic flow meter.
iv.
Hot wire anemometer.
v.
Mass flow meters.
vi.
Vortex shielding phenomenon.
Flow visualization methods.
i.
Shadow grapy.
ii.
Schlieren photography.
iii.
Interferometry.

ROTAMETER:-

The rotameter is the most extensively used form of the variable area flow meter. It consists of a vertical
tapered tube with a float which is free to move up or down within the tube as shown in Fig. The tube is
made tapered so that there is a linear relationship between the flow rate and position in the float within
the tube. The free area between float and inside wall of the tube forms an annular orifice. The tube is
mounted vertically with the small end at the bottom. The fluid to be measured enters the tube from the
boom and passes upward around the float and exit at the top. When there is no flow through the
rotameter, the float rests at the bottom of the metering tube where the maximum diameter of the float
is approximately the same as the bore of the tube. When fluid enters the metering tube, the float moves
up, and the flow area of the annular orifice increases. The pressure differential across the annular orifice
is paranormal to the square of its flow area and to the square of the flow rate. The float is pushed
upward until the `limns force produced by the pressure differential across its upper and lower surface is
equal to the weight of the float If the flow rate rises, the pressure differential and hence the lining force
increases temporarily, and the float then rises, widening the annular orifice until the force cawed by the
pressure differential is again equal to the weight of the Boat.
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Thus, the pressure differential remains constant and the area of the annular orifice (i.e., free area
between float and inside wall of the tube) to which the float moves. Changes in proportion to the flow
rate. Any decrease in flow rate causes the float to drop to a lower position. Every float position
corresponds to one particular flow rate for a quid of a given density and viscosity. A calibration scale
printed on the tube or near it. Provides a direct medication of flow rate. The tube materials of rotameter
may be of glass or metal.
Advantages:1.
2.
3.
4.
5.

Simplicity of operation.
Ease of reading and installation.
Relatively low cost.
Handles wide variety of corrosive fluids.
Easily equipped with data transmission, indicating and recording devices.

Disadvantages:1.
2.
3.
4.
5.

Glass tube subject to breakage.
Limited to small pipe sizes and capacities.
Less accurate compared to venture and orifice meters.
Must be mounted vertically.
Subject to oscillations.

TURBINE FLOW METER:Principle: - the permanent magnet attached to the body of rotor is polarized at 90° to the axis of
rotation. When the rotor rotates due to the velocity of the fluid (V), the permanent magnet also rotates
along with the rotor. Therefore, a rotating magnetic field will be generated which is then cut by the
pickup coil. Due to this ac-voltage pulses are generated whose frequency is directly proportional to the
flow rate.
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𝑓

Q=𝑘

Where, f= total number of pulse, V= volume flow rate, k = flow coefficient
By minimizing the bearing friction and other losses that device can be designed to give linear output.

Advantages:1.
2.
3.
4.
5.

Good accuracy and repeatability.
Easy to install and maintain.
Low pressure drop.
Electrical output is available.
Good transient response.

Disadvantages:1.
2.
3.

High cost.
The bearing of the rotor may subject to corrosion.
Wear and tear problems.

Applications:1.
2.
3.

Used to determine the fluid flow in pipes and tubes.
Flow of water in rivers.
Used to determine wind velocity in weather situations or conditions.
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HOT WIRE ANEMOMETER:Principle:- When a fluid flows over an electrically heated surface, heat transfer takes place from the
surface or wire to the fluid. Hence, the temperature of the heated wire decreases which causes
variations in the resistance. The change that occurred in the resistance of the wire is related to the flow
rate.

The sensor is a 5 micron diameter platinum tungsten wire welded between the two prongs of the probe
and heated electrically as a part of Wheat stone bridge circuit. When the probe is introduced into the
fluid flowing, it tends to be cooled by the instantaneous velocity and consequently there is a tendency
for the electrical resistance to change. The rate of cooling depends up on the dimensions and physical
properties of the wire. Difference of the temperature between the wire and fluid, physical properties of
the fluid, string velocity under measurement.
Depending on the associated electronic equipment, the hot wire may be operated in two modes:
1.

Constant current mode: -

Here the voltage across the bridge circuit is kept constant. Initially the circuit is adjusted such that the
galvanometer reads zero, when the heated wire lies in stationary. Air when the air flows the hot wire

www.jntuworld.com || www.jwjobs.net

www.jntuworld.com || www.android.jntuworld.com || www.jwjobs.net || www.android.jwjobs.net

cools, the resistance changes and the galvanometer deflects. The galvanometer deflections are
amplified measured in terms of air velocity or liquid velocity or gas velocity.
2.

Constant temperature mode: -

Here the resistance of the wire and its temperature is maintained constant in the event of the tendency
of the hot wire to cool by the flowing fluid, the external bridge voltage is applied to the wire to maintain
a constant temperature. The reading on the voltmeter is recorded and correlated with air velocity.

MAGNETIC FLOWMETER: Magnetic flow meter depends up on the faradays law of electromagnetic induction. These meters utilize
the principles of faradays law of electromagnetic induction for making a flow measurement. It states
that whenever a conductor moves through a magnet field of given field strength; a voltage is induced in
the conductor, which is proportional to the relative between the conductor and the magnetic field. In
case of magnetic flow meters electrically conductive flowing liquid works as the conductor the induced
voltage.
e= 𝐵 𝐿 𝑉 × 10−8
Where, e=induced voltage, B=magnetic flux density in gauss, L=length of the conductor in cm,
V=velocity of the conductor in m/sec.
The equation of continuity, to convert a velocity measurement to volumetric flow rate is given by
Q=AV
Where,

Q=volumetric flow rate, A=cross sectional area of flow meter, V=fluid velocity.
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Construction and Working:

Fig illustrates the basic operating principle of a magnetic flowmeter in which the flowing liquid acts as
the conductor. The length L of which is the distance between the electrodes and equals the pipe
diameter. As the liquid passes through the pipe section, it also passes through the magnetic field set up
by the magnet coils, thus inducing the voltage in the liquid which is detected by the pair of electrodes
mounted in the pipe wall. The amplitude of the induced voltage is proportional to the velocity of the
flowing liquid. The magnetic coils may energized either by AC or DC voltage, but the recent development
is the pulsed DC-type in which the magnetic coils are periodically energized.
Advantages:1.
2.
3.
4.

It can handle greasy materials.
It can handle corrosive fluids.
Accuracy is good.
It has very low pressure drop.

Disadvantages:1.
2.
3.
4.

Cost is more.
Heavy and larger in sizes.
Explosion proof when installed in hazardous electrical areas.
It must be full at all times.

Applications:1.
2.
3.
4.

Corrosive acids.
Cement slurries.
Paper bulb.
Detergents.
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5.

Bear … Etc.

ULTRASONIC FLOW METER:-

The velocity of propagation of ultrasonic sound waves in a fluid is changed when the velocity of the flow
of fluid changes. The arrangement of flow rate measurement using ultrasonic transducer contains two
piezo-electric crystals placed in the fluid whose flow rate is to be measured of these two crystals one
acts as a transmitting transducer and the other acts as a receiving transducer. The transmitter and
receiver are separated by some distance say “L”. Generally the transmitting transducer is placed in the
upstream and it transmits ultrasonic pulses. These ultrasonic pulses are then received by the receiving
transducer placed at the downstream flow. Let the time taken by the ultrasonic pulsed to travel from
the transmitter and received at the receiver is “delta”. If the direction of propagation of the signal is
same as the direction of flow then the transit time can be given by:
∆ 𝑡1 =

𝐿
𝑉𝑠 − 𝑉

Where L=distance between the transmitter and receiver, Vs =velocity of sound in the fluid, V=velocity of
flow in the pipe.
If the direction of the signal is opposite with the direction of the flow then the transit time is given by:
∆ 𝑡2 =

𝐿
𝑉𝑠 − 𝑉

∆ 𝑡 = ∆ 𝑡2 − ∆ 𝑡1
∆𝑡 =

2𝐿𝑉
2

𝑉𝑠 − 𝑉 2

Compared to the velocity of the sound the velocity of the flowing fluid is very very less. So,
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∆𝑡 =

2𝐿𝑉
𝑉𝑠 2

Therefore the change in time is directly proportional to the velocity of fluid flow
∴∆𝑡 ∝𝑉

LASER DOPPLER ANEMOMETER (LDA):-

The optical flow visualization methods offer the advantage that they do not disturb the flow during the
measurement process. The LDA is a device that offers the non-disturbance advantages of optical
methods while affording a very precise quantitate measurement of flow velocity. This instrument is the
most recent development in the area of flow measurement, especially measurement of high frequency
turbulence fluctuation. The operating principle of this instrument involves the focusing of laser beams at
a point, where the velocity is to be measured and then sensing with a photo detector. The light
scattered by then particles carried along with the fluid as it passes though the laser focal point. The
velocity of the particles which is assumed to be equal to the fluid velocity causes a Doppler shift of the
frequency of the scattered light and produces a photo detector signal related to the velocity.
f=

𝜃
2

2 𝑉 sin( )
𝜆

𝜆= wave length of the laser beam in the flow.
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Density is a significant part of measurement and instrumentation. Density measurements are made for
at least two important reasons: (1) for the determination of mass and volume of products, and (2) the
quality of the product. In many industrial applications, density measurement ascertains the value of the
product.
Density is defined as the mass of a given volume of a substance under fixed conditions. However,
ultimate care must be exercised in measurements because density varies with pressure and temperature.
The variation is much greater in gases.
In many modern applications, the densities of products are obtained by sampling techniques. In
measurements, there are two basic concepts: static density measurements and dynamic (on-line) density
measurements. Within each concept, there are many different methods employed. These methods are
based on different physical principles. In many cases, the application itself and the characteristics of the
process determine the best suitable method to be used. Generally, static methods are well developed,
lower in cost, and more accurate. Dynamic samplers are expensive, highly automated, and use microprocessor-based signal processing devices. Nevertheless, nowadays, many static methods are also computerized, offering easy to use, flexible, and self-calibrating features.
There is no single universally applicable density measurement technique. Different methods must be
employed for different products and materials. In many cases, density is normalized under reference
conditions.
The density of a substance is determined by dividing the density of that substance by the density of a
standard substance obtained under the same conditions. This dimensionless ratio is called the specific
gravity (SG), also termed the relative density. The specific gravities of liquid and gases under reference
conditions are given by:

Liquid SG = density of liquid density of water

(21.1)

Gas SG = density of gas density of air

(21.2)

Commonly accepted sets of conditions are normal temperature and pressure (NTP) and standard
temperature and pressure (STP). NTP is usually taken as the temperature of 0.00°C and a pressure of
760 mm Hg. The NTP is accepted as 15.00 or 15.56°C and 101.325 kPa.

21.1 Solid Density
If the uniformity is maintained, the determination of density of solids is a simple task. Once the volume
of the solid and its mass are known, the density can be found using the basic ratio: density = mass/volume
(kg m–3).
However, in many applications, solids have different constituents and are made up from different
materials having different ratios. Their volumes can also change often. In these cases, dynamic methods
are employed, such as radioactive absorption types, ultrasonic, and other techniques. Some of these
methods are described below.

21.2 Fluid Density
The measurement of densities of fluids is much more complex than for solids. For fluid densities, many
different techniques are available. This is mainly due to complexities in processes, variations of fluid
densities during the processes, and diverse characteristics of the process and the fluids themselves. Some
of these methods are custom designed and applicable to special cases only. Others are very similar in
principles and technology, and applicable to many different type of fluids. At present, apart from conventional methods, there are many novel and unusual techniques undergoing extensive development and
research. For example, densitometers based on electromagnetic principles [1] can be given as part of an
intelligent instrumentation system.
Fluids can be divided to liquids and gases. Extra care and further considerations are necessary in gas
density measurements. For example, perfect gases contain an equal number of molecules under the same
conditions and volumes. Therefore, molecular weights can be used in density measurements.
Depending on the application, fluid densities can be measured both in static and dynamic forms. In
general, static density measurements of fluids are well developed, precise, and have greater resolution
than most dynamic techniques. Pycnometers and buoyancy are examples of static techniques that can
be adapted to cover small density ranges with a high resolution and precision. Nowadays, many manufacturers offer dynamic instruments previously known to be static. Also, many static density measurement
devices are computerized and come with appropriate hardware and software. In general, static-type
measurements are employed in laboratory conditions, and dynamic methods are employed for real-time
measurements where the properties of a fluid vary from time to time.
In this chapter, the discussion will concentrate on the commonly applied, modern density measuring
devices. These devices include:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Pycnometric densitometers
Buoyancy-type densitometers
Hydrometers
Hydrostatic weighing densitometers
Balance-type densitometers
Column-type densitometers
Vibrating element densitometers
Radioactive densitometers
Refractometer and index of reflection densitometers
Coriolis densitometers
Absorption-type densitometers

FIGURE 21.1 A pycnometer. A fixed volume container
is filled with liquid and weighed accurately; capillary is
used to determine the exact volume of the liquid.

Pycnometric Densitometers
Pycnometers are static devices. They are manufactured as fixed volume vessels that can be filled with the
sample liquid. The density of the fluid is measured by weighing the sample. The simplest version consists
of a vessel in the shape of a bottle with a long stopper containing a capillary hole, as shown in Figure 21.1.
The capillary is used to determine the exact volume of the liquid, thus giving high resolution when filling
the pycnometer. The bottle is first weighed empty, and then with distilled-aerated water to determine
the volume of the bottle. The bottle is then filled with the process fluid and weighed again. The density
is determined by dividing the mass by the volume. The specific gravity of the liquid is found by the ratio
of the fluid mass to water mass. When pycnometers are used, for good precision, ultimate care must be
exercised during the measurements; that is, the bottle must be cleaned after each measurement, the
temperature must be kept constant, and precision balances must be used. In some cases, to ensure filling
of the pycnometer, twin capillary tubes are used. The two capillaries, made of glass, are positioned such
that the fluid can be driven into the vessel under vacuum conditions. Accurate filling to graduation marks
on the capillary is then made.
The pycnometers have to be lightweight, strong enough to contain samples, and they need to be
nonmagnetic for accurate weighing to eliminate possible ambient magnetic effects. Very high-resolution
balances must be used to detect small differences in weights of gases and liquids. Although many
pycnometers are made of glass, they are also made of metals to give enough strength for the density
measurements of gases and liquids at extremely high pressures. In many cases, metal pycnometers are
necessary for taking samples from the line of some rugged processes.
Pycnometers have advantages and disadvantages. Advantages are that if used correctly, they are accurate; and they can be used for both density and specific gravity measurements. The disadvantages include:
1. Great care must be exercised for accurate results.
2. The sample must be taken off-line, with consequent time lag in results. This creates problems of
relating samples to the materials that exist in the actual process.
3. High-precision pycnometers are expensive. They require precision weighing scales and controlled
laboratory conditions. Specialized techniques must be employed to take samples in high-pressure
processes and hostile conditions, such as offshore installations.
4. Their good performances might depend on the skill of operator.

Buoyancy-Type Densitometers
The buoyancy method basically uses Archimedes principle. A suspended sinker, with a known mass and
volume attached to a fine wire, is totally immersed in the sample liquid. A precision force balance is used
to measure the force to support the sinker. Once the mass, volume, and supporting weight of the sinker

FIGURE 21.2 Hydrometer. A fixed weight and volume
bulb is placed into the liquid. The bulb sinks in the liquid,
depending on its density. The density is read directly from
the scale. Temperature correction is necessary.

are known, the density of the liquid can be calculated. However, some corrections need to be made for
surface tension on the suspension wire, the cubicle expansion coefficient of the sinker, and the temperature of process. Buoyancy-type densitometers give accurate results and are used for the calibration of
the other liquid density transducers.
One advanced version of the buoyancy technique is the magnetic suspension system. The sinker is
fully enclosed in a pressure vessel, thus eliminating surface tension errors. Their uses can also be extended
to applications such as the specific gravity measurements under low vapor pressures and density measurements of hazardous fluids.

Hydrometers
Hydrometers are the most commonly used devices for measurement of the density of liquids. They are
so commonly used that their specifications and procedure of use are described by national and international standards, such as ISO 387. The buoyancy principle is used as the main technique of operation.
The volume of fixed mass is converted to a linear distance by a sealed bulb-shaped glass tube containing
a long stem measurement scale, shown in Figure 21.2. The bulb is ballasted with a lead shot and pitch,
the mass of which depends on the density range of the liquid to be measured. The bulb is simply placed
into the liquid and the density is read from the scale. The scale is graduated in density units such as
kg m–3. However, many alternative scales are offered by manufacturers, such as specific gravity, API gravity,
Brix, Brine, etc. Hydrometers can be calibrated for different ranges for surface tensions and temperatures.
Temperature corrections can be made for set temperature such as 15°C, 20°C, or 25°C. ISO 387 covers
a density range of 600 kg m–3 to 2000 kg m–3. Hydrometers have a number of advantages and disadvantages. The advantages include:
1. Relatively low cost and easy to use
2. Good resolution for small range
3. Traceable to national and international standards
The disadvantages include:
1. They have small span; therefore, a number of meters are required to cover a significant range.
2. They are made from glass and fragile. Metal and plastic versions are not as accurate.
3. The fluid needs to be an off-line sample, not representing the exact conditions of the process.
There are pressure hydrometers for low vapor pressure hydrocarbons, but this adds a need for
accurately determining the pressure too.
4. If good precision is required, they are difficult to use, needing surface tension and temperature
corrections. Further corrections could be required for opaque fluids.

FIGURE 21.3 Hydrostatic weighing. The total weight of a fixed-volume tube containing liquid is determined
accurately. The density is calculated using mass: volume ratio.

Hydrostatic Weighing Densitometers
The most common device using a hydrostatic weighing method consists of a U-tube that is pivoted on
flexible end couplings. A typical example is shown in Figure 21.3. The total weight of the tube changes,
depending on the density of fluid flowing through it. The change in the weight needs to be measured
accurately, and there are a number of methods employed to do this. The most common commercial
meters use a force balance system. The connectors are stainless steel bellows. In some cases, rubber or
PTFE are used, depending on the process fluid characteristics and the accuracy required. There are
temperature and pressure limitations due to bellows, and the structure of the system may lead to a reading
offset. The meter must be securely mounted on a horizontal plane for optimal accuracy.
The advantages of this method include:
1. They give continuous reading and can be calibrated accurately.
2. They are rugged and can be used for two-phase liquids such as slurries, sugar solutions, powders,
etc.
The disadvantages of these meters include:
1. They must be installed horizontally on a solid base. These meters are not flexible enough to adapt
to any process; thus, the process must be designed around it.
2. They are bulky and cumbersome to use.
3. They are unsuitable for gas density measurements.

Balance-Type Densitometers
Balance-type densitometers are suitable for liquid and gas density measurements. Manufacturers offer
many different types; four of the most commonly used ones are discussed below.
Balanced-Flow Vessel
A fixed volume vessel as shown in Figure 21.4 is employed for the measurements. While the liquid is
flowing continuously through the vessel, it is weighed automatically by a sensitive scale — a spring balance
system or a pneumatic force balance transmitter. Because the volume and the weight of the liquid are
known, the density or specific gravity can easily be calculated and scaled in respective units. In the design
process, extra care must be exercised for the flexible end connections.

FIGURE 21.4 Balanced flow vessel. An accurate spring balance or force balance system is used to weigh the vessel
as the liquid flows through it.

FIGURE 21.5 Chain balance float. The fixed volume and weight plummet totally suspended in the liquid assumes
equilibrium position, depending on the density. The force exerted by the chains on the plummet is a function of
plummet position; hence, the measured force is proportional to the density of the liquid.

Chain Balanced Float
In this system, a self-centering, fixed-volume, submerged plummet is used for density measurements, as
illustrated in Figure 21.5. The plummet is located entirely under the liquid surface. At balance, the
plummet operates without friction and is not affected by surface contamination. Under steady-state
conditions, the plummet assumes a stable position. The effective weight of the chain on the plummet
varies, depending on the position of the plummet, which in turn is a function of the density of the liquid.
The plummet contains a metallic transformer core that transmits changes in the position to be measured
by a pickup coil. The voltage differential, a function of plummet displacement, is calibrated as a measure
of variations in specific gravity. A resistance thermometer bridge is used for the compensation of temperature effects on density.
Gas Specific Gravity Balance
A tall column of gas is weighed by the floating bottom of the vessel. This weight is translated into the
motion of an indicating pointer, which moves over a scale graduated in units of density or specific gravity.
This method can be employed for any gas density measurement.

FIGURE 21.6 Buoyancy gas balance. The position of the balance beam is adjusted by a set pressure air, air is then
displaced by gas of the same pressure. The difference in the reading of the balance beam gives the SG of the gas. The
pressures are read on the manometer.

FIGURE 21.7 Reference column densitometer. Two identical tubes, having the same distance from the surface, are
placed in water and liquid. Water with known density characteristics is used as the reference. The pressures necessary
to displace the fluids inside the tubes are proportional to the densities of the fluids. The pressure difference at the
differential pressure transmitter is translated into relative densities.

Buoyancy Gas Balance
In this instrument, a displacer is mounted on a balance beam in a vessel, as shown in Figure 21.6. The
displacer is balanced for air, and the manometer reading is noted at the exact balance pressure. The air
is then displaced by gas, and the pressure is adjusted until the same balance is restored. The ratio of the
pressure of air to the pressure of gas is then the density of the gas relative to air. This method is commonly
applied under laboratory conditions and is not suitable for continuous measurements.

Column-Type Densitometers
There are number of different versions of column methods. As a typical example, a reference column
method is illustrated in Figure 21.7. A known head of sample liquid and water from the respective bubbler
pipes are used. A differential pressure measuring device compares the pressure differences, proportional
to relative densities of the liquid and the water. By varying the depth of immersion of the pipes, a wide

FIGURE 21.8 Two-tube column densitometer. The pressure difference at the differential pressure transmitter
depends on the relative positions of the openings of the pipes and the density of liquid. Once the relative positions
are fixed, the pressure difference can be related to the equivalent weight of the liquid column at the openings of the
pipes, hence the density of the liquid.

FIGURE 21.9 Suppression-type, two-tube column densitometer. Operation principle is the same as in Figures 21.7
and 21.8. In this case, the suppression chamber affords greater accuracy in readings.

range of measurements can be obtained. Both columns must be maintained at the same temperature to
avoid the necessity for corrections of temperature effects.
A simpler and more widely used method of density measurement is achieved by the installation of
two bubbler tubes as illustrated in Figure 21.8. The tubes are located in the sample fluid such that the
end of one tube is higher than that of the other. The pressure required to bubble air into the fluid from
both tubes is equal to the pressure of the fluid at the end of the bubbler tubes. The outlet of one tube
higher than the other and the distances of the openings of the tubes are fixed; hence, the difference in
the pressure is the same as the weight of a column of liquid between the ends. Therefore, the differential
pressure measurement is equivalent to the weight of the constant volume of the liquid, and calibrations
can be made that have a direct relationship to the density of the liquid. This method is accurate to within
0.1% to 1% specific gravity. It must be used with liquids that do not crystallize or settle in the measuring
chamber during measurements.
Another version is the range suppression type, which has an additional constant pressure drop chamber
as shown in Figure 21.9. This chamber is in series with the low-pressure side to give advantages in scaling
and accurate readings of densities.

Vibrating Element Densitometers
If a body containing or surrounded by a fluid is set to resonance at its natural frequency, then the
frequency of oscillation of the body will vary as the fluid properties and conditions change. The natural
frequency is directly proportional to the stiffness of the body and inversely proportional to the combined
mass of the body and the fluid. It is also dependent on the shape, size, and elasticity of the material,
induced stress, mass, and mass distribution of the body. Basically, the vibration of the body can be equated
to motion of a mass attached to a mechanical spring. Hence, an expression for the frequency can be
written as:

( (

))

Resonant frequency = SQRT K M + kρ

(21.3)

where K is the system stiffness, M is the transducer mass, k is the system constant, and ρ is the fluid density.
A factor common to all types of vibrating element densitometers is the problem of setting the element
in vibration and maintaining its natural resonance. There are two drives for the purpose.
Magnetic Drives
Magnetic drives of the vibrating element and the pickup sensors of vibrations are usually achieved using
small coil assemblies. Signals picked up by the sensors are amplified and fed back as a drive to maintain
the disturbing forces on the vibrating body of the meter.
In order to achieve steady drives, the vibrating element sensor can be made from nonmagnetic
materials. In this case, small magnetic armatures are attached.
The main advantage of magnetic drive and pickup systems is they are noncontact methods. They use
conventional copper windings and they are reliable within the temperature range of –200 to +200°C.
Piezoelectric Drives
A wide range of piezoelectric materials are available to meet the requirements of driving vibrating
elements. These materials demonstrate good temperature characteristics as do magnetic drive types. They
also have the advantage of being low in cost. They have high impedance, making the signal conditioning
circuitry relatively easy. They do not require magnetic sensors.
The piezoelectric drives are mechanically fixed on the vibrating element by adhesives. Therefore,
attention must be paid to the careful placement of the mount in order to reduce the strain experienced
by the piezo element due to thermal and pressure stresses while the instrument is in service.
A number of different types of densitometers have been developed that utilize this phenomenon. The
three main commercial types are introduced here.
Vibrating Tube Densitometers
These devices are suitable for highly viscous liquids or slurry applications. The mode of operation of
vibration tube meters is based on the transverse vibration of tubes as shown in Figure 21.10. The tube
and the driving mechanisms are constrained to vibrate on a single plane. As the liquid moves inside the
tube, the density of the entire mass of the liquid is measured. The tube length is approximately 20 times
greater than the tube diameter.
A major design problem with the vibrating tube method is the conflict to limit the vibrating element
to a finite length and accurately fix the nodes. Special attention must be paid to avoid any exchange of
vibrational energy outside the sensory tube. The single tube has the disadvantage of presenting obstruction to the flow, thus experiencing some pressure losses. The twin tube, on the other hand, offers very
small blockage (Figure 21.11) and can easily be inspected and cleaned. Its compact size is another distinct
advantage. In some densitometers, the twin tube is designed to achieve a good dynamic balance, with
the two tubes vibrating in antiphase. Their nodes are fixed at the ends, demonstrating maximum sensitivity to installation defects, clamping, and mass loading.

FIGURE 21.10 Vibrating tube densitometer. Tube containing fluid is vibrated at resonant frequency by electromagnetic vibrators. The resonant frequency, which is a function of the density of the fluid, is measured accurately. The
tube is isolated from the fixtures by carefully designed bellows.

FIGURE 21.11 Two-tube vibrating densitometer. Two tubes are vibrated in antiphase for greater accuracy. Twintube densitometers are compact in size and easy to use.

The main design problems of the vibrating tube sensors are in minimizing the influence of end padding
and overcoming the effects of pressure and temperature. Bellows are used at both ends of the sensor
tubes to isolate the sensors from external vibrations. Bellows also minimize the end loadings due to
differential expansions and installation stresses.
The fluid runs through the tubes; therefore, no pressure balance is required. Nevertheless, in some
applications, the pressure stresses the tubes, resulting in stiffness changes. Some manufacturers modify
the tubes to minimize the pressure effects. In these cases, corrections are necessary only when high
accuracy is mandatory. The changes in the Young’s modulus with temperature can be reduced to nearzero using Ni-span-C materials whenever corrosive properties of fluids permit. Usually, manufacturers
provide pressure and temperature correction coefficients for their products.
It is customary to calibrate each vibration element densitometer against others as a transfer of standards. Often, the buoyancy method is used for calibration purposes. The temperature and pressure
coefficients are normally found by exercising the transducer over a range of temperatures and pressures
on a liquid with well-known properties. Prior to calibration, the vibration tube densitometers are subjected to a programmed burn-in cycle to stabilize them against temperatures and pressures.
Vibrating Cylinder Densitometers
A thin-walled cylinder, with a 3:1 length:diameter ratio, is fixed with stiff ends. The thickness of the
cylinder wall varies from 25 µm to 300 µm, depending on the density range and type of fluid used. The
cylinder can be excited to vibrate in a hoop mode by magnetic drives mounted either in or outside the
cylinder.
For good magnetic properties, the cylinder is made of corrosion-resistant magnetic materials. Steel
such as FV520 is often used for this purpose. Such materials have good corrosion-resistance characteristics;
unfortunately, due to their poor thermoelastic properties, they need extensive temperature corrections.

FIGURE 21.12 Tuning fork densitometer. Twin forks are inserted into the fluid and the natural frequencies are
measured accurately. The natural frequency of the forks is a function of the density of the fluid.

Nickel-iron alloys such as Ni-span-C are often used to avoid temperature effects. Once correctly treated,
the Ni-span-C alloy has near-zero Young’s modulus properties. Because the cylinder is completely
immersed in the fluid, there are no pressure coefficients.
The change in the resonant frequency is determined by the local mass loading of the fluid in contact
with the cylinder. The curve of frequency against density is nonlinear and has a parabolic shape, thus
requiring linearization to obtain practical outputs. The resonant frequency range varies from 2 kHz to
5 kHz, depending on the density range of the instrument. The cylinders need precision manufacturing
and thus are very expensive to construct. Each meter needs to be calibrated individually for different
temperatures and densities to suit specific applications. In the case of gas density applications, gases with
well-known properties (e.g., pure argon or nitrogen) are used for calibrations. In this case, the meters
are subjected to a gas environment with controlled temperature and pressure. The calibration curves are
achieved by repetitions to suit the requirements of individual customers for particular applications. In
the case of liquids, the meters are calibrated with liquids of known density, or they are calibrated against
another standard (e.g., pycnometer or buoyancy type densitometers).
Vibration cylinder-type densitometers have zero pressure coefficients and they are ideal for liquefied
gas products or refined liquids. Due to relatively small clearances between cylinder and housing, they
require regular cleaning. They are not suitable for liquids or slurries with high viscous properties.
Tuning Fork Densitometers
These densitometers make use of the natural frequency of low-mass tuning forks, shown in Figure 21.12.
In some cases, the fluid is taken into a small chamber in which the electromechanically driven forks are
situated. In other cases, the fork is inserted directly into the liquid. Calibration is necessary in each
application.
The advantages of vibrating element meters include:
1.
2.
3.
4.
5.

They are suitable for both liquids and gases with reasonable accuracy.
They can be designed for real-time measurements.
They can easily be interfaced because they operate on frequencies and are inherently digital.
They are relatively robust and easy to install.
Programmable and computerized versions are available. Programmed versions make all the corrections automatically. They provide the output of live density, density at reference conditions,
relative density, specific gravity, concentration, solid contents, etc.

The disadvantages include:
1. They do not relate directly to primary measurements; therefore, they must be calibrated.
2. They all have problems in measuring multiphase liquids.

Radioactive Densitometers
As radioactive isotopes decay, they emit radiation in the form of particles or waves. This physical
phenomenon can be used for the purposes of density measurement. For example, γ rays are passed

through the samples and their rate of arrivals are measured using ion- or scintillation-based detection [2].
Generally, γ-ray mass absorption rate is independent of material composition; hence they can be programmed for a wide range materials. Densitometers based on radiation methods can provide accuracy
up to +0.0001 g mL–1. Many of these devices have self-diagnostic capabilities and are able to compensate
for drift caused by source decay, thus pinpointing any signaling problems.
If γ rays of intensity J0 penetrate a material of a density ρ and thickness d then the intensity of the
radiation after passing through the material can be expressed by:

(

J = J 0 exp n ρ d

)

(21.4)

where n is the mass absorption coefficient.
The accuracy of the density measurement depends on the accuracy of the measurement of the intensity
of the radiation and the path length d. A longer path length through the material gives a stronger detection
signal.
For accurate operations, there are many arrangements for relative locations of transmitters and detectors, some of which are illustrated in Figures 21.13 and 21.14. Generally, the source is mounted in a lead
container clamped onto the pipe or the container wall. In many applications, the detector is also clamped
onto the wall.

FIGURE 21.13 Fixing radioactive densitometer on an enlarged pipe. The pipe is enlarged to give longer beam length
through the liquid, and hence better attenuation of the radioactive energy.

FIGURE 21.14 Fixing radioactive densitometer on an elongated pipe. Elongated path yields a longer path length
of the radioactive energy through the liquid; hence, a stronger attenuation.

The advantages of using radioactive methods include:
1.
2.
3.
4.

The sensor does not touch the sample; hence, there is no blockage to the path of the liquid.
Multiphase liquids can be measured.
They come in programmable forms and are easy to interface.
They are most suitable in difficult applications, such as mining and heavy process industries.

The disadvantages include:
1.
2.
3.
4.

A radioactive source is needed; hence, there is difficulty in handling.
For reasonable accuracy, a minimum path length is required.
There could be long time constants, making them unsuitable in some applications.
They are suitable only for solid and liquid density measurements.

Refractometer and Index of Refraction Densitometers
Refractometers are essentially optical instruments operating on the principles of refraction of light
traveling in liquid media. Depending on the characteristics of the samples, measurement of refractive
index can be made in a variety of ways (e.g., critical angle, collimation, and displacement techniques).
Usually, an in-line sensing head is employed, whereby a sensing window (commonly known as a prism)
is wetted by the product to be measured. In some versions, the sensing probes must be installed inside
the pipelines or in tanks and vessels. They are most effective in reaction-type process applications where
blending and mixing of liquids take place. For example, refractometers can measure dissolved soluble
solids accurately.
Infrared diodes, lasers, and other lights may be used as sources. However, this measurement technique
is not recommended in applications in processes containing suspended solids, high turbidity, entrained
air, heavy colors, poor transparency and opacity, or extremely high flow rates. The readings are automatically corrected for variations in process temperature. The processing circuitry can include signal
outputs adjustable in both frequency and duration.
Another version of a refractometer is the index of refraction type densitometer. For example, in the
case of position-sensitive detectors, the index of refraction of liquid under test is determined by measuring
the lateral displacement of a laser beam. When the laser beam impinges on the cell at an angle of incidence,
as in Figure 21.15, the axis of the emerging beam is displaced by the cell wall and by the inner liquid.
The lateral displacement can accurately be determined by position-sensitive detectors. For maximum
sensitivity, the devices need to be calibrated with the help of interferometers.
Refractometers are often used for the control of adulteration of liquids of common use (e.g., edible
oils, wines, and gasoline). They also find application in pulp and paper, food and beverage, sugar, dairy,
and other chemical industries.

Coriolis Densitometers
The Coriolis density metering systems are similar to vibrating tube methods, but with slight variations
in the design. They are comprised of a sensor and a signal-processing transmitter. Each sensor consists
of one or two flow tubes enclosed in a sensor housing. They are manufactured in various sizes and shapes
[3]. The sensor tubes are securely anchored at the fluid inlet and outlet points and force is vibrated at
the free end, as shown in Figure 21.16. The sensor operates by applying Newton’s second law of motion
(F = ma).
Inside the housing, the tubes are vibrated in their natural frequencies using drive coils and a feedback
circuit. This resonant frequency of the assembly is a function of the geometry of the element, material
of construction, and mass of the tube assembly. The tube mass comprises two parts: the mass of the tube
itself and the mass of the fluid inside the tube. The mass of the tube is fixed for a given sensor. The mass
of fluid in the tube is equal to the fluid density multiplied by volume. Because the tube volume is constant,
the frequency of oscillation can be related directly to the fluid density. Therefore, for a given geometry

FIGURE 21.15 Index of refraction-type densitometer. The angle of refraction of the beam depends on the shape,
size, and thickness of the container, and the density of fluid in the container. Because the container has the fixed
characteristics, the position of the beam can be related to density of the fluid. Accurate measurement of the position
of the beam is necessary.

FIGURE 21.16 Coriolis densitometer. Vibration of the tube is detected and related to the mass and flow rate of the
fluid. Further calibrations and calculations must be made to determine the densities.

of tube and the material of the construction, the density of the fluid can be determined by measuring
the resonant frequency of vibration. Temperature sensors are used for overcoming the effects of changes
in modulus of elasticity of the tube. The fluid density is calculated using a linear relationship between
the density and the tube period and calibration constants.
Special peripherals, based on microprocessors, are offered by various manufacturers for a variety of
measurements. However, all density peripherals employ the natural frequency of the sensor coupled with
the sensor temperature to calculate on-line density of process fluid. Optional communication, interfacing
facilities, and appropriate software are also offered.

Absorption-Type Densitometers
Absorption techniques are also used for density measurements in specific applications. X-rays, visible
light, UV light, and sonic absorptions are typical examples of this method. Essentially, attenuation and
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30.1 Shear Viscosity
An important mechanical property of fluids is viscosity. Physical systems and applications as diverse as
fluid flow in pipes, the flow of blood, lubrication of engine parts, the dynamics of raindrops, volcanic
eruptions, planetary and stellar magnetic field generation, to name just a few, all involve fluid flow and
are controlled to some degree by fluid viscosity. Viscosity is defined as the internal friction of a fluid. The
microscopic nature of internal friction in a fluid is analogous to the macroscopic concept of mechanical
friction in the system of an object moving on a stationary planar surface. Energy must be supplied (1) to
overcome the inertial state of the interlocked object and plane caused by surface roughness, and (2) to
initiate and sustain motion of the object over the plane. In a fluid, energy must be supplied (1) to create
viscous flow units by breaking bonds between atoms and molecules, and (2) to cause the flow units to
move relative to one another. The resistance of a fluid to the creation and motion of flow units is due
to the viscosity of the fluid, which only manifests itself when motion in the fluid is set up. Since viscosity
involves the transport of mass with a certain velocity, the viscous response is called a momentum transport
process. The velocity of flow units within the fluid will vary, depending on location. Consider a liquid
between two closely spaced parallel plates as shown in Figure 30.1. A force, F, applied to the top plate
causes the fluid adjacent to the upper plate to be dragged in the direction of F. The applied force is
communicated to neighboring layers of fluid below, each coupled to the driving layer above, but with
diminishing magnitude. This results in the progressive decrease in velocity of each fluid layer, as shown
by the decreasing velocity vector in Figure 30.1, away from the upper plate. In this system, the applied
force is called a shear (when applied over an area it is called a shear stress), and the resulting deformation
rate of the fluid, as illustrated by the velocity gradient dUx /dz, is called the shear strain rate, γ· zx . The
mathematical expression describing the viscous response of the system to the shear stress is simply:

τzx =

ηdU x
= ηγ˙ zx
dz

(30.1)

where τzx , the shear stress, is the force per unit area exerted on the upper plate in the x-direction (and
hence is equal to the force per unit area exerted by the fluid on the upper plate in the x-direction under
the assumption of a no-slip boundary layer at the fluid–upper plate interface); dUx /dz is the gradient of
the x-velocity in the z-direction in the fluid; and η is the coefficient of viscosity. In this case, because one
is concerned with a shear force that produces the fluid motion, η is more specifically called the shear

FIGURE 30.1 System for defining Newtonian viscosity. When the upper plate is subjected to a force, the fluid
between the plates is dragged in the direction of the force with a velocity of each layer that diminishes away from
the upper plate. The reducing velocity eventually reaches zero at the lower plate boundary.

dynamic viscosity. In fluid mechanics, diffusion of momentum is a more useful description of viscosity
where the motion of a fluid is considered without reference to force. This type of viscosity is called the
kinematic viscosity, ν, and is derived by dividing dynamic viscosity by ρ, the mass density:

ν=

η
ρ

(30.2)

The definition of viscosity by Equation 30.1 is valid only for laminar (i.e., layered or sheet-like) or
streamline flow as depicted in Figure 30.1, and it refers to the molecular viscosity or intrinsic viscosity.
The molecular viscosity is a property of the material that depends microscopically on bond strengths,
and is characterized macroscopically as the fluid’s resistance to flow. When the flow is turbulent, the
diffusion of momentum is comprised of viscous contributions from the motion, sometimes called the
eddy viscosity, in addition to the intrinsic viscosity. Viscosities of turbulent systems can be as high as 106
times greater than viscosities of laminar systems, depending on the Reynolds number.
Molecular viscosity is separated into shear viscosity and bulk or volume viscosity, ηv , depending on the
type of strain involved. Shear viscosity is a measure of resistance to isochoric flow in a shear field, whereas
volume viscosity is a measure of resistance to volumetric flow in a three-dimensional stress field. For
most liquids, including hydrogen bonded, weakly associated or unassociated, and polymeric liquids as
well as liquid metals, η/ηv ≈ 1, suggesting that shear and structural viscous mechanisms are closely related
[1].
The shear viscosity of most liquids decreases with temperature and increases with pressure, which is
opposite to the corresponding responses for gases. An increase in temperature usually causes expansion
and a corresponding reduction in liquid bond strength, which in turn reduces the internal friction.
Pressure causes a decrease in volume and a corresponding increase in bond strength, which in turn
enhances the internal friction. For most situations, including engineering applications, temperature
effects dominate the antagonistic effects of pressure. However, in the context of planetary interiors where
the effects of pressure cannot be ignored, pressure controls the viscosity to the extent that, depending
on composition, it can cause fundamental changes in the molecular structure of the fluid that can result
in an anomalous viscosity decrease with increasing pressure [2].

Newtonian and Non-Newtonian Fluids
Equation 30.1 is known as Newton’s law of viscosity and it formulates Sir Isaac Newton’s definition of
the viscous behavior of a class of fluids now called Newtonian fluids.

FIGURE 30.2

Flow curves illustrating Newtonian and non-Newtonian fluid behavior.

If the viscosity throughout the fluid is independent of strain rate, then the fluid is said to be a Newtonian
fluid. The constant of proportionality is called the coefficient of viscosity, and a plot of stress vs. strain
rate for Newtonian fluids yields a straight line with a slope of η, as shown by the solid line flow curve
in Figure 30.2. Examples of Newtonian fluids are pure, single-phase, unassociated gases, liquids, and
solutions of low molecular weight such as water. There is, however, a large group of fluids for which the
viscosity is dependent on the strain rate. Such fluids are said to be non-Newtonian fluids and their study
is called rheology. In differentiating between Newtonian and non-Newtonian behavior, it is helpful to
consider the time scale (as well as the normal stress differences and phase shift in dynamic testing)
involved in the process of a liquid responding to a shear perturbation. The velocity gradient, dUx /dz, in
the fluid is equal to the shear strain rate, γ· , and therefore the time scale related to the applied shear
perturbation about the equilibrium state is ts , where ts = γ· –1. A second time scale, tr , called the relaxation
time, characterizes the rate at which the relaxation of the strain in the fluid can be accomplished and is
related to the time it takes for a typical flow unit to move a distance equivalent to its mean diameter.
For Newtonian water, tr ~ 10–12 s and, because shear rates greater than 106 s–1 are rare in practice, the
time required for adjustment of the shear perturbation in water is much less than the shear perturbation
period (i.e., tr « ts ). However, for non-Newtonian macromolecular liquids like polymeric liquids, for
colloidal and fiber suspensions, and for pastes and emulsions, the long response times of large viscous
flow units can easily make tr > ts. An example of a non-Newtonian fluid is liquid elemental sulfur, in
which long chains (polymers) of up to 100,000 sulfur atoms form flow units that are easily entangled,
which bind the liquid in a “rigid-like” network. Another example of a well-known non-Newtonian fluid
is tomato ketchup.
With reference to Figure 30.2, the more general form of Equation 30.1 also accounts for the nonlinear
response. In terms of an initial shear stress required for flow to start, τxy(0), an initial linear term in the
•2
•
Newtonian limit of a small range of strain rate, γ∂τ
xy(0)/∂ γ, and a nonlinear term O(γ ), the shear stress
•
dependence on strain rate, τxy(γ) can be described as:

()

()

τ xy γ˙ = τ xy 0 +

( ) + O(γ˙ )

γ˙ ∂τ xy 0
∂γ˙

2

(30.3)

For a Newtonian fluid, the initial stress at zero shear rate is zero and the nonlinear function O(γ• 2) is zero,
so Equation 30.3 reduces to Equation 30.1, since ∂τxy(0)/∂ γ• then equals η. For a non-Newtonian fluid,
τxy(0) may be zero but the nonlinear term O(γ• 2) is nonzero. This characterizes fluids in which shear stress
increases disproportionately with strain rate, as shown in the dashed-dotted flow curve in Figure 30.2,
or decreases disproportionately with strain rate, as shown in the dashed flow curve in Figure 30.2. The
former type of fluid behavior is known as shear thickening or dilatancy, and an example is a concentrated
solution of sugar in water. The latter, much more common type of fluid behavior, is known as shear
thinning or pseudo-plasticity; cream, blood, most polymers, and liquid cement are all examples. Both
behaviors result from particle or molecular reorientations in the fluid that increase or decreases, respectively, the internal friction to shear. Non-Newtonian behavior can also arise in fluids whose viscosity
changes with time of applied shear stress. The viscosity of corn starch and water increases with time
duration of stress, and this is called rheopectic behavior. Conversely, liquids whose viscosity decreases with
time, like nondrip paints, which behave like solids until the stress applied by the paint brush for a
sufficiently long time causes them to flow freely, are called thixotropic fluids.
Fluid deformation that is not recoverable after removal of the stress is typical of the purely viscous
response. The other extreme response to an external stress is purely elastic and is characterized by an
equilibrium deformation that is fully recovered on removal of the stress. There are an infinite number
of intermediate or combined viscous/elastic responses to external stress, which are grouped under the
behavior known as viscoelasticity. Fluids that behave elastically in some stress range require a limiting or
yield stress before they will flow as a viscous fluid. A simple, empirical, constitutive equation often used
for this type of rheological behavior is of the form:

τ yx = τ y + γ˙ n ηp

(30.4)

where τy is the yield stress, ηp is an apparent viscosity called the plastic viscosity, and the exponent n allows
for a range of non-Newtonian responses: n = 1 is pseudo-Newtonian behavior and is called a Bingham
fluid; n < 1 is shear thinning behavior; and n > 1 is shear thickening behavior. Interested readers should
consult [3–9] for further information on applied rheology.

Dimensions and Units of Viscosity
From Equation 30.1, the dimensions of dynamic viscosity are M L–1 T–1 and the basic SI unit is the Pascal
second (Pa·s), where 1 Pa·s = 1 N s m–2. The c.g.s. unit of dyn s cm–2 is the poise (P). The dimensions
of kinematic viscosity, from Equation 30.2, are L2 T–1 and the SI unit is m2 s–1. For most practical situations,
this is usually too large and so the c.g.s. unit of cm2 s–1, or the stoke (St), is preferred. Table 30.1 lists
some common fluids and their shear dynamic viscosities at atmospheric pressure and 20°C.
TABLE 30.1 Shear Dynamic Viscosity of Some Common Fluids
at 20°C and 1 atm
Fluid
Air
Water
Mercury
Automotive engine oil (SAE 10W30)
Dish soap
Corn syrup

Shear dynamic viscosity (Pa·s)
1.8 × 10–4
1.0 × 10–3
1.6 × 10–3
1.3 × 10–1
4.0 × 10–1
6.0

TABLE 30.2 Viscometer Classification and Basic Characteristics
Drag Flow Types:
Flow set by motion of instrument boundary/surface using external or gravity force.
Type/Geometry
Rotating concentric cylinders (Couette)
Rotating cone and plate
Rotating parallel disks
Sliding parallel plates
Falling body (ball, cylinder)
Rising bubble
Oscillating body

Basic characteristics/Comments
Good for low viscosity, high shear rates; for R2/R1 > 1, see Figure 30.3; hard to
clean thick fluids
Homogeneous shear, best for non-Newtonian fluids and normal stresses; need
good alignment, problems with loading and evaporation
Similar to cone-and-plate, but inhomogeneous shear; shear varies with gap
height, easy sample loading
Homogeneous shear, simple design, good for high viscosity; difficult loading
and gap control
Very simple, good for high temperature and pressure; need density and special
sensors for opaque fluids, not good for viscoelastic fluids
Similar to falling body viscometer; for transparent fluids
Needs instrument constant, good for low viscous liquid metals

Pressure Flow Types:
Fluid set in motion in fixed instrument geometry by external or gravity pressure
Type/Geometry
Long capillary (Poiseuille flow)
Orifice/Cup (short capillary)
Slit (parallel plates) pressure flow
Axial annulus pressure flow

Basic characteristics/Comments
Simple, very high shears and range, but very inhomogeneous shear, bad for
time dependency, and is time consuming
Very simple, reliable, but not for absolute viscosity and non-Newtonian fluids
Similar to capillary, but difficult to clean
Similar to capillary, better shear uniformity, but more complex, eccentricity
problem and difficult to clean

Others/Miscellaneous:
Type/geometry
Ultrasonic

Basic characteristics/Comments
Good for high viscosity fluids, small sample volume, gives shear and volume
viscosity, and elastic property data; problems with surface finish and
alignment, complicated data reduction

Adapted from C. W. Macosko, Rheology: Principles, Measurements, and Applications, New York: VCH, 1994.

Viscometer Types
The instruments for viscosity measurements are designed to determine “a fluid’s resistance to flow,” a
fluid property defined above as viscosity. The fluid flow in a given instrument geometry defines the strain
rates, and the corresponding stresses are the measure of resistance to flow. If strain rate or stress is set
and controlled, then the other one will, everything else being the same, depend on the fluid viscosity. If
the flow is simple (one dimensional, if possible) such that the strain rate and stress can be determined
accurately from the measured quantities, the absolute dynamic viscosity can be determined; otherwise,
the relative viscosity will be established. For example, the fluid flow can be set by dragging fluid with a
sliding or rotating surface, falling body through the fluid, or by forcing the fluid (by external pressure
or gravity) to flow through a fixed geometry, such as a capillary tube, annulus, a slit (between two parallel
plates), or orifice. The corresponding resistance to flow is measured as the boundary force or torque, or
pressure drop. The flow rate or efflux time represents the fluid flow for a set flow resistance, like pressure
drop or gravity force. The viscometers are classified, depending on how the flow is initiated or maintained,
as in Table 30.2.
The basic principle of all viscometers is to provide as simple flow kinematics as possible, preferably
one-dimensional (isometric) flow, in order to determine the shear strain rate accurately, easily, and
independent of fluid type. The resistance to such flow is measured, and thereby the shearing stress is

TABLE 30.3 Different Causes of Viscometers Errors
Error/Effect

Cause/Comment

End/edge effect
Kinetic energy losses
Secondary flow
Nonideal geometry
Shear rate non-uniformity
Temperature variation and viscous heating
Turbulence
Surface tension
Elastic effects
Miscellaneous effects

TABLE 30.4

Energy losses at the fluid entrance and exit of main test geometry
Loss of pressure to kinetic energy
Energy loss due to unwanted secondary flow, vortices, etc.; increases with
Reynolds number
Deviations from ideal shape, alignment, and finish
Important for non-Newtonian fluids
Variation in temperature, in time and space, influences the measured viscosity
Partial and/or local turbulence often develops even at low Reynolds numbers
Difference in interfacial tensions
Structural and fluid elastic effects
Depends on test specimen, melt fracture, thixotropy, rheopexy

Viscometer Manufacturers

Manufacturers
Brookfield Eng. Labs Inc.
Custom Scientific Inst. Inc.
Reologica Inst.
Haake GmbH
Cannon Inst. Co.
Toyo Seikl Seisaku-Sho Ltd.
Gottfert Werkstoff-Prufmaschinen GmbH
Cole-Palmer Inst. Co.
Paar Physica U.S.A. Inc.
Monsanto Inst. & Equipment
Nametre Co.
Rheometric Scientific Inc.
T.A. Instruments Inc.

Model

Description

DV-I+
CS245
Various
Various
Various
Capirograph
Various
GV2100
Various
ODR 2000
Vibrational viscometer
RM180
RM265
Various

Concentric cylinder
Concentric cylinder
Falling sphere, capillary, rotational
Falling sphere, rotational
Extensive variety of capillary viscometers
Capillary
Extensive variety of capillary viscometers
Falling sphere
Concentric cylinder, falling sphere, capillary
Oscillating viscometer
Oscilating viscometer
Cone-and-plate, parallel plate
Concentric cylinders
Concentric cylinder

Note: All the above manufacturers can be found via the Internet (World Wide Web), along with the most recent
contact information, product description and in some cases, pricing.

determined. The shear viscosity is then easily found as the ratio between the shearing stress and the
corresponding shear strain rate. Practically, it is never possible to achieve desired one-dimensional flow
nor ideal geometry, and a number of errors, listed in Table 30.3, can occur and need to be accounted for
[4–8]. A list of manufacturers/distributors of commercial viscometers/rheometers is given in Table 30.4.
Concentric Cylinders
The main advantage of the rotational as compared to many other viscometers is its ability to operate
continuously at a given shear rate, so that other steady-state measurements can be conveniently performed. That way, time dependency, if any, can be detected and determined. Also, subsequent measurements can be made with the same instrument and sampled at different shear rates, temperature, etc. For
these and other reasons, rotational viscometers are among the most widely used class of instruments for
rheological measurements.
Concentric cylinder-type viscometers/rheometers are usually employed when absolute viscosity needs
to be determined, which in turn, requires a knowledge of well-defined shear rate and shear stress data.
Such instruments are available in different configurations and can be used for almost any fluid. There
are models for low and high shear rates. More complete discussion on concentric cylinder viscometers/rheometers is given elsewhere [4–9]. In the Couette-type viscometer, the rotation of the outer cylinder,
or cup, minimizes centrifugal forces, which cause Taylor vortices. The latter can be present in the Searletype viscometer when the inner cylinder, or bob, rotates.

FIGURE 30.3

Concentric cylinders viscometer geometry.

Usually, the torque on the stationary cylinder and rotational velocity of the other cylinder are measured
for determination of the shear stress and shear rate, which is needed for viscosity calculation. Once the
torque, T, is measured, it is simple to describe the fluid shear stress at any point with radius r between
the two cylinders, as shown in Figure 30.3.

()

τ rθ r =

T
2πr 2 Le

(30.5)

In Equation 30.5, Le = (L + Lc), is the effective length of the cylinder at which the torque is measured.
In addition to the cylinder’s length L, it takes into account the end-effect correction Lc [4–8].
For a narrow gap between the cylinders (β = R2 /R1 > 1), regardless of the fluid type, the velocity profile
can be approximated as linear, and the shear rate within the gap will be uniform:

( ) (RΩ−RR )

γ r ≅

2

(30.6)

1

—

where Ω = (ω2 – ω1) is the relative rotational speed and R = (R1 + R2)/2, is the mean radius of the
inner (1) and outer (2) cylinders. Actually, the shear rate profile across the gap between the cylinders
depends on the relative rotational speed, radii, and the unknown fluid properties, which seems an “openended” enigma. The solution of this complex problem is given elsewhere [4–8] in the form of an infinite
series, and requires the slope of a logarithmic plot of T as a function of Ω in the range of interest. Note
that for a stationary inner cylinder (ω1 = 0), which is the usual case in practice, Ω becomes equal to ω2.

However, there is a simpler procedure [10] that has also been established by German standards [11]. For
any fluid, including non-Newtonian fluids, there is a radius at which the shear rate is virtually independent
of the fluid type for a given Ω. This radius, being a function of geometry only, is called the representative
radius, RR, and is determined as the location corresponding to the so-called representative shear stress,
τR = (τ1 + τ2)/2, the average of the stresses at the outer and inner cylinder interfaces with the fluid, that is:
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(30.7)

Since the shear rate at the representative radius is virtually independent on the fluid type (whether
Newtonian or non-Newtonian), the representative shear rate is simply calculated for Newtonian fluid
(n = 1) and r = RR, according to [10]:
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(30.8)

The accuracy of the representative parameters depends on the geometry of the cylinders (β) and fluid
type (n).
It is shown in [10] that, for an unrealistically wide range of fluid types (0.35 < n < 3.5) and cylinder
geometries (β = 1 to 1.2), the maximum errors are less than 1%. Therefore, the error associated with the
representative parameters concept is virtually negligible for practical measurements.
Finally, the (apparent) fluid viscosity is determined as the ratio between the shear stress and corresponding shear rate using Equations 30.5 to 30.8, as:

η = ηR =
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(30.9)
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For a given cylinder geometry (β, R2, and Le), the viscosity can be determined from Equation 30.8 by
measuring T and ω2 .
As already mentioned, in Couette-type viscometers, the Taylor vortices within the gap are virtually
eliminated. However, vortices at the bottom can be present, and their influence becomes important when
the Reynolds number reaches the value of unity [10, 11]. Furthermore, flow instability and turbulence
will develop when the Reynolds number reaches values of 103 to 104. The Reynolds number, Re, for the
flow between concentric cylinders is defined [11] as:

[

 ρω R2
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Re = 
 2η


] [β − 1]
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(30.10)

Cone-and-Plate Viscometers
The simple cone-and-plate viscometer geometry provides a uniform rate of shear and direct measurements of the first normal stress difference. It is the most popular instrument for measurement of nonNewtonian fluid properties. The working shear stress and shear strain rate equations can be easily derived
in spherical coordinates, as indicated by the geometry in Figure 30.4, and are, respectively:

FIGURE 30.4

Cone-and-plate viscometer geometry.

τθφ =

3T

[2πR ]

(30.11)

3

and

γ̇ =

Ω
θ0

(30.12)

where R and θ0 < 0.1 rad (≈6°) are the cone radius and angle, respectively. The viscosity is then easily
calculated as:

η=

[

]

3T θ0
τθφ
=
γ˙
2πΩR 3

(30.13)

Inertia and secondary flow increase while shear heating decreases the measured torque (Tm ). For more
details, see [4, 5]. The torque correction is given as:

Tm
= 1 + 6 ⋅ 10−4 Re2
T

(30.14)

where

[

]

2

ρ Ωθ0 R 

Re = 
η

(30.15)

FIGURE 30.5

Parallel disks viscometer geometry.

Parallel Disks
This geometry (Figure 30.5), which consists of a disk rotating in a cylindrical cavity, is similar to the
cone-and-plate geometry, and many instruments permit the use of either one. However, the shear rate
is no longer uniform, but depends on radial distance from the axis of rotation and on the gap h, that is:

()

γ̇ r =

rΩ
h

(30.16)

For Newtonian fluids, after integration over the disk area, the torque can be expressed as a function
of viscosity, so that the latter can be determined as:

η=

2T h

[πΩR ]
4

(30.17)

Capillary Viscometers
The capillary viscometer is based on the fully developed laminar tube flow theory (Hagen–Poiseuille flow)
and is shown in Figure 30.6. The capillary tube length is many times larger than its small diameter, so
that entrance flow is neglected or accounted for in more accurate measurement or for shorter tubes. The
expression for the shear stress at the wall is:

 ∆P   D 
τw =   ⋅  
 L   4 
and

(30.18)

FIGURE 30.6

Capillary viscometer geometry.

(

CρV
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∆P = P1 − P2 + z1 − z 2 −

(30.19)

where, C > 1.1, P, z, V = 4Q/[πD2], and Q are correction factor, pressure, elevation, the mean flow
velocity, and the fluid volume-flow rate, respectively. The subscripts 1 and 2 refer to the inlet and outlet,
respectively.
The expression for the shear rate at the wall is:
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where n = d[log τw]/d[log (8V/D)] is the slope of the measured log(τw) – log (8V/D) curve. Then, the
viscosity is simply calculated as:
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Note that n = 1 for a Newtonian fluid, so the first term, [4n/(3n + 1)] becomes unity and disappears
from the above equations. The advantages of capillary over rotational viscometers are low cost, high
accuracy (particularly with longer tubes), and the ability to achieve very high shear rates, even with highviscosity samples. The main disadvantages are high residence time and variation of shear across the flow,
which can change the structure of complex test fluids, as well as shear heating with high-viscosity samples.
Glass Capillary Viscometers
Glass capillary viscometers are very simple and inexpensive. Their geometry resembles a U-tube with at
least two reservoir bulbs connected to a capillary tube passage with inner diameter D. The fluid is drawn
up into one bulb reservoir of known volume, V0 , between etched marks. The efflux time, ∆t, is measured
for that volume to flow through the capillary under gravity.
From Equation 30.21 and taking into account that V0 = (∆t)VD2π/4 and ∆P = ρg(z1 – z2), the kinematic
viscosity can be expressed as a function of the efflux time only, with the last term, K/∆t, added to account
for error correction, where K is a constant [7]:
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Note that for a given capillary viscometer and n > 1, the bracketed term is a constant. The last
correction term is negligible for a large capillary tube ratio, L/D, where kinematic viscosity becomes
linearly proportional to measured efflux time. Various kinds of commercial glass capillary viscometers,
like Cannon-Fenske type or similar, can be purchased from scientific and/or supply stores. They are the
modified original Ostwald viscometer design in order to minimize certain undesirable effects, to increase
the viscosity range, or to meet specific requirements of the tested fluids, like opacity, etc. Glass capillary
viscometers are often used for low-viscosity fluids.
Orifice/Cup, Short Capillary: Saybolt Viscometer
The principle of these viscometers is similar to glass capillary viscometers, except that the flow through
a short capillary (L/D « 10) does not satisfy or even approximate the Hagen–Poiseuille, fully developed,
pipe flow. The influences of entrance end-effect and changing hydrostatic heads are considerable. The
efflux time reading, ∆t, represents relative viscosity for comparison purposes and is expressed as “viscometer seconds,” like the Saybolt seconds, or Engler seconds or degrees. Although the conversion
formula, similar to glass capillary viscometers, is used, the constants k and K in Equation 30.23 are purely
empirical and dependent on fluid types.
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η
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ρ
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where k = 0.00226, 0.0216, 0.073; and K = 1.95, 0.60, 0.0631; for Saybolt Universal (∆t < 100 s), Saybolt
Furol (∆t > 40 s), and Engler viscometers, respectively [12, 13]. Due to their simplicity, reliability, and
low cost, these viscometers are widely used for Newtonian fluids, like in oil and other industries, where
the simple correlations between the relative properties and desired results are needed. However, these
viscometers are not suitable for absolute viscosity measurement, nor for non-Newtonian fluids.

Falling Body Methods
Falling Sphere
The falling sphere viscometer is one of the earliest and least involved methods to determine the absolute
shear viscosity of a Newtonian fluid. In this method, a sphere is allowed to fall freely a measured distance

through a viscous liquid medium and its velocity is determined. The viscous drag of the falling sphere
results in the creation of a restraining force, F, described by Stokes’ law:

F = 6 πηrU
s t

(30.24)

where rs is the radius of the sphere and Ut is the terminal velocity of the falling body. If a sphere of density
ρ2 is falling through a fluid of density ρ1 in a container of infinite extent, then by balancing Equation 30.24
with the net force of gravity and buoyancy exerted on a solid sphere, the resulting equation of absolute
viscosity is:

η = 2 grs2

(ρ − ρ )
2

1

(30.25)
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Equation 30.25 shows the relation between the viscosity of a fluid and the terminal velocity of a sphere
falling within it. Having a finite container volume necessitates the modification of Equation 30.25 to
correct for effects on the velocity of the sphere due to its interaction with container walls (W) and ends
(E). Considering a cylindrical container of radius r and height H, the corrected form of Equation 30.25
can be written as:
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The wall correction was empirically derived [15] and is valid for 0.16 ≤ rs /r ≤ 0.32. Beyond this range,
the effects of container walls significantly impair the terminal velocity of the sphere, thus giving rise to
a false high viscosity value.
Figure 30.7 is a schematic diagram of the falling sphere method and demonstrates the attraction of
this method — its simplicity of design. The simplest and most cost-effective approach in applying this
method to transparent liquids would be to use a sufficiently large graduated cylinder filled with the liquid.
With a distance marked on the cylinder near the axial and radial center (the region least influenced by
the container walls and ends), a sphere (such as a ball bearing or a material that is nonreactive with the
liquid) with a known density and sized to within the bounds of the container correction, free falls the
length of the cylinder. As the sphere passes through the marked region of length d at its terminal velocity,
a measure of the time taken to traverse this distance allows the velocity of the sphere to be calculated.
Having measured all the parameters of Equation 30.26, the shear viscosity of the liquid can be determined.
This method is useful for liquids with viscosities between 10–3 Pa·s and 105 Pa·s. Due to the simplicity
of design, the falling sphere method is particularly well suited to high pressure–high temperature viscosity
studies.

FIGURE 30.7 Schematic diagram of the falling sphere viscometer. Visual observations of the time taken for the
sphere to traverse the distance d, is used to determine a velocity of the sphere. The calculated velocity is then used
in Equation 30.24 to determine a shear viscosity.

Falling Cylinder
The falling cylinder method is similar in concept to the falling sphere method except that a flat-ended,
solid circular cylinder freely falls vertically in the direction of its longitudinal axis through a liquid sample
within a cylindrical container. A schematic diagram of the configuration is shown in Figure 30.8. Taking
an infinitely long cylinder of density ρ2 and radius rc falling through a Newtonian fluid of density ρ1 with
infinite extent, the resulting shear viscosity of the fluid is given as:

η = grc2

(ρ − ρ )
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Just as with the falling sphere, a finite container volume necessitates modifying Equation 30.29 to account
for the effects of container walls and ends. A correction for container wall effects can be analytically
deduced by balancing the buoyancy and gravitational forces on the cylinder, of length L, with the shear
force on the sides and the compressional force on the cylinder’s leading end and the tensile force on the
cylinder’s trailing end. The resulting correction term, or geometrical factor, G(k) (where k = rc /r), depends
on the cylinder radius and the container radius, r, and is given by:

[k (1 − ln k) − (1 + ln k)]
G(k ) =
2

(1 + k )
2

(30.30)

FIGURE 30.8 Schematic diagram of the falling cylinder viscometer. Using the same principle as the falling sphere,
the velocity of the cylinder is obtained, which is needed to determine the shear viscosity of the fluid.

Unlike the fluid flow around a falling sphere, the fluid motion around a falling flat-ended cylinder is
very complex. The effects of container ends are minimized by creating a small gap between the cylinder
and the container wall. If a long cylinder (here, a cylinder is considered long if ψ ≥ 10, where ψ = L/r)
with a radius nearly as large as the radius of the container is used, then the effects of the walls would
dominate, thereby reducing the end effects to a second-order effect. A major drawback with this approach
is, however, if the cylinder and container are not concentric, the resulting inhomogeneous wall shear
force would cause the downward motion of the cylinder to become eccentric. The potential for misalignment motivated the recently obtained analytical solution to the fluid flow about the cylinder ends [16].
An analytical expression for the end correction factor (ECF) was then deduced [17] and is given as:
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where Cw = 1.003852 – 1.961019k + 0.9570952k2. Cw was derived semi-empirically [17] as a disk wall
correction factor. This is based on the idea that the drag force on the ends of the cylinder can be described
by the drag force on a disk. Equation 30.31 is valid for ψ ≤ 30 and agrees with the empirically derived
correction [16] to within 0.6%.
With wall and end effects taken into consideration, the working formula to determine the shear
viscosity of a Newtonian fluid from a falling cylinder viscometer is:
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FIGURE 30.9 Diagram of one type of apparatus used to determine the viscosity of opaque liquids in situ. The
electrical signal from the passage of the falling sphere indicates the time to traverse a known distance (d) between
the two sensors.

In the past, this method was primarily used as a method to determine relative viscosities between
transparent fluids. It has only been since the introduction of the ECF [16, 17] that this method could be
rigorously used as an absolute viscosity method. With a properly designed container and cylinder, this
method is now able to provide accurate absolute viscosities from 10–3 Pa·s to 107 Pa·s.
Falling Methods in Opaque Liquids
The falling body methods described above have been extensively applied to transparent liquids where
optical (often visual) observation of the falling body is possible. For opaque liquids, however, falling body
methods require the use of some sensing technique to determine, often in situ, the position of the falling
body with respect to time. Techniques have varied but they all have in common the ability to detect the
body as it moves past the sensor. A recent study at high pressure [18] demonstrated that the contrast in
electric conductivity between a sphere and opaque liquid could be exploited to dynamically sense the
moving sphere if suitably placed electrodes penetrated the container walls as shown in the schematic
diagram in Figure 30.9. References to other similar in situ techniques are given in [18].

Rising Bubble/Droplet
For many industrial processes, the rising bubble viscometer has been used as a method of comparing
the relative viscosities of transparent liquids (such as varnish, lacquer, and beer) for decades. Although
its use was widespread, the actual behavior of the bubble in a viscous liquid was not well understood
until long after the method was introduced [19]. The rising bubble method has been thought of as a
derivative of the falling sphere method; however, there are primary differences between the two. The
major physical differences are (1) the density of the bubble is less that of the surrounding liquid, and
(2) the bubble itself has some unique viscosity. Each of these differences can, and do, lead to significant
and extremely complex rheological problems that have yet to be fully explained. If a bubble of gas or
droplet of liquid with a radius, rb , and density, ρ′, is freely rising in some enclosing viscous liquid of
density ρ, then the shear viscosity of the enclosing liquid is determined by:
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 1  2 grb ρ − ρ′
η= 
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where

ε=

(2η + 3η′)
3( η + η′)
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where η′ is the viscosity of the bubble. It must be noted that when the value of η′ is large (solid spheres),
ε = 1, which reduces Equation 30.33 to Equation 30.25. For small values of η′ (gas bubbles), ε becomes
2/3, and the viscosity calculated by Equation 30.33 is 1.5 times greater than the viscosity calculated by
Equation 30.25. It is apparent from Equation 30.33 and 30.25 that if the density of the bubble is less than
the density of the enclosing liquid, and the terminal velocity of the sphere is negative, which indicates
upward motion since the downward direction is positive.
During the rise, great care must be taken to avoid contamination of the bubble and its surface with
impurities in the surrounding liquid. Impurities can diffuse through the surface of the bubble and
combine with the fluid inside. Because the bubble has a low viscosity, the upward motion in a viscous
medium induces a drag on the bubble that is responsible for generating a circulatory motion within it.
This motion can efficiently distribute impurities throughout the whole of the bubble, thereby changing
its viscosity and density. Impurities left on the surface of the bubble can form a “skin” that can significantly
affect the rise of the bubble, as the skin layer has its own density and viscosity that are not included in
Equation 30.33. These surface impurities also make a significant contribution to the inhomogeneous
distribution of interfacial tension forces. A balance of these forces is crucial for the formation of a spherical
bubble. The simplest method to minimize the above effects is to employ minute bubbles by introducing
a specific volume of fluid (gas or liquid), with a syringe or other similar device, at the lower end of the
cylindrical container. Very small bubbles behave like solid spheres, which makes interfacial tension forces
and internal fluid motion negligible.
In all rising bubble viscometers, the bubble is assumed to be spherical. Experimental studies of the
shapes of freely rising gas bubbles in a container of finite extent [20] have shown that (to 1% accuracy)
a bubble will form and retain a spherical shape if the ratio of the radius of the bubble to the radius of
the confining cylindrical container is less than 0.2. These studies have also demonstrated that the effect
of the wall on the terminal velocity of a rising spherical bubble is to cause a large decrease (up to 39%)
in the observed velocity compared to the velocity measured within an unbounded medium. This implies
that the walls of the container influence the velocity of the rising bubble sooner than its geometry. In
this method, end effects are known to be large. However, a rigorous, analytically or empirically derived

FIGURE 30.10 Schematic diagram of the oscillating cup viscometer. Measurement of the logarithmic damping of
the amplitude and period of vessel oscillation are used to determine the absolute shear viscosity of the liquid.

correction factor has not yet appeared. To circumvent this, the ratio of container length to sphere diameter
must be in the range of 10 to 100. As in other Stokian methods, this allows the bubble’s velocity to be
measured at locations that experience negligible end effects.
Considering all of the above complications, the use of minute bubbles is the best approach to ensure
a viscosity measurement that is least affected by the liquid to be investigated and the container geometry.

Oscillating Method
If a liquid is contained within a vessel suspended by some torsional system that is set in oscillation about its
vertical axis, then the motion of the vessel will experience a gradual damping. In an ideal situation, the
damping of the motion of the vessel arises purely as a result of the viscous coupling of the liquid to the vessel
and the viscous coupling between layers in the liquid. In any practical situation, there are also frictional losses
within the system that aid in the damping effect and must be accounted for in the final analysis. From
observations of the amplitudes and time periods of the resulting oscillations, a viscosity of the liquid can be
calculated. A schematic diagram of the basic set-up of the method is shown in Figure 30.10. Following initial
oscillatory excitation, a light source (such as a low-intensity laser) can be used to measure the amplitudes
and periods of the resulting oscillations by reflection off the mirror attached to the suspension rod to give
an accurate measure of the logarithmic decrement of the oscillations (δ) and the periods (T).
Various working formulae have been derived that associate the oscillatory motion of a vessel of radius r
to the absolute viscosity of the liquid. The most reliable formula is the following equation for a cylindrical
vessel [21]:
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I is the mass moment of inertia of the suspended system and ρ is the density of the liquid.
A more practical expression of Equation 30.35 is obtained by introducing a number of simplifications.
First, it is a reasonable assumption to consider δ to be small (on the order of 10–2 to 10–3). This reduces
a0 and a2 to values of 1 and –1, respectively. Second, the effects of friction from the suspension system
and the surrounding atmosphere can be experimentally determined and contained within a single
variable, δ0. This must then be subtracted from the measured δ. A common method of obtaining δ0 is
to observe the logarithmic decrement of the system with an empty sample vessel and subtract that value
from the measured value of δ. With these modifications, Equation 30.35 becomes:
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It has been noted [22] that the analytical form of Equation 30.40 needs an empirically derived,
instrument-constant correction factor (ζ) in order to agree with experimentally measured values of η.
The discrepancy between the analytical form and the measured value arises as a result of the above
assumptions. However, these assumptions are required as there are great difficulties involved in solving

the differential equations of motion of this system. The correction factor is dependent on the materials,
dimensions, and densities of each individual system, but generally lies between the values of 1.0 and 1.08.
The correction factor is obtained by comparing viscosity values of calibration materials determined by
an individual system (with Equation 30.35) and viscosity values obtained by another reliable method
such as the capillary method.
With the above considerations taken into account, the final working Roscoe’s formula for the absolute
shear viscosity is:
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The oscillating cup method has been used, and is best suited for use with low values of viscosity within
the range of 10–5 Pa s to 10–2 Pa·s. Its simple closed design and use at high temperatures has made this
method very popular when dealing with liquid metals.

Ultrasonic Methods
Viscosity plays an important role in the absorption of energy of an acoustic wave traveling through a
liquid. By using ultrasonic waves (104 Hz < f < 108 Hz), the elastic, viscoelastic, and viscous response of
a liquid can be measured down to times as short as 10 ns. When the viscosity of the fluid is low, the
resulting time scale for structural relaxation is shorter than the ultrasonic wave period and the fluid is
probed in the relaxed state. High-viscosity fluids subjected to ultrasonic wave trains respond as a stiff
fluid because structural equilibration due to the acoustic perturbation does not go to completion before
the next wave cycle. Consequently, the fluid is said to be in an unrelaxed state that is characterized by
dispersion (frequency-dependent wave velocity) and elastic moduli that reflect a much stiffer liquid. The
frequency dependence of the viscosity relative to some reference viscosity (η0) at low frequency, η/η0,
and of the absorption per wavelength, αλ, where α is the absorption coefficient of the liquid and λ is
the wavelength of the compressional wave, for a liquid with a single relaxation time, t, is shown in
Figure 30.11. The maximum absorption per wavelength occurs at the relaxation frequency when ωτ = 1

FIGURE 30.11 Effects of liquid relaxation (relaxation frequency corresponds to ωτ = 1 where ω = 2πf ) on relative
viscosity (upper) and absorption per wavelength (lower) in the relaxed elastic (ωτ < 1) and unrelaxed viscoelastic
(ωτ > 1) regimes.

FIGURE 30.12 Schematic diagram of apparatus for liquid shear and volume viscosity determination by ultrasonic
wave attenuation measurement showing the recieved signal amplitude through the exit buffer rod (BR-2) using (a) a
fixed buffer rod (BR-2) using (a) a fixed buffer rod configuration, and (b) an interferometric technique with moveable
buffer rod.

and is accompanied by a step in η/η0 , as well as in other properties such as velocity and compressibility.
Depending on the application of the measured properties, it is important to determine if the liquid is in
a relaxed or unrelaxed state.
A schematic diagram of a typical apparatus for measuring viscosity by the ultrasonic method is shown
in Figure 30.12. Mechanical vibrations in a piezoelectric transducer travel down one of the buffer rods
(BR-1 in Figure 30.12) and into the liquid sample and are received by a similar transducer mounted on
the other buffer rod, BR-2. In the fixed buffer rod configuration, once steady-state conditions have been
reached, the applied signal is turned off quickly. The decay rate of the received and amplified signal,
displayed on an oscilloscope on an amplitude vs. time plot as shown in Figure 30.12(a), gives a measure
of α. The received amplitude decays as:

A = A0 e

(

)

− b + αc t ′

(30.45)

where A is the received decaying amplitude, A0 is the input amplitude, b is an apparatus constant that
depends on other losses in the system such as due to the transducer, container, etc. that can be evaluated
by measuring the attenuation in a standard liquid, c is the compressional wave velocity of the liquid, and
t′ is time. At low frequencies, the absorption coefficient is expressed in terms of volume and shear viscosity
as:


4 η  αρc 3
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Whether one likes it or not, water and water vapor can be found everywhere. Because of the asymmetrical
distribution of their electric charge, water molecules are easily adsorbed on almost any surface, where
they are present as a mono- or multimolecular layer of molecules. Water vapor in the air or any other
gas is generally called humidity; in liquids and solids, it is usually designated as moisture. The determination of humidity and moisture, as in prediction of floods, fog, conditions for the appearance of plant
diseases, etc., is of great economic importance. Stored foodstuffs or raw materials may dry up at low
humidity or get moldy at high humidity. In many industrial processes, the measurement of moisture
and humidity is important for the maintenance of the optimum conditions in manufacturing. Humidity
and moisture content can be expressed in a number of ways, and the number of methods for measuring
them is even greater. An engineer whose main concern is to avoid condensation no matter where in his
system will be interested in the dewpoint of the gas flow. A chemist may be interested in the mere quantity
of water vapor, whereas in a printing-office or a storage-room, the relative humidity is of more importance.
Water vapor is one of the constituent gases of the Earth’s atmosphere, the total pressure P of which
is, according to Dalton’s law, the sum of the partial pressures. This means that:

P = PN 2 + PO 2 + PH 2O + Pother gases

(72.1)

Like other gases, water vapor can be considered to behave as an ideal gas, except near saturation. In
average environmental conditions, water can also be present in the liquid and solid phase, the reason to

speak of water vapor rather than of water gas. An empty space in equilibrium with a flat water (or ice)
surface can, at a given temperature, hold a well-defined maximum quantity of water vapor [1,2,3]. When
this saturation vapor pressure is reached, any further addition of water vapor results in condensation. In
the presence of air molecules at atmospheric pressure, the saturation vapor pressure is about 0.4% higher
(expressed by the so-called enhancement factor [4]). The saturation vapor pressure for water is about
611 Pa at 0°C, 2339 Pa at 20°C, and 7383 Pa at 40°C. So, one can say that the average water vapor pressure
in the Earth’s atmosphere around us ranges from about a half to a few percent of the barometric pressure.
There are several ways to express humidity:
1. The vapor pressure is that part of the total pressure contributed by the water vapor.
2. The absolute humidity (or vapor concentration or vapor density) is the mass of water vapor per
unit of volume. Effects of temperature and pressure are, except near saturation, according to gas
laws.
3. The relative humidity is the ratio of the actual vapor pressure and the saturation vapor pressure
at the prevailing temperature. It is usually expressed as a percentage. Since the maximum water
vapor pressure depends on temperature, the relative humidity (r.h.) also depends, at a given water
content, on temperature. At constant temperature and a given water content, the r.h. is, according
to the equation for P mentioned above, dependent on total pressure.
4. The dewpoint temperature is the temperature to which a gas must be cooled, at constant pressure,
to achieve saturation. When the condensate is ice, it is called frost-point. It is, with unchanging
composition of the gas, independent of temperature. It changes with pressure since PH2O is proportional to P. Of course, condensation will occur if saturation vapor pressure is reached.
5. The mixing ratio is the mass of water vapor per unit mass of dry gas, usually expressed in grams
per kilogram. If the ratio is related to a unit mass of humid air, it is called the specific humidity.
6. The mole fraction is the ratio of the number of moles of a component to the total number of moles
present.
Conversions between the different parameters used to be cumbersome. They are now becoming standard
since the introduction of the microprocessor.
Concentrations of water in a liquid or a solid are normally given in kg/kg. Except in soil physics,
volumetric units are rarely used. The expression equilibrium relative humidity (e.r.h.) refers to a condition
where there is no net exchange of water vapor between a moisture-containing material (paper, medicines,
foodstuffs, tobacco, seeds, etc.) and its environment. It is the equivalent for water activity, a w , used in
the fields of biology or food technology, generally expressed as a ratio rather than a percentage (i.e., 0.6
instead of 60%).
It is probably difficult to find a material that is inert to water molecules and with which it would be
impossible, with some physical method, to measure the presence of water. Water molecules change the
length of organic materials, the conductivity and weight of hygroscopic materials and chemical absorbents, and in general the impedance of almost any material. Water absorbs infrared as well as ultraviolet
radiation. It changes the color of chemicals, the refractive index of air and liquids, the velocity of sound
in air or electromagnetic radiation in solids, and the thermal conductivity of gases as well as that of
liquids and solids. More fundamentally, the water content can be measured by removing the water (vapor)
from the sample and measuring the change of weight (or the change of pressure in a gas). Other
fundamental principles are the evaporation from a water surface into the stream of sample gas (psychrometer) and the cooling of the gas sample until condensation is detected. Microwave absorbance, the
measurement of capacitance and nuclear magnetic resonance have found application in the measurement
of moisture in liquids and solids.
After an engineer has decided which parameter has to be measured, he has to realize a few things [5].
First, what is the minimum range of operation required? Over-specification can be expensive. Besides,
instruments suitable for drying processes at high temperatures and, at the same time, trace
detection of water vapor in dry gases do not exist.

TABLE 72.1

Methods for Measuring Humidity and Moisture

Method

g, l, sa

Range

Mechanical (hair)

g

0–100% rh

Condens.dewpoint

g

–80/+100˚C dp

Dry and wet bulb

g

10–100% rh

Lithium chloride

g

–45/+95˚C dp

Polymer (capac.)

g, s

0–100% rh

Electrical (others)

g, s

0–100% rh

Thermal conductivity
Al2O3/silicon

g
g, l

0–130 g/m3
–80/+20˚C dp

Phosphorous pentoxide
Crystal oscillator
Infrared absorbance

g
g
g, l

Infrared reflectance

s

0.5–10000 ppm
0.02–1000 ppm
0-50 ppm up to
65 ˚C dp
0.02–100%

NMR
Neutron moderation
Microwave attenuation
TDR

l, s
s
s
s

0.05–100%
>0.5%
0–85%
0–100%

FD

s

0–100%

Manufacturerb
Lambrecht, Thies, Haenni, Jumo, Sato, Casella,
Pékly et Richard
General Eastern, Michell Instr., EG&G, E+H3,
MBW, Protimeter, Panametrics
Lambrecht, Thies, Haenni, ASL, Jenway, Casella,
Ultrakust, IMAG-DLO
Honeywell, Jumo, Lee Engineering, Siemens,
Philips, Weiss
Vaisala, Rotronic, Testo, Hycal, Panametrics,
Novasina, EE Elektronik, Chino, Lee Integer
PCRC, General Eastern, Rotronic, Chino,
Elmwood, Shinyei Kaisha
Shibaura Electronics Co. Ltd
E+H, Gen. Eastern, Panametrics, Michell Instr.,
MCM, Shaw
Anacon, Beckman, Dupont
Dupont
Siemens, H&B, ADC, Anacon, Kent, Horiba,
Sieger, Beckman, Li-Cor
Anacon, Infrared Engin., Moisture Systems
Corp., Pier Electronic, Zeltex, Bran & Luebbe,
Bühler
Oxford Anal. Instr., Bruker
Kay Ray, Berthold, Nuclear Ent.
Mütec, Scanpro, Kay Ray Inc., BFMRA
IMKO GmbH, Campbell Sci. Inc., Soil Moisture,
Tektronix
DT Devices, IMAG-DLO, VITEL, Troxler

Approx. Price
$
0.3–1 k
2–20 k
0.5–3 k
0.7–2 k
0.5–2.5 k
0.5–2.5 k
0.1–1 k
1.5–3 k
2–6 k
25–30 k
5–15 k
5–15 k

10–30 k
8–25 k
12–35 k
5–20 k
0.1–10 k

a

g, l, s: gas/liquid/solid.
The table is inevitably incomplete; a manufacturer not mentioned may deliver a high-quality instrument (see also
Reference 9).
c Abbreviations used: E+H: Endress+Hauser; MBW: MBW Elektronik AG; ASL: Automatic Systems Laboratories Ltd;
PCRC: Physical and Chemical Research Corporation; MCM: Moisture Control and Measurement Ltd; H&B: Elsag Bailey
Hartmann & Braun; ADC: Analytical Development Company; IMAG-DLO: Institute for Agricultural and Environmental
Engineering.
b

Second, unlike a temperature sensor, a humidity sensor can, at least in air, essentially not be shielded
from its direct environment. The question of how to measure humidity cannot be separated from
the measuring problem in question (contamination, condensation, etc.). A question might be: is
there a danger of condensation before or after the period of real measurement?
Third, the accuracy that may be expected in the field of hygrometry is considerably lower than that
in other fields of measurement. One should be careful not to ask or to expect accuracies better
than 2% or 3% r.h. or 0.5°C in dewpoint. Before deciding to use a certain method or to buy a
particular instrument, it is very useful to go once more through things like humidity as well as
temperature and pressure range, possible contaminants in the process, and accuracy and response
time really needed. After this a consideration of frequency of service and calibration, cost of sensor
replacement, etc. has to be made. At the end, it is sensible to find a supplier or manufacturer that
is willing to think along with the customer. Table 72.1 provides a selective listing of the methods,
ranges, and manufacturers for measuring humidity and moisture. The methods are discussed
below.

72.1 Gases
There are several methods of measuring humidity, the most important of which are described here. The
scope of the present survey is limited. More can be found in the literature [6,7,8,9,10]. Reference 9 covers
measurement in liquids and solids as well.

The Gravimetric Method
The gravimetric method is the most fundamental way of accessing the amount of water vapor in a moist
gas. In a gravimetric hygrometer, the water vapor is frozen out by a cold trap or absorbed by a chemical
desiccant and weighed, while the volume or the mass of dry gas is measured directly. Since the result of
a measurement gives the average value over an extended time, the instrument is used in combination
with a humidity generator, capable of producing a gas of constant humidity. The method is used for
primary standards of, among others, NIST in the U.S., NPL in the U.K., and NRLM in Japan. Achievable
accuracies are approximately 0.1% to 0.2% in mixing ratio, or 0.04°C in the range of –35°C to +50°C
dewpoint, increasing to 0.08°C at +80°C and 0.15°C at –75°C. The operation of such a standard requires
high skill and sophisticated hardware.

Precision Humidity Generators
For less elaborate calibration work, a precision humidity generator is preferred. The best ones are reported
to have an accuracy comparable to that of a gravimetric standard [11]. Therefore, such a generator may
be considered as a primary standard as well. Three practical methods to produce an atmosphere of known
humidity are described by Hasegawa [12]: the two-flow, the two-temperature, and the two-pressure
method. Briefly, in the first method, a test chamber is fed by two streams of air, one being dry, the second
one saturated with water at a known temperature. The resulting humidity can be calculated from the
two flow rates. The two-temperature method uses air that has been saturated with water vapor at a wellknown temperature, after which the air is heated to a higher temperature. In the two-pressure method,
air is saturated with water vapor at an elevated pressure, and expanded isothermally to a lower, normally
atmospheric pressure. Both temperature and pressure of the saturator and the test chamber are measured
accurately. In general, precision generators are not transportable, so intercomparisons have to be made
with a transfer standard of high accuracy. A good, if not the only, choice is a standard mirror dewpoint
meter.

The Condensation Dewpoint Hygrometer
The saturation vapor pressure in air increases with temperature (Figure 72.1). This means that the air
under test can be cooled to a temperature where it is just saturated with water vapor. If this is done at
constant pressure and specific humidity, the true dewpoint temperature is obtained. In practice, a sample
of the gas is usually drawn over a thermoelectrically cooled metal mirror. The mirror is cooled until dew
or frost is detected, by optical means. In some cases, where the mirror is replaced by an inert substrate,
the formation of dew is detected by electrical means or the use of surface acoustic waves. The temperature
is maintained such that the thickness of the deposit is neither increasing nor decreasing. The highest
accuracy of a transfer standard can be expected to be 0.03°C to 0.05°C in the range of –20°C to +40°C
dewpoint. Industrial optical condensation dewpoint hygrometers claim accuracies up to 0.2°C, which
may be true in case of a clean mirror; in practice 0.5°C is often more realistic. Advantages of this principle
are its fundamental nature and the wide range: dewpoints to 90°C under ambient temperature can be
measured. One of the disadvantages is the susceptibility of the mirror to contaminants, especially soluble
salts. The sensor may measure the dewpoint of another condensable vapor if its dewpoint is above that
of the water. A good control of the mirror temperature requires a temperature difference between
dewpoint and ambient temperature of the sensing head. This means that at high relative humidities, the
gas must be heated and measured outside the proces stream. At temperatures below 0°C, there may be

FIGURE 72.1 Saturation water vapor pressure above pure water and above a saturated solution of lithium chloride.
In order to be in equilibrium with a gas sample at condition a, a saturated solution of LiCl has to be heated to
temperature b. A free water surface must be cooled to a temperature b, as is the case in a mirror dewpoint hygrometer.

supercooled water instead of ice on the mirror. Observations have shown that below –25°C, the deposit
will usually be ice. As the saturation vapor pressures over water and ice differ, one has to know the nature
of the condensed layer; thus, for accurate measurements, a microscope is required. A rule of thumb is
that the difference between water and ice on the mirror means a difference in dewpoint of one tenth of
the temperature in degrees Celsius below zero, the dewpoint above water being the lower. Where low
water content has to be measured, special attention should be given to the material and cleanliness of
the pipes used. Stainless steel, polished at the internal surface, is to be preferred. The lower the moisture
content, the more significant the effects are (Figure 72.2).

The Psychrometer
Two thermometers are ventilated with the gas of unknown humidity. One sensor, the dry bulb, measures
the gas temperature t. The other sensor, the wet bulb, is surrounded by a wick saturated with pure water.
The energy required to evaporate water into the air stream cools the wet bulb to a temperature t w . The
vapor pressure e in the sampled gas is calculated with the psychrometer equation:

(

e = ew - A × P × t - t w

)

(72.2)

where ew is the saturated vapor pressure at temperature t w, P is the total atmospheric pressure, and A is
the psychrometer coefficient. A depends on ventilation speed, dimensions of the wet bulb, and radiative

FIGURE 72.2 Illustration of the moisture given off by different tubing materials when flushed with very dry gas
after being at ambient humidity. (From Reference 8.)

heat exchange between both dry and wet bulbs and their surroundings. The attractiveness of the psychrometric method lies in the fact that it is a direct and relatively simple method, with a theoretically
strong basis. The accuracy of the method is determined by the accuracy of both dry and wet bulb sensors,
the maintenance of a minimum ventilation speed, and a clean wick. With a ventilation speed of more
than 3 m s–1 and a bulb diameter of 3 mm to 5 mm, A can, according to recent investigations, be assumed
to be (6.35 ± 0.15) ´ 10–4 °C–1, for Assmann-type psychrometers with a polished internal screen as well
as sensors in a transverse air stream in a “black” radiation environment [13,14]. The radiation environment for axially ventilated psychrometers is of crucial importance. Especially when t-tw is measured
directly the psychrometer is the preeminent instrument to measure near or at 100% r.h. The principle
can be used up to a wet bulb temperature of 100°C at atmospheric pressure; dry bulb temperature may
exceed 100°C (up to 165°C, Ultrakust, Germany). Depending on the dry bulb temperature, the wick may
have problems with water supply at strong evaporation. Frozen wet bulbs, already possible at ambient
temperatures below 9°C, can also lead to problems. Generally, this method adds water vapor to the
atmosphere, which might be undesirable in specific applications.

Mechanical Hygrometers
Although mechanical hygrometers are losing ground, they are still widely used, mainly in room conditions. The principle relies on the elongation with r.h. of mainly human hair, textiles, or plastic fibers, the
effect of which can be amplified mechanically to move a pen on a recorder. The best accuracy is 2% to
3% r.h. (for hair, in the range between 35% and 95% r.h., if regenerated at regular intervals); in general,
it is wise not to expect better than 5% r.h. In the case of hair, one must be aware of the fact that the hair
may be in a state different from that during calibration. Hair exhibits a dry and a wet curve; the transition
takes place below 35% r.h. Once at the dry curve, the instrument may read to 20% r.h. too high if it
was calibrated at the wet curve as is usually done. If the instrument is kept overnight under a wet cloth,
the wet curve calibration will be re-established.The response time strongly depends on temperature: it
ranges from a few minutes at 20°C to 20 or 30 min at –10°C. Temperature limits are –60°C to +90°C.

TABLE 72.2 Equilibrium Relative Humidities (%)
Over Some Saturated Salt Solutions
Temperature (°C)
10
Salt
LiCl
MgCl2
Mg(NO3)2
NaCl
KCl
K2SO4

20
30
Relative Humidity (%)

11.3
33.5
57.4
75.7
86.8
98.2

11.3
33.1
54.4
75.5
85.1
97.6

11.3
32.4
51.4
75.1
83.6
97.0

40
11.2
31.6
48.4
74.7
82.3
96.4

Although the initial costs of a mechanical hygrometer are low, the long range costs of calibration and
maintenance are considerable.

The Lithium Chloride Dewpoint Meter
Addition of a hygroscopic soluble salt to pure water decreases the equilibrium saturation vapor pressure
above the solution (Raoult’s law). In Figure 72.1, this change is illustrated for a saturated lithium chloride
solution, which has an equilibrium relative humidity of about 11% (see Table 72.2). A gas sample at
condition a is in equilibrium with a saturated LiCl solution of a (higher) temperature b. (It is also in
equilibrium with pure water at a lower temperature c; note the similarity with a mirror dewpoint meter.)
The application of this principle led to a simple and effective sensor. A fabric sleeve over a bobbin with
a bifilar winding of inert electrodes is coated with a dilute solution of lithium chloride. As the bobbin is
heated by an alternating current, its resistance increases sharply at the point where the surface begins to
dry out, the heating stops, the sensor begins to cool, attracts water vapor, etc., until an equilibrium
temperature has been reached. This is measured by, for example, a resistance thermometer sensor in the
bobbin. The sensor is simple, rugged, relatively cheap and, after some calamity, it can be reactivated by
recoating it. The dewpoint range goes from –40 to +90°C, with a claimed accuracy of about 0.5°C. This
estimate is often too optimistic because the influence of ambient temperature cannot be neglected.
Moreover, LiCl has hydrates with one, two, three, and five molecules of water per molecule of salt. In
the dewpoint regions between 34°C and 41°C, the ambiguity leads to a possible error in that area of up
to 1.5°C in dewpoint. Below –12°C, the error can rise to 3.5°C. Low flow rates can cause stratification
around the sensing surface, high rates can cool it too much, resulting in too high and too low readings,
respectively. Flow rates somewhere between 0.05 and 1 m s–1 are generally recommended. Response times
of commercially available sensors are on the order of minutes. Disadvantages include: the lower limit lies
at 11% relative humidity, the sensor is washed out by accidental immersion, and the power supply should
not be turned off accidentally. From an ionic standpoint, the sensor can be considered precontaminated
and therefore, according to the manufacturer [5], relatively insensitive to contamination. Another source
[9] reports a number of gases, like sulfur vapors, ammonia, high concentrations of carbon dioxide,
chlorine, hydrogen sulfide, and condensable hydrocarbons, that could attack the lithium chloride sensor.

Electric Relative Humidity Sensors
Talking about numbers, the category of electric r.h. sensors is certainly by far the greatest part. The
sensors are generally small, fast responding, do not dissipate heat, and can be used in confined spaces.
Until 1975, the rights in this field were almost exclusively claimed by two resistance types: the Dunmore
and the Pope sensor. The Dunmore sensor uses a dilute lithium chloride solution in a polyvinylacetate
binder on an insulating substrate, with the danger of washout at saturation. The resistance of the sensor,
measured between a bifilar grid, is a function of the r.h. of the surrounding air. This also applies to the
Pope sensor, where a polystyrene substrate itself is the sensitive part of the sensor, after treatment with
sulfuric acid. This sensor is less sensitive to washout, and has a wider range (15% to 99% r.h.) than the

Dunmore type. Modern bulk sensors, based on the measurement of the change in resistance, are manufactured by, for example, Shinyei Kaisha and Elmwood Sensors. Since 1970 a lot of work has been done
in the development of capacitive sensors, where the stability, the influence of temperature, the temperature
range, and the susceptibility for condensation conditions could be greatly improved. Since the 1980s,
this sensor type has surpassed the mentioned resistance types. Basically, this type of sensor consists of a
thin polymer layer between two electrodes of various materials. The types differ mainly in polymer type
and electrode material, resulting in sensors with different characteristics to withstand pollution and
temperatures up to 190°C. A drawback that still seems not completely under control is the fact that a
polymer swells at high humidities, causing an undesirable shift in capacitance of the sensor.

Aluminium Oxide Hygrometers
Briefly, a sheet or wire of aluminium is anodized, producing a thin layer of water-sensitive pores.
Subsequently, a conductive, water-permeable gold film is deposited over it. The radius of the pores is
such that the sensor is specific for water molecules, and the amount absorbed is directly related to the
dewpoint of the gas. The dewpoint range goes from –110 to 20°C, measured as a change in capacitance
between the aluminium base and the gold electrode. The sensor works up to high pressures (30 MPa).
The response time depends on the dewpoint, ranging from seconds at 10°C to minutes below –40°C.
Stated accuracies are ±1°C at higher dewpoints to ±3°C at –100°C. The sensors show slow drift, and
recalibration at least twice a year is generally recommended. Where chemical attack of the aluminium
can be expected, silicon capacitive type sensors may be an alternative. A commercially available type of
MCM (Moisture Controls & Measurement Ltd., U.K.) is temperature controlled, and has a very short
response time: less than 15 s to a level of 1 ppm. Both aluminium and silicon sensors can withstand
immersion in water.

Coulometric Method
In an electrolytic hygrometer, water in a sample stream is quantatively absorbed by a phosporous
pentoxide layer. At the moment water molecules are present, the probe becomes electrically conducting.
With a dc voltage over the sensor, water is electrolyzed and, according to Faraday’s law, a current with a
well-defined magnitude occurs (1 mA = 0.0935 mg H2O/s). For the measurement of the mixing ratio,
the flow through the cell must be measured accurately. Further calibration is, in principle, not necessary.
At higher flow rates and moisture content (3000 ppm to 10,000 ppm by volume), the water vapor may
not be absorbed quantitively, so this method is especially suited for low water contents, beginning at
1 ppm. The response time is about 1 min. Typical measurement uncertainties are 10% at 1 ppm, decreasing to 5% at higher values.

Crystal Oscillator
Even lower concentrations (down to 0.02 ppm by volume) can be detected with a hygroscopic coating
on the surface of a quartz crystal. The resonant frequency of the crystal is a function of the mass of the
coating — in other words, the moisture content of the gas. The crystal is alternately exposed to dry and
humid gas, and the shift in frequency is measured. The response time is 1 min. Typical measurement
uncertainty is 1 ppm or 5%. The instrument is relatively expensive (Du Pont).

Infrared Methods
Like any heteroatomic gas, water vapor absorbs radiation in the infrared region. So, if the gas is led
through the optical path between an infrared source and a detector, there is a reduction of the transmitted
radiation. The source can be dispersive, that is, generated by a monochromator, or nondispersive, wideband radiation, generated by a heated tungsten or nichrome wire. In the monochromatic mode, the
transmittance ratio at two different wavelengths is measured. In the nondispersive (NDIR) method,

usually another path through a reference gas is taken. The detector can be gas-filled, solid-state, or
pyroelectric, with adequate optical or gas filters in the right wave bands. A popular detector was and still
is the Luft type. A Luft detector has two radiation-absorbing chambers containing the specific gas of
interest, separated by a thin membrane. Since the detector is a dynamic device, the radiation paths are
chopped, allowing the measurement of the change in capacitance. This method allows measurement over
a wide range, from ppm level up to saturation. It can be used in corrosive gases, the concentration of
which can be measured simultaneously by the use of another detector. The instrument must be calibrated
at regular intervals; typical measurement uncertainty is 1%. Response times to less than 1 s are possible,
depending on the attainable refreshment time in the measuring chamber. Since the absorption depends
on the number of atoms, transmittance depends on pressure. The method used to be relatively expensive,
even compared with a mirror dewpoint meter, but developments in the field of inexpensive semiconductor
detectors and better optical filters have reduced prices. Further developments are going on in the direction
of fiber-optic probes.

Miscellaneous Methods in Air
• The zirconia cell, acting as a battery on the presence of oxygen ions, is generally used in a mixture
of air and steam. The sensor can be mounted directly in a hot gas stream (600/1700°C). Acceptable
accuracies are reached at dew points of 70°C or higher.
• The frequency of a signal, generated by an acoustic source, depends on the mixing ratio. Measurements in gases up to 250°C, to dewpoints of about 70°C (0 to 30 vol.%, in special cases to
100 vol.%, Mahlo).
• The Lyman alpha hygrometer uses the 121-nm emission line of hydrogen, which is strongly
absorbed by water vapor. Extremely small response times (milliseconds) can be obtained. The
instrument is relatively expensive.
• The difference in thermal conductivity of dry and wet air allows the measurement of absolute
humidity with two sensitive temperature sensors in a Wheatstone bridge (Shibaura).

72.2 Liquids and Solids
Gravimetric
Drying of a material at a controlled temperature and taking the difference in weight before and after
drying is the most fundamental method, greatly improved by microprocessor-based instruments. The
assumption is that the loss in weight is caused by water only and that no other volatile components have
been removed. Another problem can arise if water present by surface adsorption or crystal water is
removed.

Karl Fischer Method
A chemical method for the determination of water in solids and organic solvents is the Karl Fischer
method. The Karl Fischer reagent is composed of iodine, sulfur dioxide, pyridine, and methanol. Addition
of this reagent to water causes a chemical reaction in which, in excess of the other components, one mole
of iodine is used for each mole of water. The reagent is added in a controlled way to a mixture of reagent
and sample, while a current between to electrodes is measured. If all the water has been used, a sudden
change in the current through the mixture is observed.

Infrared Techniques
The infrared technique is applied to liquids and solids as well, in the wavelength bands of 1.45, 1.94, and
2.95 mm. For liquids, the transmission mode described is used, leading to particular problems because
of the small optical path needed. Even smaller transmittance paths would be necessary for solids, one of

the reasons to choose reflectance from the surface as a measure for water content. The surface has to be
representative for the material in question. The system needs to be calibrated for each material. Concentrations as low as 0.02% to 100% can be measured. In case of specular reflection, the method cannot be
used. A relatively new development is the attenuated total reflectance crystal (ATR) method. The crystal
is inserted in the liquid, which may be opaque or semiopaque, or a slurry. A beam with two wavelengths,
for reference and measurement entering the crystal is reflected on the internal surface, penetrating the
solution one-half wavelength at each reflection point. The amplitude of the reflected signal decreases at
each reflection. The number of reflections is determined by the length of the crystal and the angle of
incidence, so the sensitivity can be changed. The measuring range is claimed 0% to 100% water in
solutions; measuring water in emulsions requires some precautions. The response time is negligible.

Microwave Absorbance
Microwave absorbance is generally used in materials with a more or less constant composition, apart
from the moisture content. Microwave radiation from a low-power, solid-state generator is absorbed by
the sample and detected by a solid-state detector. The commonly used frequencies where water strongly
absorbs are 1 to 2 GHz and 9 to 10 GHz, the latter being less dependent on the composition of the
material. Operating ranges from 1% to 70% of water are mentioned, with achievable accuracies of ±0.5%
of water. The attenuation is influenced by bulk density, bulk material, and temperature. The path between
source and detector should not contain any metallic material.

NMR
Hydrogen atoms in the field of a permanent magnet are allowed, according to quantum mechanics, to
have some defined orientations in that field. To shift an atom from one orientation to another requires
a defined amount of energy, dependent on the strength of the magnetic field. If electromagnetic radiation
at the right frequency is applied, resonance of the hydrogen atoms occurs, and a loss in frequency power
can be detected. It is specific for all hydrogen atoms, so interference with liquids other than water in the
sample can be expected. Temperature and flow must be controlled. Magnetic materials must be avoided.
Measuring ranges of 0.05% to 100% have been reported [9].

Neutron Moderation
This method is, like NMR, specific to hydrogen atoms. Neutrons of high energy are slowed by nuclei of
hydrogen atoms. The main components are a detector of slow neutrons, next to a source of fast neutrons.
The measuring range goes from 0.5%. The sensor can be made very rugged. The measured volume is a
sphere of up to tens of centimeters in diameter. The method is dependent on the bulk density of the
material, but largely independent of the properties of the material being analyzed [9]. The method is not
suitable for foodstuffs. It suffers from necessarily severe government regulations and low acceptance by
the public and the operator.

TDR
Time domain reflectometry (TDR) measures the propagation velocity of electrical pulses, mainly between
1 MHz and 1 GHz. This method is well established, especially for the measurement of water content in
soil. With certain limitations, it is proven suitable for automatic installations. The main disadvantage is
the complexity of the data analysis [15].

FD
The general features of the FD (frequency domain) technique are comparable to those of TDR; however,
there are some important differences. The dielectric properties of the material (soil, concrete, grain, oil,

etc.) can be measured at a single frequency. The ability to choose a whole range of frequencies makes
the frequency domain (FD) sensor suitable for spectroscopic measurements. A sensor of this type has
recently been developed by IMAG-DLO, Wageningen (The Netherlands). It is simple and inexpensive,
and available for many purposes. The sensor uses a single application-specific integrated circuit (ASIC)
and is suitable for the measurement of other properties of materials as well [15].

Measurement of Thermal Conductivity
The thermal conductivity of a material is related to the amount of water it contains. Heat pulses are
supplied by a needle probe, and the cooling of the needle after ending the pulse is measured. It is a simple
and inexpensive method, that needs calibration for the material in which it is going to be used.

Water Activity or Equilibrium Relative Humidity
A material enclosed in a measuring chamber is, after some time, in equilibrium with its environment.
The moisture content of the material can be derived from the so-called adsorption isotherms for that
specific material, which must be determined experimentally. The method is used for many materials,
such as foodstuffs, chemicals, grains, seeds, etc., with electric humidity sensors described earlier. In cases
where the water potential of living material like potatoes and leaves must be measured, thus at very high
relative humidities, the junction of a small thermocouple is cooled by an electric current and, after the
current has been turned off, used as an unventilated wet bulb psychrometer. It is an excellent method
that requires skill.

72.3 Formulae
A relatively simple equation for the calculation of the saturation vapor pressure ew(t) in the pure phase
with respect to water is the Magnus formula:

()

(

ln ew t = ln 611.2 + 17.62t 243.12 + t

)

(72.3)

where t is the temperature in °C (on ITS-90) and ew(t) is in pascals. Equation (72.3) covers the range
between –45°C and +60°C, with a maximum standard deviation of 0.3%. Over ice Equation (72.3)
changes to:

()

(

ln ei t = ln 611.2 + 22.46t 272.62 + t

)

(72.4)

covering the range between –65°C and 0°C with a standard deviation of less than 0.5%.
Equation 72.3 can easily be converted for the calculation of the dewpoint td :

[

)] [17.62 - ln (e 6.112)]

(

t d = 243.12 ln e 6.112

(72.5)

where e is the saturation vapor pressure ew at dewpoint temperature td. The standard deviation in the
range mentioned is less than 0.02K. The frost point tf can be calculated from Equation 72.6:

[

(

)] [22.46 - ln (e 6.112)]

t f = 272.62 ln e 6.112

(72.6)

where e is the saturation vapor pressure ei at frostpoint temperature tf, in the range mentioned within a
standard deviation of 4 mK.
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UNIT-3
Measurement of displacement
The direct measurements of displacement, force, torque and speed are very important in industrial
processes. Also. Many other quantities such as pressure, temperature, level, flow, etc. are often
measured by transducers them to displacement. Motion, or force, and then measuring these
parameters which give the required value of a particular quantity. In this chapter some of the methods
for measuring displacement, force, torque and speed have been discussed.
Measurement of displacement:
Generally, displacement is thought of in terms of motion of a few millimeters (mm) or less. The
measurement of displacement is made frequently to relate to some other measurement and hence
displacement transducers are fundamental components of any instrumentation system Displacement is
closely associated with motion (from one point to another) and position (i.e. a change from one position
to the next). Displacement can be measured by both mechanical and electrical methods, but only
electrical methods which are common in industrial use will be described here.
Definition of a Transducer:
Strain gauge is a positive-type resistance transducer which converts a mechanical displacement into a
change of resistance. It is the most commonly used transducer for the measurement of displacement.
The resistance gauge is essentially a fine wire which changes its resistance, when mechanically strained.
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Due to physical effects. Its length and cross-sectional area vary and a change of electrical resistivity also
occurs.
A transducer perform the following functions:
i. detects or senses the present and changes in physical quantity being measured.
ii. Provided a proportional output signal.
The strain Range is mounted to the measured surface so that it elongates or contracts with that surface.
This deformation of the sensing materials causes it to undergo a change in resistance.
Classification of transducers:Transducers are broadly classified into two groups as follows:
1. Active transducers (self-generating type)
2. Passive transducers (Externally powered)
1. Active transducers (self-generating type):
Active transducers are self-generating type. They do not required electric energy. They work on the
principle of conservation of energy. The energy required for production of an output signal is obtained
from the input or physical phenomenon being measured.
Examples: Thermo couples, Thermoelectric and Piezo-electric devices….etc.
2. Passive transducers (Externally powered):
Passive transducers are externally powered type. Passive transducers are based on principle of energy
controlling and they required a secondary electrical source for operation.
Examples: LVDT (Linear variable differential transformer), Thermistors, resistance thermometers, strain
gauge devices.
Classification based on the type of output:
1. Analog Transducer
2. Digital Transducer
1. Analog Transducer:
These transducers convert the input physical phenomenon into an analog output (analog form) which is
continuous function of time.
Examples: Thermistor, Thermocouple, strain gauge, LVDT.
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2. Digital Transducer:
These transducers convert the input physical phenomenon into an electrical output (digital form) which
may be in the form of pulses.
Examples: Turbine flow meter.
Classification based on the electrical principle involved:
1. Variable resistance type
(a) Strain and pressure gauge
(b) Thermistors, resistance thermo meters
(c) Photo conductive cell
2. Variable inductance type
(a) LVDT
(b) Reluctance pickup
(c) Eddy current type
3. Variable capacitance type
(a) Capacitor micro phase
(b) Pressure gauge
(c) Di electric gauge
4. Voltage generating type
(a) Thermo couple
(b) Photo voltaic cell
(c) Rotational motion tachometer
(d) Piezo- electric pickup
5. Voltage divider type
(a) Potentiometer position sensor
(b) Pressure actuated voltage divider
According to the principle of operation, transducer for the measurement of displacement:
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1. Variable resistance transducer
2. Variable inductance transducer
3. Variable capacitance transducer
4. Piezo electric transducer
5. Photo electric or light detecting transducer
(a) Photo conductive
(b) Photo voltaic
(c) Photo emissive
6. Ionization transducers.
Advantages of electrical transducers over other transducers:
1. Mass and inertia effects are minimized
2. Amplification or attenuation is minimized
3. Effect of friction is minimized
4. They are compact in size
5. Remote indication is possible
6. Power consumption is less and loading errors are minimized.
Limitations:1. They need external power supply, 2. High cost
3. Instrument electrical properties may change the actual reading of the variable which is to be
measured.
Piezo Electric transducers:-
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thickness (and thus produce mechanical forces) when charged electrically by a potential difference
applied to its proper axis. Elements exhibiting piezo-electric qualities are sometimes known as electro
restrictive elements.
A typical mode of operation of a piezo electric device for measuring varying force applied to a simple
plate is shown in Fig. Metal electrodes are attached to the selected faces of a crystal in order to detect
the electrical charge developed The magnitude and Polarity of the induced charge on the crystal surface
is proportional to the magnitude and direction of the applied force and is given by :
Q=KF
Where Q is the charge in coulomb, F is the impressed force in newtons and K is the crystal sensitivity in
C/N; it is constant for particular crystals and the manner in which they are cut. The relationship between
the force F and the change 𝛿t in the crystal thickness t is given by the stress-strain relationship.

There are two main groups of piezo-electric crystals: (i) natural crystals such as quartz and tourmaline,
(ii) synthetic crystals such as Rochelle salts, lithium sulphate (LS), ammonia hydrogen phosphate (ADP),
ethylene diamine tartrate (EDT), potassium tartrate (DKT) etc. The advantages vary from crystal to
crystal and one is chosen on the basis of a particular application. Tourmaline `is the least active
chemically while tartaric acid is most active electrically.
* Natural crystals have a very low electrical leakage when used with very high input impedance
amplifiers and permit the measurement of a slowly varying parameter. They are, therefore, capable of
withstanding higher temperatures; operating at low frequencies and sustaining shocks.
* Synthetic crystals exhibit a much high output for an applied stress and are about thousand times more
sensitive than natural crystals. However, they are usually unable to withstand high mechanical strain
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without fracture. Further, the synthetic crystals have an accelerated rate of deterioration over the
natural ones.
The major advantages of piezoelectric transducers are:
*

High frequency response,

*

High output,

*

Rugged construction

*

Negligible phase shift, and

*
Small size. The small size of the transducer is especially useful for accelerometers where added
mass will mechanically load a system.
Applications: Piezo-electric transducers are most often used for accelerometers, pressure cells and
force cells in that order.
 Resistance Transducers:Variable resistance transducers:In terms of physical quantities, the equation for electrical resistance of a metal conductor is
𝑅= 𝜌

𝑙
𝐴
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Variable inductance transducers:1. LVDT (Linear variable differential Transducer)
2. RVDT (Rotary variable differential Transducer)
3. Synchros
4. Resolvers
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1. LVDT (Linear variable differential Transducer):
The linear variable-differential transformer (LVDT) is the most widely used inductive transducer to
translate linear motion into electrical signal.
Construction: A differential transformer consists of a primary winding and two secondary windings. The
windings are arranged concentrically and next to each other. They are wound over a hollow bobbin
which is usually of a non-magnetic and insulating material, as shown in Fig.

Working: Any physical displacement of the core causes the voltage of one secondary winding to increase
while simultaneously, reducing the voltage in the other secondary winding. The difference of the two
voltages appears across the output terminals of the transducer and gives a measure of the physical
position of the core and hence the displacement.
When the core is in the neutral or zero position, voltages induced in the secondary windings are equal
and opposite and the net output is negligible. As the core is moved in one direction from the null
position, the differential voltage, i.e. the difference of the secondary voltages, will increase while
maintaining an in-phase relationship with the voltage from the input source. In the other direction from
the null position, the differential voltage will again increase, but will be 180' out of phase with the
voltage from the input source. By comparing the magnitude and phase of the output (differential)
voltage with the input source. The amount and direction of movement of the core and hence of
displacement may be determined. Variation of output voltage with core position is shown in Fig.
Following are the advantages of LVDT:
(i) The output voltage of these transducer is practically linear for displacements upto 5 mm.
(ii) They have infinite resolution.
(iii) These transducers possess a high sensitivity.
(iv) These transducers can usually tolerate a high degree of shock and vibration without any adverse
effects.
(v) They are simple, light in weight, and easy to align and maintain.
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Following are the disadvantages of LVDT:
(i) Rela6vely large displacements are required for appreciable differential output.
(ii) They are sensitive to stray magnetic fields but shielding is possible.
(iii) They are inherently low in power output.
2. RVDT (Rotary variable differential Transducer):
A RVDT is used to convert rectangular displacement into electrical signal. The construction and working
of RVDT is same as that of LVDT except that is employs a cam shaped core. This core rotates between
the primary and two secondary windings with the help of shaft.
3. Synchros:
The devices by which the angular position of shaft is converted into electrical signal are known as
synchros. The synchros are electromagnetic transducers. The construction of synchro is same as a three
phase alternator. It has a stator and a rotor. The stator consists of 3 identical stationary windings which
are separated by 120° in space. These stationary windings are connected in star (Y) configuration.
The rotor is dumb-bell shaped rotor to which an AC excitation voltage is applied through slip rings. The
rotor acts as primary winding of single phase transformer where as the stationary windings act as
secondary winding of single phase & transformer. There are two basic parts m a synchro system namely
synchro transmitter and synchro receiver.
4. Resolvers:
It is an electromagnetic device which consists of two stator windings and two rotor windings. Resolving
is nothing but converting from one co-ordinate system to another coordinate system. The resolvers
converts the shafts angular position into Cartesian coordinates i.e., the angular rotor position is
converted into those signals which are proportional to the sine and cosine of the rotor position and this
is carried out with respect to the position of the stators.
Photo-electric Transducers:-

These transducers operate on the principle that when light strikes special combination of materials, a
voltage may be generated, a resistance change may take place, or electrons may flow. Photoelectric
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cells are used for a wide variety of purposes in control engineering for precision measuring devices, in
exposure meters used in photography. They are also used in solar batteries as sources of electrical
power for rockets and satellites used in space research.
Based on the principle of rotation photo electric transducers are classified into the 3 types. They are,
(i) Photo-emissive cell: These transducers operate on the photo-emissive effect, i.e., when certain types
of materials are exposed to light, electrons readmitted and a current flow is produced. Light sensitive
photo-cathode may consist of a very thin film of cesium deposited by isotonic onto an oxidised silver
base. Light strikes the cathode, causing the emission electrons which are attracted towards the anode.
This phenomenon produces flow of it current in the external circuit; the current being a function of
radiant energy striking the cathode.
Light information ------------------

current information

(ii) Photo-conductive cell: These are the variable resistance transducers. They on the principle of photo
conductive effect, i.e., some special type of semiconductor oils change their resistance when exposed to
light.
Light information ------------------

resistance information

Figure shows schematically the construction and electrical circuit of a photoconductive cell. The
sensitive material usually employed is cadmium selenide, germanium etc in the form of thin coating
between the two electrodes on a glass. Further, the cells are used in the circuit as a variable resistance
and are put in .series an ammeter and a voltage source. When the light strikes the semiconductor
material, is a decrease in the cell resistance thereby producing an increase in the current indicated the
ammeter.
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(iii) Photo-voltaic cell: These transducers operate on the photo-valtaic effect, i.e., when light's trikes a
junction of certain dissimilar metals, a potential difference is built up.
Light information ------------------

emf information

The cell consists of a metal base plate, a non-metal semiconductor and a thin transparent metallic layer.
Typical examples of the layers are the copper oxide on copper and iron oxide on iron combination. The
transparent layer may be in the form of a sprayed conducting lacquer. Light strikes the coating and
generates an electric potential. The output is, however, low and is non-linear function of the light
intensity. In contrasted photo-tube and photo-conductive cells, the photo-voltaic unit is self-gene, rated
and requires no voltage source to operate it.
 Capacitive Transducers:-
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In the above arrangement, two crystals are used. The two crystals are alternately subjected to two
different gases for a period of about 30 seconds, so that their contaminations become same and a stable
frequency output is obtained.

The frequency shifts of the crystal due to the change of its weight fin the presence of moisture of
sample gas are measured electronically and the difference in frequency is determined. This frequency
difference is converted into signal, which is then converted into digital form and displayed. Thus, quartz
crystal hygrometer can measure humidity or moisture content of gases ranging from 1Vppm to 30Vppm.

MEASUREMENT OF FORCE AND TORQUE

An engineer is concerned not only with the generation of power by a prime-mover but is also required
to measure the useful output. That helps the engineer to know how well prime-mover is doing its job in
relation to the energy supplied to it. The terms related to engine output are:
(i) Force: Force represents the mechanical quantity which changes or tends to change the relative
motion or shape of the body on which it acts. Force is vector quantity specified completely by its
magnitude, point of application, line of action and direction.
The relationship between motion and force is provided by the laws of dynamics. Newton’s second low of
motion states that force is proportional to the rate of change of momentum. That is
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(ii) Work: Work represents the product of force and the displacement measured in the direction of
force.
Work done = force × displacement;

W= F s

The unit of work is joule (J) which is defined as the work done by a constant force of one newton acting
on a body and moving it through a distance of one metre in its direction.
1J=1Nm
(iii) Torque: It represents the amount of twisting effort, and numerically it equals the product of force
and the moment arm or the perpendicular distance from the point of rotation (fulcrum) to the point of
application of force. Consider a wheel rotated by the force F applied at radius r. Torque or twisting
moment is then given by
T=F×r
Thus measurement of torque is intimately related to force measurement.
(iv) Power: Power is the rate of doing work and is obtained by dividing the work done by time. The unit
of power is watt (W), kilowatt (kW) or megawatt (MW). Watt represents a work equivalent of one joule
done per second.

In one rotation 𝜃 =2 𝜋. If the wheel thus N revolutions per minute, then the angular displacement per
second is 2𝜋𝑁/60.
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Force Measurement:
A measure of the unknown force may be accomplished by the methods incorporating following
principles:(i) Balancing the force against a known gravitational force on a standard mass (scales balances)
(ii) Translating the force to a fluid pressure and then measuring the resulting pressure and pneumatic
load cells)
(iii) Applying the force to some elastic member and then measuring the resulting (proving ring)
(iv) Applying the force to a known mass and then measuring the resulting acceleration
(v) Balancing the force against a magnetic force developed by interaction of a magnet current carrying
coil.
Scales and balances:
Force or weight is indicated by making a comparison the force due to gravity acting on a standard mass
and the force due to gravity on the unknown mass.

An equal-arm beam balance of a beam pivoted on a knife-edge fulcrum the centre. Attached to the
centre of the beam a pointer which points vertically downwards the beam is in equilibrium. The
equilibrium exist when the clockwise rotating equals the anti-clockwise rotating moment i.e., 𝑚1 𝑙1 =
𝑚2 𝑙2 . Since the two arms of the beam equal; the beam would be in equilibrium again 𝑚1 = 𝑚2 . Further
for a given location, the attraction acts equally on both the masses therefore at the equilibrium
conditions 𝑊1 = 𝑊2 , i. e., the unknown force or weights equal known force or weights.
PROVING (STRESS) RING:
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The proving (stress) ring is a ring of known physical dimensions and mechanical properties. When an
external compressive or tensile load is applied to the lugs or external bosses, the ring changes in its
diameter; the change being proportional to the applied force. The amount of ring deflection is measured
by means of a micrometer screw and a vibrating reed which are attached to the internal bosses. During
use, the micrometer tip is advanced and its contact with the reed is indicated by considerable damping
of the reed vibration. The difference in the micrometer reading taken before and after the application of
load is the measure of the amount of the elongation or compression of the ring. The proving ring
deflection can also be picked by LVDT, resulting in a proportional voltage change. The device gives
precise results when properly calibrated and corrected for temperature variations.
Instead of deflection, strain in an elastic member may be measured by a strain gauge, and then
correlated to the applied force.
Mechanical load cells: The term load cell is used to describe a variety of force transducers which may
utilize the deflection or strain of elastic member, or the increase in pressure of enclosed fluids. The
resulting fluid pressure is transmitted to some form of pressure sensing device such as a manometer or
a bourdon tube pressure gauge. The gauge reading is identified and calibrated in units of force.
Hydraulic load cell:

In a hydraulic load cell the force variable is impressed upon a diaphragm which deflects and there by
transmits the force to a liquid. The liquid medium, contained in a confined space, has a preload pressure
of the order of 2 bar. Application of force increases the liquid pressure; it equals the force magnitude
divided by the effective area of the diaphragm. The pressure is transmitted to and read on an accurate
pressure gauge calibrated directly in force units. The system has a good dynamic response; the
diaphragm deflection being less than 0.05 mm under full load. This is because the diaphragm has a low
modulus and substantially all the force is transmitted to the liquid. These cells have been to measure
loads up to about 2.5 MN with an accuracy of the order of 0. I percent of full scale; resolution is about
0.02 percent.
pneumatic load cell:
A pneumatic load cell operates on the force-balance principle and employs a nozzle-flapper transducer
similar to the conventional relay system. A variable downward force is balanced by an upward force of
air pressure against the effective area of a diaphragm. Application of force causes the flapper to come
closer to the nozzle, and the diaphragm to deflect downwards. The nozzle opening is nearly shut-off and
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this results into an increased back pressure in the system. The increased pressure acts on the
diaphragm, produces an effective upward force which tends to return the diaphragm to its preload
position.

For any constant applied force, the system attains equilibrium at a specific nozzle opening and a
corresponding pressure is indicated by the height of mercury column in a manometer. Since the
maximum pressure in the system is limited to the air-supply pressure, the range of 'M unit can be
extended only by using a larger diameter diaphragm. The commercially available load cells operating on
this principle can measure loads up to 250 KN with an accuracy of 0.5 percent of full scale. The air
consumption is of the order of 0.17 𝑚3 /hr of free air.
Strain gauge load cell:
The strain gauge load cell converts weight or force into electrical outputs which are provided by the
strain gauges; these outputs can be connected to various measuring instruments for indicating,
recording and controlling the weight or force.

A simple load cell consists of a steel cylinder which has four identical strain gauges mounted upon it; the
gauges 𝑅1 and 𝑅4 are along the direction of applied load and the gauges 𝑅2 and 𝑅3 are attached
circumferentially at right angles to gauges 𝑅1 and 𝑅4 . These four gauges are connected electrically to
the four limbs of a Wheatstone bridge circuit. When there is no load on the cell, all the four gauges have
the same resistance. Evidently then the terminals B and D are at the same potential; the bridge is
balanced and the output voltage is zero
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applications such as draw-bar and tool-force dynamometers, crane load monitoring, and road vehicle
weighing device etc.
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Problem:

Torques measurement:
The main purpose of torque measurement is to determine the mechanical power required or developed
by a machine. Torque measurement also helps in obtaining load information necessary for stress or
strain analysis. In some cases other variables are determined by measuring torque. For example, in the
case of rotating cylinder viscometer, measurement of torque developed at the fixed end of the
stationary cylinder help in determining the viscosity of the fluid between the movable and stationary
cylinder.
Mechanical torsion meter:
Figure shows the schematics of an elastic torsion bar meter wherein angular deflection of a parallel
length of shaft is used to measure torque. The angular twist over fixed length of the bar is observed on a
calibrated disk (attached to the rotating shaft) by using the stroboscope effect of intermittent viewing
and the persistence of vision. The system gives a varying angle of twist between the driving engine and
the driven load as the torque changes.
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Optical torsion meter: The meter uses an optical method to detect the angular twist of a rotating shaft.

The unit comprises two castings A and B which are fitted to the shaft at a known distance apart. These
castings are attached to each other by a tension strip C which transmits torsion but has little resistance
to bending. When the shaft is transmitting a torque, there occurs a relative movement between the
castings which results in partial inclination between the two mirrors attached to the castings. The
mirrors are made to reflect a light beam onto a graduated scale; angular deflection of the light ray is
then proportional to the twist of, and hence the torque in, the shaft. For constant torque measurements
from a steam turbine, the two mirrors are arranged back to back and there occurs a reflection from each
mirror during every half revolution. A second system of mirrors giving four reflections per revolution is
desirable when used with a reciprocating engine whose torque varies during a revolution.
Electrical torsion meter: A system using two magnetic or photoelectric transducers, as shown in Fig,
involves two sets of measurements.
(i) a count of the impulse from either slotted wheel. This count gives the frequency or shaft speed.

(ii) a measure of the time between pulses from the two wheels. This signal is proportional to the twist 6
of, and hence torque T in the shaft.
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These two signals, T and 𝜔, can be combined to estimate the power being transmitted by the shaft.
Strain- gauge torsion meter: A general configuration of a strain gauge bridge circuit widely employed for
torque measurement from a rotating shaft is shown in Fig.

Four bonded-wire strain gauges are mounted on a 45' helix with the axis of the rotation and are placed
in pairs diametrically opposite, If the gauges are accurately placed and have matched characteristics, the
system is temperature compensated and insensitive to bending and thrust or pull effects. Any .change in
the gauge circuit then results only from torsional deflection. When the shaft is under torsion, gauges I
and 4 will elongate as a result of the tensile component of a pure shear stress on one diagonal axis,
while gauges 2 and 3 will contract owing to compressive component on the other diagonal axis. These
tensile and compressive principal strains can be measured, and the shaft torque can be calculated
A main problem of the system is carrying connections from the strain gauges (mounted on the rotating
shaft) to a bridge circuit which is stationary. For slow shaft rotations, the connecting wires are simply
wrapped around the shaft. For continuous and fast shaft rotations, leads from the four junctions of the
gauges are led along the shaft to the slip rings. Contact with the slip rings is made with the brushes
through which connections can be made to the measuring instrument.
Commercial-strain-gauge torque sensors are available with built-in slip rings and speed sensors. A family
of such devices covers the range 6 Nm to 1000 kNm with full-scale output of about 40 mV.
SHAFT POWER MEASUREMENT (DYNAMOMETERS):The dynamometer is a device used to measure the torque being exerted along a rotating shaft so as to
determine the shaft power input or output of power-generating, transmitting, and absorbing machinery.
Dynamometers are generally classified into:
(i) Absorption dynamometers in which the energy is converted into heat by friction whilst being
measured. The heat is dissipated to the surroundings where it generally serves no useful purpose.
Absorption dynamometers are used when the test-machine is a power generator such as an engine,
turbine and an electric motor. The types commonly used include Prony brakes, hydraulic or fluid friction
brakes, fan brakes and eddy current dynamometers.
(ii) Transmission dynamometers in which the energy being transmitted either to or from dynamometer
is not absorbed or dissipated. After measurement, the energy is conveyed to the surroundings in a
useful mechanical or electrical form. A small amount of power ma). However, be lost by friction at the
joints of the dynamometer. The type includes torsion and belt dynamometers, and strain gauge
dynamometers.
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(iii) Driving dynamometer which may be coupled to either power-absorbing or power generating
devices since it may operate either a motor or a generator. These instruments measure power and also
supply energy to operate the tested devices. They are essentially useful in determining performance
characteristics of such machines as pumps and compressors. Electric cradled dynamometer is a typical
example of the driving dynamometer.
Mechanical brakes: The Prony and the rope brakes are the two types of mechanical brakes chiefly
employed for power measurement. The prony brake has two common arrangements in the block type
and the band type. Whereas the block type is employed to high speed shafts with a small pulley, the
band type measures the power of low speed shafts having a relatively large pulley.

The block type prony brake consists of two blocks of wood each of which embraces rather less than one
half of the pulley rim. One block carries a lever arm to the end of which a pull can be applied by means
of a dead weight or spring balance. A second arm projects from the block in the opposite direction and
carries a counter-weight to balance the brake when unloaded. When operating, friction between the
blocks and the pulley tends to rotate the blocks in the direction of the rotation of the shaft. This
tendency is prevented by adding weights at the extremity of the lever arm so that it remains horizontal
in a position of equilibrium.
Let W be the weight in newton, I be the effective length of the lever arm in meter, and N be the
revolutions of the crankshalt per minute. Then:
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Rope brake dynamometers:
A rope brake dynamometers consists of one or more ropes wrapped around the fly wheel of an engine
whose power is to be measured. The ropes are spaced evenly across the width of the rim by means of Ushaped wooden blocks' located at different points of the rim of the flywheel. The upward ends of the
rope are connected together and attached to a spring balance, and the downward ends are kept in place
by a dead weight. The rotation of flywheel produces frictional force and the rope tightens. Consequently
a force is induced in the spring balance. Generation of heat is enormous and that necessitates a cooling
arrangement for the brake. The rim is made trough shaped internally. Water is run into the trough and
kept in place by the centrifugal force.
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Hydraulic dynamometer:-

A hydraulic dynamometer uses fluid-friction rather than dry friction for dissipating -the input energy.
The unit consists essentially of two elements namely a rotating disk and stationary casing. The rotating
disk is keyed to the driving shaft of the prime-mover and it resolves inside the stationary casing. The
casing is mounted on antifriction (trunnion) bearings and has a brake arm and a balance system
attached to it. Such bearings allow the casing to rotate freely except for the restraint imposed by the
brake arm. Further, the casing is in two-halves; one of which is placed on either side of the rotating disk.
Semi-elliptical recesses in the casing match with the corresponding grooves inside the rotating disk to
form chambers through which a stream of water flow is maintained. When brake is operating, the water
follows a helical path in the chamber. Vortices and eddy-currents are set-up in the water and these tend
to turn the dynamometer casing .in the direction of rotation of the engine shaft. This tendency is
resisted by the brake arm balance system that measure the torque.
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UNIT-4
 Introduction:

CONTROL SYSTEMS

A system is an assemblage of devices and components connected or related by some form of regular
interation or interdependence to form an organised whole and perform specified tasks. The system
produces an output corresponding to a given input.
Ex: The thermometer and the mass-spring damper system can be indentified as systems. He
thermometer has the input x = 𝜃 (temperature) and the output y = l (length of the mercury column in
the capillary).

The term control implies to regulate, direct or command. A control system may thus be defined as;
”an assemblage of devices and components connected or related so as to command direct or regulate it
self or another system".
EX:1

1. An electrical switch which serves to control the flow of electricity in a circuit. The input signal
(command) is the flippling of the switch on or off; and the corresponding output (controlled) signal is the
flow or non-flow of electric current.
2. A thermal system where it is desired to maintain the temperature of hot water at a prescribed value.
Before the operator can carry out his task satisfactorily, the following requirements must be met:
(a) The operator must be told what temperature is required for the water. This temperature, called the
set point or desired value, constitutes the input to the system.
(b) The operator must be provided with some means of observing the temperature (sensing element).
For that a thermometer is installed in the hot water pipe and it measures measured temperature
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compares with the desired value. This difference between the desired value and the actual
measurement value is error or actuating signal.
e=r-c
where r refers to the set-point or reference input and c denotes the controlled variable.

(c) The operator must be provided with some means of influencing the temperature (control elemeny
and must be instructed what to do to move the temperature in a desired direction (control function).
3. A driving system of an automobile (accelerator, carburettor and an engine vehicle) where command
signal is the force on the acceleration pedal and the automobile speed is the controlled variable. The
desired change in engine speed can be obtained by controlling pressure on the accelerator pedal.

4. An automobile steering system where the driver is required to keep the automobile in the
appropriate lane of the roadways. The eyes measure the output (heading of the automobile), the brain
and hands react to any error existing between the input (appropriate lane) and the output signals, and
act to reduce the error to zero.

5. A biological control system where a person moves his finger to point towards an object. The
command signal is the position of the object and the output is the actual pointed direction.
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Other well-known examples of control systems are: electric frying pans, water pressure regulators,
toilet-tank water level, electric irons, refrigerators and household furnaces with thermostatic control.

 Classification of control systems:
These are two basic types of control systems, 1. open loop and 2. closed loop systems.
1 Open-loop systems (unmonitored control system). The main features of an open loop system are:
(a) there is no comparison between the actual (controlled) and the desired values of a variable.
(b) for each reference input, there corresponds a fixed operating condition (output) and this output has
no effect on the control action, i. e., the control action is independent of output.
(c) for the given set-input, there may be a big variation of the controlled variable depending upon the
ambient conditions. Since there is no comparision between actual output and the desired value, rapid
changes can occur inthe output if there occurs any change in the external load.

Some examples of open-loop system are :
(i) Trying to guide a car by setting the steering wheel, together with a pattern of subsequent changes of
direction, at the beginning of a journey and making no alternation enroute as and when the car deviates
form the desired path.
(ii) Hitting the golf ball where the player knows his goal to get the ball into a particular hole. To achieve
it, the player hits the ball correctly at the beginning of its flight. Once the moment of impact ispassed, he
loses his control on any further flight ofthe ball.
(iii) The automobile traffic control signals at roadway intersections are the open loop systems. The red
and green light travels (input to the control action) are predetermined by a calibrated timing mechanism
and are in no way influanced by the volume of traffic (output).
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An open loop system has the following advantages and limitations:
* simple construction and ease of maintenance
* no stability problems
* convenient when the controlled variable is either difficult to measure or it is economically not feasible
* system affected by internal and external disturbances ; the output may differ from the desired value
* needs frequent and careful calibrations for accurate result.

2. Closed-loop systems (monitored control systems). The main features of a closed loop system are:
(a) There is comparison between the actual (controlled) and the desired values of the variable. To
accomplish it, the output signal is fed back and the loop is completed.
(b) The error signal (deviation between the reference input the feedback signals) then actuates the
control element to minimize the error and bring the system output to the desired value.
(c) The system operation is continually correcting any error that may exist. As long as the output does
not coincide with the desired goal, there is likely to be some kind of actuating signal.
The performance of such a system is evaluated with reference to the following desireable
characteristics:
* minimum deviation following a disturbance
*minimum time interval before return to set point
* minimum off-set due to change in operating conditions.

Examples of closed loop systems are:
(i) The control of the thermal system is a closed loop, when the operator detects that the output
temperature is different from the desired or reference temperature, he initiates an action to reduce the
discrepency by operating a value that controls the steam supply to water.
(ii) The automobile driving system would become a closed-loop system when the driver makes a visual
observation of the speed indicated by a speedometer and compares this mentally with the desired
speed.
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Example of automatic control systems:
(i) In the automatic feed-back control of a thermal system (Fig. 15.9), the human operator has been
replaced by an automatic controller. The actual temperature of the hot water is measured by a
thermometer and is fed to the controller for comparison with the reference temperature whose value
has been specified by appropriate, setting of the thermostat/regulator. Based on the error signal, the
controller generates an output (correcting signal) which is taken to the control valve in order to change
the valve opening for steam supply.

(ii) The level control system depicted in Fig. 15.10 is an automatic control system. Where inflow of water
to the tank is dependent on the water; level in the tank. The automatic controller maintains the liquid
level by comparing the actual level with a desired level and correcting any error by adjusting the opening
of the control valve.

(iii) A pressure control system where the pressure inside the furance is automatically controlled by
affecting a change in the position of the damper (Fig 15.12).
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Unit-5
Time response of first order and second order systems





Time behavior of a system is important. When you design a system, the time
behavior may well be the most important aspect of its behavior (How quickly
a system responds is important)
What is a first order system?
It is a system whose dynamic behavior is described by a first order
differential equation.
Synonyms for first order systems are first order lag and single exponential
stage.
Transfer function
The transfer function is defined as the ratio of the output and the input in
the Laplace domain.
It describes the dynamic characteristics of the system.
𝐺(𝑠) =

𝑜𝑢𝑡𝑝𝑢𝑡
𝑖𝑛𝑝𝑢𝑡

General rules to develop a transfer function
1. Make unsteady state balance (mass, heat or momentum)
2. Make steady state balance

3. Subtract the steady state equation from the unsteady state equation
(why?)
4. Transform the resulting equation into the Laplace domain
5. Rearrange the equation to get the ratio of the (out/in) in one side and
the other parameters in the other side (the resulting is the transfer
function)
Example on first order systems
A mercury thermometer: consider the mercury thermometer shown in the
figure

Cross view of thermometer
Basic assumptions:
1. All the resistance to heat transfer resides in the film surrounding the
bulb (conduction resistance is neglected).
2. All the thermal capacity is in the mercury.
3. The mercury assumes a uniform temperature throughout.
4. The glass wall containing the mercury does not expand or contract
during the transient response.
5. Constant properties.
To develop the transfer function of the thermometer we will follow the
steps mentioned earlier;
1. Unsteady state heat balance
Input – Output = Rate of change

ℎ𝐴(𝑥 − 𝑦) − 0 = 𝑚𝑐𝑝

𝑑𝑦
𝑑𝑡

Temperature profile in the thermometer

Note: output from the thermometer = 0.0 (mercury is expanded when
heated)
2. Steady state balance
ℎ𝐴(𝑥𝑠 − 𝑦𝑠 ) = 0
3. Unsteady state balance – steady state balance
𝑑(𝑦 − 𝑦𝑠 )
ℎ𝐴[(𝑥 − 𝑥𝑠 ) − (𝑦 − 𝑦𝑠 )] = 𝑚𝑐𝑝
𝑑𝑡
𝑑(𝑦−𝑦𝑠 )
𝑑𝑦
Note: 𝑑𝑡 = 𝑑𝑡
Write the above equation in terms of the deviation variables
ℎ𝐴[𝑋 − 𝑌] = 𝑚𝑐𝑝
[𝑋 − 𝑌] =
4. Laplace transform

𝑚𝑐𝑝 𝑑𝑌
ℎ𝐴 𝑑𝑡

𝑑𝑌
𝑑𝑡

[𝑋(𝑠) − 𝑌(𝑠)] =
5. Output/Input

The parameter

𝑚𝑐𝑝
ℎ𝐴

𝑚𝑐𝑝
𝑠𝑌(𝑠)
ℎ𝐴

𝑌(𝑠)
1
= 𝑚𝑐
𝑝
𝑋(𝑠)
𝑠+1
ℎ𝐴
has the units of time and is called the time

constant of the system and is denoted by 𝜏
𝑌(𝑠)
1
=
𝑋(𝑠) 𝜏𝑠 + 1
Note:
 The time constant is a measure to how fast be the system
response. The smaller is the time constant, the more responsive is
the system.
 𝜏 also called “dead time” or “dynamic lag”
Standard form of first order transfer functions
𝑌(𝑠)
𝐾
=
𝑋(𝑠) 𝜏𝑠 + 1
 The important characteristics of the standard form are as follows:
 The denominator must be of the form 𝜏𝑠 + 1
 The coefficient of the s term in the denominator is the system time
constant 𝜏
 The numerator is the steady-state gain K.
Example 1: A first order system has a transfer function
the time constant and the steady state gain.
Properties of transfer functions:
 Superposition is applicable

𝐺(𝑠) =
If 𝑋(𝑠) = 𝑎1 𝑋1 (𝑠) + 𝑎2 𝑋2 (𝑠)

𝑌(𝑠)
𝑋(𝑠)

𝑌(𝑠)
𝑋(𝑠)

=

2
𝑠+

1
3

. Identify

𝑌(𝑠) = 𝐺(𝑠) 𝑋(𝑠)
𝑌(𝑠) = 𝑎1 𝐺(𝑠)𝑋1 (𝑠) + 𝑎2 𝐺(𝑠)𝑋2 (𝑠)
= 𝑎1 𝑌1 (𝑠) + 𝑎2 𝐺(𝑠)𝑌2 (𝑠)
i.e. The output of multi-input is the sum of the output to the individual
inputs.
Response of first order systems to some common forcing functions
1. Step response (𝑋(𝑡) = 𝐴 𝑢(𝑡); 𝑌(𝑡) =? ? )
Required:
 Sketch of the input and the corresponding output
 General equation of the output
 The ultimate and maximum value of the output and their corresponding
time.
To get the response to any input follow the following steps (scheme)
ℒ𝑇

𝑇𝐹

ℒ −1

[𝐼𝑛𝑝𝑢𝑡] 𝑋(𝑡) → 𝑋(𝑠) → 𝑌(𝑠) → 𝑌(𝑡)[𝑂𝑢𝑡𝑝𝑢𝑡]
𝑌(𝑠)
𝐾
=
𝑋(𝑠) 𝜏𝑠 + 1
𝐴
𝑋(𝑠) =
𝑠
𝐴 𝐾
𝐶1
𝐶2
𝑌(𝑠) =
= +
𝑠 𝜏𝑠 + 1
𝑠 𝜏𝑠 + 1
Solving by partial fractions
𝑌(𝑠) =

𝐾𝐴
𝐾𝐴
−
1
𝑠
𝑠+𝜏
𝑡

𝑌(𝑡) = 𝐾𝐴[1 − 𝑒 −𝜏 ]
The above equation is the general form of first order system response to
step change.

Input X(t)
𝑋(𝑡) = 𝐴 𝑢(𝑡)

Output Y(t)
𝑡

𝑌(𝑡) = 𝐾𝐴[1 − 𝑒 −𝜏 ]

Ultimate value = KA
Maximum value = KA
Characteristics of step response
A. The value of the output reaches 63.2% of its ultimate value after 𝑡 = 𝜏
B. If the initial rate of change is maintained the response will be completed
after 𝑡 = 𝜏
C. The response is completed after 𝑡 = 5𝜏
D. The speed of the response of a first-order system is determined by the
time constant for the system. as t increases, it takes longer for the
system to respond to the step disturbance.

Effect of the time constant on the step response of a first order system
2. Impulse response (𝑋(𝑡) = 𝐴 𝛿(𝑡); 𝑌(𝑡) =? ? )
𝑌(𝑠)
𝐾
=
𝑋(𝑠) 𝜏𝑠 + 1
𝑋(𝑠) = 𝐴
𝐾𝐴
𝐾𝐴/𝜏
𝑌(𝑠) =
=
𝜏𝑠 + 1 𝑠 + 1
𝜏
𝑌(𝑡) =

𝐾𝐴 −𝑡
𝑒 𝜏
𝜏

Input X(t)
𝑋(𝑡) = 𝐴 𝛿(𝑡)

Output Y(t)
𝐾𝐴 −𝑡
𝑌(𝑡) =
𝑒 𝜏
𝜏

The response rises immediately and
then decays exponentially.
Ultimate value = 0
𝐾𝐴
Maximum value = 𝜏 at t = 0
3. Pulse response
𝐻 0<𝑡<𝑇
𝑋(𝑡) = {
0 𝑇<𝑡
Write the function X(t) in terms of the unit step function
𝑋(𝑡) = 𝐻 𝑢(𝑡) − 𝐻𝑢(𝑡 − 𝑇)
𝑋(𝑠) =

𝐻 𝐻 −𝑇𝑠
− 𝑒
𝑠 𝑠

𝐻 𝐻
𝐾
𝑌(𝑠) = ( − 𝑒 −𝑇𝑠 )
𝑠 𝑠
𝜏𝑠 + 1
𝐻 𝐾
𝐻 𝐾
𝑌(𝑠) =
−
𝑒 −𝑇𝑠
𝑠 𝜏𝑠 + 1 𝑠 𝜏𝑠 + 1

𝑡

𝑌(𝑡) = 𝐾𝐻 [1 − 𝑒 −𝜏 ] 𝑢(𝑡) − 𝐾𝐻 [1 − 𝑒 −

(𝑡−𝑇)
𝜏 ] 𝑢(𝑡

Input X(t)
𝑋(𝑡) = 𝐴 𝛿(𝑡)

− 𝑇)

Output Y(t)
𝐾𝐴 −𝑡
𝑌(𝑡) =
𝑒 𝜏
𝜏

Ultimate value = 0
𝑇

Maximum value = 𝐾𝐻 [1 − 𝑒 − 𝜏 ] at t =T

4. Ramp response (𝑋(𝑡) = 𝐴𝑡 𝑢(𝑡); 𝑌(𝑡) =? ? ) where A is the slope of the
ramp function
𝑌(𝑠)
𝐾
=
𝑋(𝑠) 𝜏𝑠 + 1
𝑋(𝑠) =

𝐴
𝑠2

𝐾𝐴
𝐾𝐴
𝐶1 𝐶2
𝐶3
𝜏
𝑌(𝑠) = 2
=
= 2+ +
𝑠 (𝜏𝑠 + 1) 𝑠 2 (𝑠 + 1) 𝑠
𝑠 (𝑠 + 1)
𝜏
𝜏
Solving by partial fractions


𝐶1 = 𝐾𝐴



𝑌(𝑠) =

𝐶2 = −𝐾𝐴𝜏
𝐾𝐴 𝐾𝐴𝜏
𝐾𝐴𝜏
−
+
2
1
𝑠
𝑠
(𝑠 + 𝜏 )



𝐶3 = 𝐾𝐴𝜏

𝑡

𝑌(𝑡) = 𝐾𝐴𝑡 − 𝐾𝐴𝜏 + 𝐾𝐴𝜏 𝑒 −𝜏
𝑡

𝑌(𝑡) = 𝐾𝐴𝑡 − 𝐾𝐴𝜏 (1 − 𝑒 −𝜏 )
Input X(t)
𝑋(𝑡) = 𝐴𝑡 𝑢(𝑡)

Output Y(t)
𝑡

𝑌(𝑡) = 𝐾𝐴𝑡 − 𝐾𝐴𝜏 (1 − 𝑒 −𝜏 )

Ultimate value = ∞
Maximum value = ∞
Physical examples of first order systems
The objective of this part is to develop the transfer function of some first
order systems and to confirm that the time constant depends on the system
parameters.
1. Liquid level
A tank of uniform cross sectional area A, the inlet flow is q and the outlet is
𝑞𝑜 . The liquid level in the tank is h and the tank has a linear flow resistance
h

at the outlet (e.g. valve). (q o = R)

Liquid level system
Required: the transfer function

𝐻(𝑠)
𝑄(𝑠)

𝑄𝑜 (𝑠)

and

𝑄(𝑠)

(note: this system is called

single input multi-output SIMO)
Basic assumptions:
a) Constant density
i.

b) Linear resistance

Unsteady state mass balance
𝜌𝑞 − 𝜌𝑞𝑜 =

𝑑(𝜌𝑉) 𝑑(𝜌𝐴ℎ)
=
𝑑𝑡
𝑑𝑡

𝑞 − 𝑞𝑜 = 𝐴
ii.

c) Constant cross sectional area

𝑑ℎ
𝑑𝑡

Steady state mass balance
𝑞𝑠 − 𝑞𝑜 𝑠 = 0

iii.

Subtract the steady state equation from the unsteady state one
𝑄 − 𝑄𝑜 = 𝐴

𝑑𝐻
𝑑𝑡

Where:
𝑄 = 𝑞 − 𝑞𝑠

𝑄𝑜 = 𝑞𝑜 − 𝑞𝑜 𝑠

The above parameters are called deviation variables.
iv.

Taking the transform of the resulting equation
𝑄(𝑠) − 𝑄𝑜 (𝑠) = 𝐴𝑠𝐻(𝑠)
Qo =

H
R

𝐻 = ℎ − ℎ𝑠

𝑄(𝑠) −

H(s)
= 𝐴𝑠𝐻(𝑠)
R

H(s)
𝑅
=
𝑄(𝑠) 𝐴𝑅𝑠 + 1
H(s)
𝑅
=
𝑄(𝑠) 𝜏𝑠 + 1
𝜏 = 𝐴𝑅
Note: tanks having small cross sectional area are more responsive.
Qo (s)
1
=
𝑄(𝑠) 𝜏𝑠 + 1
N.B: the steady state gain depends on the input and the output in the last
transfer function it is dimensionless because the input and the output have
the same units.
The steady state gain is a conversion factor that relates the input and the
output at steady state.
2. Liquid level with constant flow outlet

Liquid level with constant flow outlet
In this example the resistance R is replace by a constant flow pump (𝑞𝑜 (𝑡) =
𝑞𝑜,𝑠 )
H(s)

Required: the transfer function 𝑄(𝑠)
Basic assumptions:
d) Constant density

e) Constant flow outlet f) Constant cross sectional

area

(𝑞𝑜 (𝑡) = 𝑞𝑜,𝑠 )
i.

Unsteady state mass balance
𝑞 − 𝑞𝑜 = 𝐴

ii.

𝑑ℎ
𝑑𝑡

Steady state mass balance
𝑞𝑠 − 𝑞𝑜 𝑠 = 0

iii.

Subtract the steady state equation from the unsteady state one
𝑄=𝐴

𝑑𝐻
𝑑𝑡

Where: 𝑞𝑜 − 𝑞𝑜 𝑠 = 0
iv.

Taking the transform of the resulting equation
𝑄(𝑠) = 𝐴𝑠𝐻(𝑠)
H(s)
1
=
𝑄(𝑠) 𝐴𝑠
𝑄(𝑠)
𝐴𝑠
Note: Inverse of the above equation yields:
H(s) =

1 𝑡
H(t) = ∫ 𝑄(𝑡)𝑑𝑡
𝐴 0
Ex: Find the response of this system to a unit step change in input
𝑄(𝑡) = 1 𝑢(𝑡)
𝑄(𝑠) =

1
𝑠

𝐻(𝑠) =

1
𝐴𝑠 2

𝐻(𝑡) =

1
𝑡
𝐴

 The response is a ramp function that grows with time without limit. Such
a system that grows without limit for a sustained change in input is said
to have non-regulation.
 Systems that have a limited change in output for a sustained change in
input are said to have regulation.

Important note:
The transfer function for the liquid-level system with constant outlet flow
given can be considered as a special case of Eq.
𝑙𝑖𝑚𝑅→∞ (

H(s)
𝑄(𝑠)

𝑅

= 𝐴𝑅𝑠+1 as 𝑅 → ∞

𝑅
1
)=
𝐴𝑅𝑠 + 1
𝐴𝑠

3. Mixing process

Mixing process
Description:
Consider the mixing process shown in the above figure in which a stream of
solution containing dissolved salt flows at a constant volumetric flow rate (q)
into a tank of constant holdup volume V. The concentration of the salt in the
entering stream x (mass of salt/volume) varies with time. It is desired to
determine the transfer function relating the outlet concentration y to the
𝑌(𝑠)

inlet concentration x (𝑋(𝑠)).
Basic assumptions:

 Constant density
 Constant holdup
 Perfect mixing (outlet concentration equal
the concentration inside the tank
i.

Unsteady state mass balance
𝑞𝑥 − 𝑞𝑦 =

ii.

𝑑(𝑉𝑦)
𝑑𝑦
=𝑉
𝑑𝑡
𝑑𝑡

Steady state mass balance
𝑞𝑥𝑠 − 𝑞𝑦𝑠 = 0

iii.

iv.

Subtract the steady state equation from the unsteady state one
𝑑𝑌
𝑞𝑋(𝑡) − 𝑞𝑌(𝑡) = 𝑉
𝑑𝑡
Taking the transform of the resulting equation
𝑞𝑋(𝑠) − 𝑞𝑌(𝑠) = 𝑉𝑠𝑌(𝑠)
𝑌(𝑠)
1
=
𝑋(𝑠) 𝑉 𝑠 + 1
𝑞
𝑉
𝜏=
𝑞
𝑌(𝑠)
1
=
𝑋(𝑠) 𝜏𝑠 + 1
Note: the steady state gain is dimensionless.
4. Heating Process

Heating process
A stream at temperature 𝑇𝑖 is fed to the tank. Heat is added to the tank by
means of an electric heater. The tank is well mixed, and the temperature of
the exiting stream is T. The flow rate to the tank is constant at w lb/h.
Required: the transfer function relating the change in the inlet temperature
and the change in q to the change in the outlet temperature
i.

Unsteady state mass balance
𝑤𝑐𝑝 (𝑇𝑖 − 𝑇𝑟𝑒𝑓 ) + 𝑞 − 𝑤𝑐𝑝 (𝑇 − 𝑇𝑟𝑒𝑓 ) =

ii.

𝑑 𝜌𝑉𝑐𝑝 (𝑇 − 𝑇𝑟𝑒𝑓 )
𝑑𝑇
= 𝜌𝑉𝑐𝑝
𝑑𝑡
𝑑𝑡

Steady state mass balance
𝑤𝑐𝑝 (𝑇𝑖𝑠 − 𝑇𝑟𝑒𝑓 ) + 𝑞𝑠 − 𝑤𝑐𝑝 (𝑇𝑠 − 𝑇𝑟𝑒𝑓 ) = 0

iii.

Subtract the steady state equation from the unsteady state one
𝑑𝑇̅
𝑤𝑐𝑝 (𝑇̅𝑖 − 𝑇̅) + 𝑄 = 𝜌𝑉𝑐𝑝
𝑑𝑡
Where:
𝑇̅𝑖 = 𝑇𝑖 − 𝑇𝑖,𝑠

𝑇̅ = 𝑇 − 𝑇𝑠

𝑄 = 𝑞 − 𝑞𝑠

This system has two inputs (change in inlet temperature and change in q)
We will fix one input and account for the effect of the other one:

First: Assume q is constant:
∴ 𝑤𝑐𝑝 (𝑇̅𝑖 − 𝑇̅) = 𝜌𝑉𝑐𝑝
iv.

𝑑𝑇̅
𝑑𝑡

Taking the transform of the resulting equation
𝑤[𝑇̅𝑖 (𝑠) − 𝑇̅(𝑠)] = 𝜌𝑉𝑠𝑇̅(𝑠)
𝑇̅𝑖 (𝑠) = 𝑇̅(𝑠) [

𝜌𝑉
𝑠 + 1]
𝑤

𝑇̅(𝑠)
1
=
𝑇̅𝑖 (𝑠) 𝜌𝑉 𝑠 + 1
𝑤
𝜌𝑉
𝜏=
𝑤
Effect of q: Assume 𝑇𝑖 is constant:
𝑤𝑐𝑝 𝑇̅ + 𝑄 = 𝜌𝑉𝑐𝑝

𝑑𝑇̅
𝑑𝑡

Taking the transform of the resulting equation
𝑄(𝑠)
𝜌𝑉
= 𝑇̅(𝑠) [ 𝑠 + 1]
𝑤𝑐𝑝
𝑤
1
𝑤𝑐𝑝
𝑇̅(𝑠)
=
𝑄(𝑠) 𝜌𝑉 𝑠 + 1
𝑤
𝜏=

𝜌𝑉
𝑤

This heating process can be represented by the following equation:
(𝑇̅𝑖 (𝑠) +

𝑄(𝑠)
1
)[
] = 𝑇̅(𝑠)
𝑤𝑐𝑝 𝜏𝑠 + 1

The block diagram for this process is:

Important note:
Regardless the type of input, the time constant is the same (the
denominator of the transfer function is constant for all inputs, but the
numerator depends on the relation between the input and the output).

Linearization
What is linearization?
Linearization is approximation of nonlinear equation in a linear form.
What is a linear system?
Linear system means that the dynamic behavior of the system is described
by a linear differential equation.
What is the importance of linearization?
Most

physical

systems

of

practical

importance

are

nonlinear.

Characterization of a dynamic system by a transfer function can be done
only for linear systems (those described by linear differential equations)
Techniques for linearization (Taylor series expansion)
Assume a nonlinear function 𝑦 = 𝑐𝑥 2

By means of a Taylor series expansion, the function may be expanded
around the steady-state value 𝑥𝑠 .

