
e 

Measu,ement and 
lnstrume,ntalion 

Engineering is a creative and a learrun· f . 
h g pro ess1on If engm· • 

and open t e new· frontiers of inform ti E . · . e~rs ~e to create, they must expenment 
information is lacking. There woul; t~n. ~perunentation 15 vital for progress in any field where 
displacement,. velocity, pressure, force, el~s se~: need to ~ easure the _physic~! entities sue~ as 
Experimentation is considered to b· th _ P m~, etc., m the operating devices and machines. 

e e comer stone m the f · Id f · · d · 
development projects. In industry too th . _ ie O engmeenng esign,research and 
conditions required for m d , . ere is nee~ for the measurement and control of the physical 

. h. th ass pro uction and l11gh quality products. Similarly in commercial 
orgaruza ons, e measurement of wat d l · · · · . . er an e ectr1c1ty supplied to a consumer 1s a must~ 

The msh·uments for measureme t - tr 1 d · · · 
th l b 

n , con o an transnuss1on find such a wide and varied use 
that ey 1ave · ecome an essential f tur f hn I · · -.;,· . . . ea e o tee o ogical operations and modem day-to-day life. !t would be difficult to think of any man-made article whose manufacture did not at some stage 
involve me~surement. There are instruments to control the flight of man-made satellites, to probe 
~he mys teries of outer space and to transmit the related information. Nearer at home, we use 
mstrun1·ents to conh·ol t_he temperature of our homes and to preserve food in refrigerators and cold 
storages. Our at1ton1061!es ~re equipped with instruments to measure speed, condition of battery 
and the amoun t_o,f gasoline m the ft1el tank. The national security devices and the sophisticated war 
weapon_s too ut1 I1~e 1nstrun:1ents for t~eir functioning. The division of engineering science which 
deals w1tl1 m easur ing tecru11q ues, devices and their associated problems is called instn,mentatio,,. 

In this chapter on measurement an d instrumentation, it is intended to describe the measuring 
instruments a nd devices with regard to tl1eir construction and operation. 

7 .1. MEASUREMENT AND INSTRUMENT 
The w ord 111eas11re11ze11t is used to tel1 us the length, the weight, the temperature, the colour or 
the cha:z1ge in one o f these ph11sical entities of a material. Measurement is the result of an opinion 
formed by 0 11e more observer' about the relative size or jntensity of some physical quantity. The 
opinion is formed by the observer after comparing the object with a quantity of same kind chosen 
as a unit, called sta1tdard. The result of measurement is expressed by a number representing the 
ratio of the unknown quantity to the adopted standard. This number gives the value of the 
measured quantity. For example, 10 cm length of an object implies that the object is 10 times as 
large as 1 cm ; the unit employed in expressing length. 

The measurement standard is the physical embodiment of the unit of measurement. This places 
a sizeable responsibility on the observer, he may be an engineer or a technician, to be certain that the 
standard used by him is accurately known and comn1only accepte_d. Further, the procedure and 
apparatus employed for obtaining the comparison must be provabl~, i.e., acc~acy can be reproduc~d 
anywhere in the world. This is essential so that measurements obtained by him can be accepted wtth 
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confidence. For consistence and quantitative comparison of physical param~ters, certain stand 
of mass, length, time, temperature and electrical quantities have been ~tablished. These stand::: 
are internationally accepted and well-preserved under controlled envll'onmental conditions. 

The physical quantity or the characteristic condi~on Measurllnd 
which is the object of measurement in an instrumentation ~~antity lo be 
system is variously termed as mensurand, me~suremen 

t asured) 

variable, instrume11tatio11 vnrinble nnd process vnnable. The 
measurand may be a fundamental quantity Qength, ~ass Standard 
and time), a derived quantity (speed, velocity, acceleration, (known quantity) 

Process of 
comparison 

(measurement) 

power, etc.) or a quality like pressure, temperature etc. 
• · Result 

The human senses cannot provide exact quantitative (read out) 
information about the kno_wledge of ~vents occurring in Fig. 7.1. Basic measuring process 
our environments. The stnngent requll'ements of precise 
and accurate measurements in the technological fields have, therefore, led to the development of 
mechanical aids called i11stn1111e11ts. Scientific instruments allo~ ~e humans to ?bserve and measure 
aspects of the physical universe beyond the range an~ prec1s1on of ~e ~aided hu~ ~
Instruments are the essential extensions of human sensing and perception without which scientific 
exploration of nature would be impossible. The instrument would sense a physical parameter 
(pressure, temperature, velocity, etc.), process and translate it into a format and range which can 

be interpreted by the observer. 
The man-made instruments are not only accurate and sensitive in their response but also 

retain their characteristics for extended periods of tirne. Instruments may be quite simple, such 
as liquid-in-glass thermometer or extremely complex such as the device to sense the physiological 
reactions of a man during space flight. 

7.2. MEASUREMENT METHODS 

7 .2.1. Direct and Indirect Measurements 
Measurement is a process of comparison of the physical quantity with a reference standard. 

Depending upon the requirement and based upon the standards employed, there are two basic 
methods of measurement : 

1. Direct Measurement : The value of the physical parameter (measurand) is determined by 
comparing it directly with reference sta11dards. The physical quantities like mass, length and time 
are measured by direct comparison. 

Direct measurements are not to be preferred because they involve human factors, are less accurate 
and also less sensitive. Further, the direct methods may not always be possible, feasible and 
practicable. 

2. Indirect Measurement : The value of the physical parameter (measurand) is more generally 
determined by indirect comparison with secondary standards through calibration. The measurand 
is converted into an analogous signal which is subsequently processed and fed to the end device 
that presents the result of measurement. The indirect technique saves the primary or secondary 
standards from a frequent and direct handling. 

The accuracy of each approach is apparently traceable to the primary standard via secondary 
standard and the calibration. 

7.2.2. Primary, Secondary and Tertiary Measurements 
The complexity of an instr~ent system depends upon the measurement being made and 

upon the accuracy level to which the measurement is needed. Based upon complexity of the 

easurement system, the ~ls-.i 
m rirJUlTY, secondary and tertiary m•areu.., 
P In the primary mode, the sought value of 
it directly with reference standards. The ~~ 
sight and touch. Examples are : 

(r) matc~g of two lengths while detetndning the length c}{iar, 
(ir) matching of two colours while judging the ll!1n twe-of'•...i11·'WPCA 

(iii) estimating the temperature difference between:-contents 
fingers. 

(iv) use of beam bala~ce to measure (actually compare) masses. 
(v) measurement of time by counting the number of strokes of a clock. 
The primary measurements provide subjective information only. ThatJI, 

indicate only that the contents of one container are hotter than the contents-a£ the. 
is longer than the other rod; one object contains more or less mass than the other. 

ln many technological activities, It is often difficult to make direct ob&ervalion of-thi: 
being measure~: The human senses are not equipped to make direct comparison o£ all 
with equaJ fac1hty. Further, frequent measurements are extremely time consuming d 
taken directly. Accordingly, we use indirect methods in which the measurand ls 
some effect which is directly measurable. The indirect methods make comparison with• 
through use of a calibrated system, i.e., an empirical relation is established 
measurement actually made and the results that are desired. For example, an illdirect 
may consist of developing an electrical voltage proportional to a physical variable to be 
measuring that voltage and then converting the measured voltage back to the 
value of the originaJ measurand. Electrical methods are preferred in the indirect meth 
their high speed of ope.talion and simpler processing of the measured variable. 

The indirect measurements involving one translation are called secondary measuxemen 
those involving two conversions are called tertiary measurements. 

Dlsplacemenl 
6 

l Fon:e, F 
Presssure, P 

Fig 7 2 Secondary measurements : (a) bellows convert pressure inlO clilplal:enlali, 
· · · (b) springs convert force Imo ~ 

The conversion of presure into displacement by means of bello"".5 (Fig. 7.ll} a:, 
of force into displacement by means of springs (Fig. 7.2b) ~ ~J;: ~ 
measurements. When a pressure above that of atmosp~ere JS app of • 
bell th d and the resulting displacement 1s a measme ows, ese expan 
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~lac:ement varies linerarly with applied pressure provided_ that th_e rang~ of pressure v~ation 
•- smaIL Y ,L wise • tretch h a vertical force 1s applied at its free end. Differ"~t .,. ....... e ,aspnngs eswen th · dfl · '"'' 
forces give rise to different displacements and so a measure of e sprmg e ection gives a 
unique Indication of the force. 

The b t rs and the temperature measurement by mercun. 
pressure measurement y manome e urements. In these instrume --r 

in-glass thermometers are other examples of secondary meas . nts, the 
rimary . 1 (p .... ) • first transmitted to a transducer where its effect is p 51gna ressure or tempera, ..... e is • bse 

1 translated into a length change. The secondary signal of length_ch~ge is su quent Y converted 
. h through a calibration process. into equivalent pressure or temperature c ange 

t 
Pressure 
source 

~---, Secondary 
Bourdon 

lube 
slgnal Rack and 

1--~--~ pinion 
(Small 

First displacement) Second 
Translation Translation 

Pinion 

Closed end or 
bourdon tube 

TertJary 
signal 

Mechanical 
linkage 

(large displacemenl 
or pointer against 
scale) 

Fig. 7.3. Tertiary measurement : measurement or pressure by a 
bourdon tube pressure gauge 

The measurement of static pressure by a bourdon tube pressure gauge (Fig. 7.3) is a typical 
example of tertiary measurement. 

When the static pressure (input signal) is applied to bourdon tube, its free end deflects. The 
deflection which constitutes the secondary signal is very small and needs to be made larger for 
display and reading. The task is accomplished by an arrangement of lever, quadrant, gearing and 
the pointer. The amplified displacement constitutes the tertiary signal, and it is indicated by the 
movement of the pointer against a graduated scale. 

Rotating 
811811 

Primary 
signal 

First 
Translation 

Ir 
Secondary 
signal 

r---+1 Second 
(Voltage) translation ~--- ..J 

Shalt speed Voltage 
converted converted 

; ~~~:iry 

t---'/'---+l f Observer's 
(Length) eye 

Into voltage inlo length 

Fig. 7•4• Tertiary measurement : measurement or angular speed by an electric tachomeler 

The measurement of the speed of a rotating aha& by 
is another typical example of tertiary measurement The 
translated into an electrical voltage which is transmitted l:iy'a 
vol1111eter, th«: voltage moves a pointer on a scale, i.e., voltage is
The tertiary signal of length change is a measure of the speed of theii 
the observer. 

The unit of a measuring system where translation of a ineasurand 
trnnsd11cer or lrans/alor. The term is usually applied to an electzomecflaru 
the rneasurand into a proportional electrical output. The electrical, mechanlc:al or 
which is actually measured_is ca~ed the measured signal, In the example ofa,-lll!litlaimiii 
cited above, the measured signal IS the voltage which is an electrical analog of the 
of the unit coupled to the tachometer. In a thermocouple thermometer, the measliiid! 
electrom~tive f?rce w~ch is the electrical analog of the temperature applied to the; 
Likewise m a differential flowmeter, the measured signal would be the diffetential 
is the analog of the rate of flow through an orifice plate. 

Needless to say, mafority of measurement systems are tertiary systems and they · 
whole range of mechanical, electrical, pneumatic, electro-mechanical and electro
instruments. 

Whereas the input to a measuring system is known as me11S11nind, the output is
me11s11reme11t 

Input signal 
(measurand) 

Measurement 
system Outpul119181 

(measurement) 
For example, in a bourdon tube gauge, the applied pressure (input to the measurement' 

is the measu.rand. The output from the system is the movement of the pointer against a 
scale, and this pointer movement becomes the measurement. Likewise In an electric tacho 
angular speed is the measurand and the movement of pointer (length change) is the 

7.2.3. Contact and Non-contact type Measurements 
Measurements may also be described as (1) contact type where the sensing element of~

measuring device has a contact with the medium whose characteristics are being ~ aQi:ll 
(ii) non-contact type where the sensor does not communicate physically with the medium. TIie 
optical, radio active and some of the electrical/ electronic measurements belong to this~ 

7 .3. STATIC TERMS AND CHARACTERISTICS 

Range and Span 
The region between the limits within which an instrument is designed to operate for_..,.,,,.,.,..,=< 

indicating or recording a physical quantity is called the range of the instrument. 'nie,ftinlfil!IQ!I 

expressed by stating the lower and upper values. Span represents the algebraic differenaijt 
the upper and lower range values of the instrument. For example, 

Range - 10° C to 80° C ; Span 90°C 

Range 5 bar to 100 bar ; Span 95 bar 
Range O volt to 75 volt ; Span 75 volt 

Accuracy, Error and Correction 
No instrument gives an exact value of what is being measured. There iS' 

uncertainty in the measured value. This uncertainty is expressed In terms of 
Accuracy of an indicated (measured) value may be defined as conformity~ 
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t!nsurcd signal depends upon the intnns 
accepted standard value (true v.1lue), Accuracy of ~he ~ being measured, accuracy of the observ le: 
accuracy of the instrument itself, variation oft~ sigllll d upon the instrument, Por example tr 
and whether or not the quantity is being trult •~~t=~rror In s.:rew, anvil shape, tempera'iur: 
accuracy of a micrometer depends upon factors 

difference, and the applied torque varintionsd;~\s somewhat from the true value o( the quilntity 
In general, the result of any measurement I e ~ value ( v ) ,1nd the true value (V

1
) of th 

being me~,ired. The difference between the measfure suremedt' (EJ. e 
• b olute error o mea · quantity represents static aror or a s V V ..... (7.1) 

E, "' "' -. 1 F itive static errors the instrument read. 
The error may be either positive or negative. or dpaslow s 

. · trument rea s · . 
high and for negative static errors the ~ ·/ t' corr~·tioll or simply correction (CJ is IIlOre 

. Ii t' ·ew pomt > a ,c •• . be From the expenmenta s s vi • • . d fined as the difference tween the tru 
important than the static error. The static correction IS e e 
value and the measured value of a quantity ... (7 2) 

C = v, - V,,, . d th b . 1 d' , f the same magrutu e as e error, ut opposite 
The correction of the instrument rea mg 15 0 

In sign, i.e., C, = - £ •. 

EXAMPLE 7.1 --------. --al--:f:--:th~e-:-te-m=pe:::r:::a:tur=e~i~s ~7;3,;l~S~•c.~~D~e~te:r:nu~· n:e:-:th~e 
A thermometer reads 73,s•c and the true v ue 0 

error and the correction for the given thermometer. V 
Solution: Error £, = measured value V m - true value ' 

= 73.5 - 73.1s = o.3s•c 

Correction C, = - E, = - 0.35°C 

EXAMPLE 7.2 
h f o•c to 1oo•c and an accuracy of ±0.5 percent of full A temperature transducer as a range o 

scale value. Find the error in a readiJlg of 55°C. 
Solution: Error £

5 
=± 05°C percent of full scale value 

=+ 
05 

"100 =± o.s•c 
- 100 

Thus a nominal reading of 55°c actually indicates a temperature in the range 54.5°C to 

55.5°C. 

EXAMPLE 7.3 
(a) The accuracy of instrument has been specified as "accurate to within ± x for the prescribed 
or full range of the instrument". How do you interpret it? 

(b) A thermometer is quoted as having the following specification : 

Range and subdivision °C 
- 0.75 tO + 37,5 X 0,1 

How will you interpret this catalogue? 

Maximum error 
o.2S0c 

Solution: (a) The statement means that the instrument is accurnte to within ± x at all points on 
the scale unless specified otherwise. This implies that irrespective of the indicated value, the error 
remains the same. For example, a given thermometer may be stated lo read within ± 0.5°C 
between 100°C and 230°C. Likewise a scale of length may be read within ± 0.025 cm. 

(b) The given specification implies that thermometer can be used for temperature measurement 
between - 0.75°C and+ 37.5°C and has a scale which is subdivided into O. l •c intervals. Furthet, 
the error has a temperature within a region bounded by plus or minus 0.25°C of the indicated 

value. Thus if meniscus of the mercwy-Jn.glass tlumnometft- W. 
iempcralurc would lie between (28.5 :t 0.25)"C. 

ffystercsis and Dead Zone 

The magnitude of outpu~ for? given Input depends upon the dlm:tion of the..c 
This dependence upon previous mpuls is called /rysltnsis. Hysteresis 19 the 
for the same measured qua~tity (input signal) between the upscale and 
during a full range traverse m e:3ch direction. Maximum difference is frequently, 
percentage of full scale. Hysteresis results from the presence of irreversible phenciinet1on 
mechanical fricti~n, slack motion in bearings and gears, elastic deformation, magnetic 11114r.a......,.&J• 
effects. HysleresJS may also occur in electronic systems due to heating and coolingeltectsw 
occur dif(eren~ally under conditions of rising and faUing input. 

Dead :one ts the largest range through which an input signal can be varied withoul: inl~ 
any response from the indicating instrument Friction or play is the direct cause of dead zone 
band. 

Drift 

It is an undesired gradual departure of instrument output over a period of time that if' 
unrelated to changes in input, operating conditions or load. Wear and tear, high sln!ss developing 
at some parts and contamination of primary sensing elements cause drift ft may IXCW' in obstruction 
flow meters because of wear and erosion of the orifice plate, nozzle or ventu,rirneter. Drift ocaQS 

in therrnocouples and resistance thermometers due to the contamination of the metal and,a 
change in its atomic or metallurgical structure. Drift occurs very slowly and can be checked only 
by periodic inspection and mainlenance of the instrument 

Sensitivity 

Sensitivity of an instrument or an instrumentation system is the ratio of the magnitude ol the 
response (output signal) to the magnitude of the quantity being measured (input signal), i.e., 

change of output signal 
Static sensitivity, K = change of input signal _.(7.3) 

Sensitivity has a wide range of units, and these depend upon the instrument or measurement 
system being investigated. For example, the operation of a resistance thermometer depends upon 
a change in resistance (outpul) to change in len1perature (input) and as such its sensitivity will 
have unils of ohmsf°C. Sensitivity of an instrument system is usually required to be as high as 
possible because then it becomes easier to take the measurement (read the output). 

EXAMPLE 7.4 
A spring scale requires a change of 150 N in the applied weight to produce a 2 cm change in 
the deflection of the spring scale. Determine the static sensitivity. 

cI,ange of output signal 2 
Solution: k ---=--~-~- = - : 0 0133 rn,/N 

= change of input signal 150 · 

EXAMPLE 7.5 

Explain the following statements : 
(i) A galvanometer has sensitivity specified as 15 mm/mA 

(it) An automatic balance has a quoted sensitivity of 1 vernier divisioll/D,1 mg 
Solution: 

(,) This means that for 1 mA input the display (which is the light spot moving~ 
scale) shows a movement of an index of 15 mm 

(ii) This means that the mdex moves through one division when the mass chanp l;,t I), 
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Thnahold and Resolution . asured which can be detected with certainty 
The smallest increment of quantity being mel ti n of the instrument. by 

an instrument represents the threshold and _resoa~u:Uy increased from zero, there will be so 
Wh~ the input signal to an instrumen_t 15 gr ent will not detect any output change. n:;: 

minimum value input before which the ~ ent Thus threshold defines the minini 
h Id of the u,strum . tp t Th UIJ't 

minimum value is called the thres o detectable change from zero ou u reshol<t Illa 
value of input which is necessary to c_ause a y 
be caused b,· backlash or internal noise, value one observes that the ins...,,-

, . . d from non-zero , d Th' . . -...,rient 
When the input signal 1s mcrease . ent is exceede . 1s increment 1s tern, 

Iii tain input mcrem f l t f · ••:Q output does not change un a cer fi th smallest change o npu or which th 
. - . . Th lution de nes e . . d . d b ere 

reso/11tio,r or discnmma/1011. us reso . meats the resolution 1s eternune Y the ability 
will be a change of output Wit~ ~nalog 

105
':ter on~ scale, e.g., the level of mercury fh a glil$s 

of the observer to judge the position of a po 
tube d actual value or as a fraction or percentag 

Threshold and resolution may be expresse as an e 

of full scale value. 

EXAMPLE 7.6 ----------d-:-:d-::. --:.-:--tal-:-:r-=-ea=-:d;-:o:ut::de:vt~.;ces:;?-------
I • · reckoned for the analog an igt 

How reso ution is f O-l50 N with a resolution of 0.1 percent of fuU 
A force transducer measures a range O d 

scale. Find the smallest change which can be measure . 
Solution: Resolution= 0.1 % of full scale value 

= 0.l/100 " 150 = 0.15 N 
and thJs represents the smallest measurable change in force. 

EXAMPLE 7.7 . ti ) 
Distinguish between threshold and resolution (or discri~a - on · . 

0 • _ al f th eter has 100 uniform divts1ons, full scale reading 1s 200 c The pointer sc e o a ermom . . f D · 
and 1/lOth of a scale division can be estimated W1th a fair degree o accuracy. eterrrune the 

resolution 0£ the instrument. 
Solution: 1 scale division = 200/100 = 2•c 

Resolution = 1/lOth of scale division 
= 1/10 x 2 = 0.2°c 

Precision, Repeatability and Reproducibility 

These terms refer to the closeness of agreement among several measurements of the same 
true value under the same operating conditions. 

Let us differentiate between accuracy and precision as applied to the realms of measurements. 
Accuracy refers to the closeness or conformity to the true value of the quanti ty under measurement. 
Precision refers to the degree of agreement within a group of measurements, i.e., it prescribes the 
ability of the instrument to reproduce its reading over and over again for a constant input signal. 
This distinction can be elaborated by considering the following two examples: 

(i) Consider a micrometer normal in every respect but with its anvil displaced from its true 
posili~n. The readings taken ~ ith this micrometer would be clearly defined and consistent, i.e., 
a negl1glble _scatter a~o,:gst different readings for the same dimension We would say that the 
micrometer '-: as precise as. ~ver. The readings, however, do not conform to truth as the anvil is 
not placed at its correct position. The readings of the d imension with this micrometer are thus not 
accurate. 

(ii) Consider two voltmeters of the same mocfel, make and flU'IP-F~ 
edge painters, carefully ruled and mirror backed Beale ta help avoJd ~ 
voltmeters can be r~d to the same precision. In case the series resistance ofone~ .. RJj•~ ... ~-~ ... 

1
..,~c-c!l 

is defective, its readings would be subjected to an error. The accuracy o( ~ 
would then be different. 

The difference between accuracy and precision has been illustrated In Fig. 7.5. The 
n,ay be thought to correspond to the game of darts where one is asked to strike a ~ 
by centre circle. The centre circle then represents the true value, and the result ~_f,y; 
s triker has been indicated by the mark 'X'. 

® @) @ 
(a) High precision (b) High precl51on (c) Low Pf9C1s1on 

high accuracy low accuracy IOW accuracy 

Fig. 7 .5. DiOerence between accuracy and precision 

Two further terms used to define reproducibility are : 
• Stability refers to the reproducibility of the mean reading of an instrument, repeated on 

differen t occasions separated by intervals of time which are long compared with the 
time of taking a reading. The conditions of use of the instrument remain unchanged. 

• Conslar,cy refers to the reproducibility of the mean reading of an instrument when a 
constant input is presented continuously and the conditions of test are allowed to vary 
within specified limits. This variation may be due to some change in the external 
environmental cond itions. 

The above discussion also points out that it is possible to obtain high precision with poor 
accuracy, but not high accuracy with low precision. In other words precision is a necessary 
prerequisite to accuracy bu t it does not guarantee accuracy. 

Linearity 

The working range of most of the instruments provides a linear relationship between the 
output (reading taken from the scale of the instrument) and input (measurand, signal presented 
to the measuring system). Linearity is defined as the ability to reproduce the input characteristics 
symmetrically, and this can be expressed by the straight line equation. 

y=mx+c 
where y is the output, :r the input, 111 the slope and c the intercept. Apparently the closeness of 
the calibration curve to a specified straight line is the linearity of the instrument. 

Any departure from the straight line relationship is 11011-linearity. The non-linearity may be 
due to non-linear elements in the measuren1ent device, mechanical hysteresis, viscous flow al; 
creep, and elastic after-effects in the mechanical sys tem. 

Some other terms associated with the s tatic performance of an instrument are: 
• To lern11ce ; Range of inaccuracy which can be tolerated in measurements : it is the 

maximum permissible error. For example, the tolerance would be ±1% when an 
accu racy of ± 1 bar can be tolerated for 100 bar value of pressure. 

• Readability 1111d least co1111t : The term readability indicates the closeness with 
the scale of the instrument may be read. The term least co1mt repteSellts tlie 
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. o?nt scale. Both readability and least c 
difference that can be dett!cted on th_e ,n~~":;::du,,tions, size of the pointer and par:r':11' 
are dependent on length scale, spacing 8 a,r 

effect le through which any part of a mechar,j 
• &,ck/ash : The maximum distance or ,,n~th ut lpplving appreciable force or llloi.':."1 

· dired1on wi O ' 1 -· ""11 
S)'Stem ma)' be mov~-d lll one 

ha · al s\'sten1. 
to the next part in a mec rue • • T , of the instrument to restore to zero readr 

• Zero stability • A measure of the abi ti} and other variations (temperature, pressu ng 
~~-~~~~~w~.d ~ 

) h . been remove , 
humidity, vibration etc. ,l\ e that is necessary just to initiate motion Ir 

• Stictio11 (Static frictio11) · force or torque oni 

rest 

Cillibration 11 the correction to be applied is detemuned by 
The magnitude of the _error and consequen L ;vith standards which are known to be constanl 

making a periodic comi:;anson of the i~m:~•usting or checking a sca!e so that r~dings of an 
The entire procedure latd down for "~:~ 1~ an accepted standard 1s called ~11/ibration. The 
instrument or measurement sy51em . rd is called c11libmtio11 curve and this curve relates 
graphical representation of the calibradoon r~o J values of ooput throughout lhe operating range 
standard values of input or measuran to a a 

of the instrumenL be made with 
A compar,son of the instrument reading may 

(1) a primary standard,d f greater than the instrument lo be calibrated, 
(it) a secondary standar o accuracy 

(ii,) a known input source. d d fl 
J alib te AowmeteT by comparing it with a stan ar ow measurement 

For examp e, we may c ra a . h fl t r 
th N 

• na1 8 f Standards· by comparing ii with anot er ow me er 1a secondary 
facility al e abo ureau o ' d d b d' t . 
standard) which has already been compared with a ~rimary stan ar ; o~ y irec compar~n 
with a primary measurement such as weighing a certam amount of water ma tank and recordmg 
the time elapsed for this quantity to Aow through the meter. _ . . , 

The following points and observations need consid_eration ~vhile cabb~bng an mstrum~~t • 
(i) Calibration of the instrument is carried out with the mstrument m the same position 

(upright, horizontal, etc.) and subjected to the same temperature and other environmental conditions 
undeT which it is lo operate while in service. 

(i1) The instrument is calibrated with values of the 
measurand im~essed both in the increasing and in the 
decreasing order. The results are then expressed 
graphically; typically tlle output is plotted as the 
ordinate and the input or measurand as tlic abscissa. 

(ii,) Output readings for a series of impressed values 
going up the scale may not awee with the output g_ 
readings for the same input values when going down. J 

(iv) Lines or curves plotted in the graphs may not 
close to form a loop. 

In a typical calibration curve (Fig. 7.6) ABC 
represents tlie readings obtained while ascending the 
scale; DER represents the readings during descent; KLM 
represents !he median and is commonly accepted as 
the calibration curve. The term 'median' refers to th 
mean of a series of up and down readings. e 

D 

M 

Input 

Fig. 7.6. Callbration curve 

Measuramenr: andil 
Quite often, the indicated values are plotted u •beci9ila IIIC1 llie ~ 

variation of the median from the true values, (Fig. 7.7) 
A faired curve through the experimental points 

then represents the ~orrectio~ curve. This tvpe of + v. 
deviation presentation foc1htates a rapid visual 
assessment of the accuracy of the instrument 1ne i 
user looks along the abscissa for the value indicated "--------...,,,;,;,,;.;...;~ .... ~ !!!I 
by the instrument and then reads the correction to be 
applied. 

A properly prepared calibration correction curve 
bo th -v. gives in£or':1ation ~ ut e absolute static errors of 1,_ ___________ __,,~.,_ 

the measunng device, the extent of the instrument's Gaugelnillcallon 

linearity or conformity, and the hysteresis and Fig. 7.7. ComldiYeCUMI 
repeatability of the instrument 

7 .4 . MEASUREMENT ERRORS 
Despite utmost care and precautions an experimenter may take to eliminate all possi~ errol!f~ 
the happy goal is seldom attained and certain errors are bound to creep in. For example, evm 
in an apparently simple measurement of flow velocity with a Pitot tube any misalignment o(thll 
probe, leaks in the pressure tubing, changes in the bore and surface conditions of the manometel; 
any fluctuations in the atmospheric and stream pressure are likely to affect the probe reacilnp. 
and give rise to uncertainties. Errors and uncertainties are inherent in the process of making any 
measurement and tn the instrument with which the measurements are made. 

Errors may originate in a variety of ways mid the following sources need examination. 

Instruments Errors 

There are many factors in the design and construction of instruments that limit the ac:amlC}' 
attainable. Instruments and standards possess inherent inaccuracies and certain additional 
inaccuracies develop with use and time. Example are: 

• Improper selection and poor maintenance of the instrument 
Faults of construction resulting from finite width of knife edges ; Jost motion due to 
necessary clearance in gear teeth and bearing; excessive friction at the mating parts etc. 

• Mechanical friction and wear, backlash, yielding of supports, pen or pointer drag, IUld 
hysteresis of elastic members due to aging. 

• Unilvoidable physical phenomenon due to friction, capillary attraction and im~ 
rarefaction. 

• Assembly errors resulting from incorrect fitting of the scale zero with respect to the 
actual zero position of the pointer, non-uniform division of the scale, and bent or 
distorted pointers. 

The assembly errors do not alter with time, and can be easily discovered and corrected. An 
uncertainty in measurement due to friction al the mating parts, and the pen and pointer dtag is 
frequently reduced by gently tapping of the instruments; a vigorous tapping would however lead 
to delicate bearing being injured and thus increasing friction all the more. 

Environmental Errors 

The instrument fociltion and the environment errors arc introduced by using 1111 instrumf!nf' 
in conditions different for whid1 it has been designed, assembled and calibrated. The ~ 
conditions of use may be temperature, pressure, humidity and altitude, etc.; the ~ 
temperature being more predominant. A change in the temperature may alter theelastio. 
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. element or linkage in the system 
of a spring, may change the dimensions of a measunn3c elements. ' l!lay 
alter the resistance values and flux densities of _mar~ for the measurement of air lemperatiu-e 

Consider a mercury-in-glass thermometer bemgmeasurements the sun happens to be shiru . 
The instrument will be located wrongly if during Id illdicate an effect of heat radiation if ng 
on the thermometer bulb. Similarly the bulb _wou_ high air pressure would tend to cornp !ht 

. 1 · dow L1kewisea . d th • Tess thermometer is placed too c ose to a WUl · . within the capillary an us give a spurj0 
the walls of the bulb and force the mercury to nse us 
temperature reading. . . . an unpredictable manner. The following rnelhOds 

Environmental errors alter with tllTle IJl ed the environmental errors. 
have been suggested to eliminate or at Jeas~~ti u~efor which it was originally assembled anct 

_ Use the instruments under the con 1f ton pernture pressure and humidity condi tio 
d Thi · Ive control o em ' ' ns. 

calibrate . s may mvo d 'ti ns from the calibra ted ones and then appl 
Measure deviations in the local con 1 0

d. gs Y 
. t the instrument rea in . 

suitable corrections 0_ de artures from the calibrated conditions by usin 
Automatic compensation for lhe P g 

sophisticated devices. . . der the local conditions. 
- Make a complete new calibration un assessment of the problem. 

The method chosen would depend on the local 

Translation and Signal Transmission Errors . . . 
late the measured effect with complete fidelity The 

The ii:5trument may not ~~i oro'r:: instrument to follow rapid changes in the measurec1 
error also mclu~es ~e non-capab _ty ff ts The transmission errors creep in when the transmitted 
quantity due to inertia and hystereSts e ec · · I J ak . . d f 

1 
d t ·ts distortion by resonance, attentuation, oss e age, or on being 

s1uruil 1s rendere au ty ue O 1 - · ch eJ Th Is er- . eel 'thin the commurucation ann . e error may a o result 
absorbed or othel'WlSI? consum wt . 1 Th . 
fr eel 

-''· turb es 5UCh as noise line pick-up, hum, npp e, etc. e errors are remedied 
om unwant w.s anc ' • I · · · 

by calibration and by monitoring the signal at one or more potnls a ong its transmission path, 

Observation Errors , 
There goes a saying that 'instruments are better than the people who use them . Even when 

an instrument has been properly selected, carefully installed and faithfully calibrated, sh~rtcomings 
in the measurement occur due to certain fa ilings on the part of the observer. The obseration errors 

may be due to . . . . . 
- Parallax, i.e., apparent displacement when the lme of v1S10n 1s not normal lo the scale. 
- Inaccurate estima tes of average reading, lack of ability to interpolate properly between 

graduations. 
- Incorrect conversion of units in between consecu tive readings, and non-simultanl!<>us 

observation of interdependent quantities. 
- Personal bias, i.e., a tendency to read high or low, or anticipa te a signal and read too 

soon. 
- Wrong scale reading, and wrong recording of data. 

The poo_r mistakes resulting from the inexperience and carelessness of observer are obviously 
remedied with careful training, and by taking independent readings of each item by two or more 
observers. 

Operation.al Errors 

A pre-requisit~ to precise and meticulous measurements is that the instruments should be 
properly used. Quite ofen, errors are caused by poor operational techn' E J · • A diff · I f fl 1ques. xamp es are . 

I 
erentia betype O owmetcr will read inaccurately if it is placed immediately after 

a va ve or a nd. 

• A thermometer will not read accurately if the SC!flSiU ,~ 
or is radiating heat to a colder portion of the mst!1"1i6b... ~ 

• A ~res~ure gauge Will correctly indicate pressure when ftis ~ 
which 1s to be measured. 

• A steam calorimeter will not give the indication of the diyndl8 
the sample drawn correctly represents the condition of steam.. 

sys tem Interaction Errors 
The act of measurement may affect the condition of the measurements liilcf, 

uncertainties in measurements. Examples are : 
- Introduction of a thermometer alters the thermal capacity of the systeni ~ 

an extra path for heat leakage. 
- A ruler pressed against a body results in a differential deformation of the boclS, R 

to ruler. 
- An obstruction type flowmeter may partially block or disturb the flow c 

Consequently the flow rate shown by the meter may not be same as before the~ 
installation. 
Reading shown by a hand tachometer would vary with the pressure with whic.hdt 
pressed against the shaft. 

- A milliammeter would introduce additional resistance in the circuit an~' thereby alter. 
the flow current by a significant amount. 

The job of an instrument designer is to see whether the alteration due to system interference 
is minimal. Many ~f the most precise, expensive and elaborate measuring instruments owe thefr 
cost and complex1ty solely to the means adopted to eliminate, or at least reduce interaction 
between the instrument and the physical state being measured, 

The erro: s d iscussed above may be grouped into systematic errors and random errors. 
Syste11111~c errors ar~ repeated consistently with the repetition of the experiment, and have 

same magrutude and sign for a given set of conditions. They alter the instrument reading by a 
~ed magnitu~e and with same sign from one reading to another. Because of the same algebraic 
sign, systematic errors tend to accumulate and hence are often called commulative errors. 
Insn:u_m_ent b~as is another term for systematic errors. These errors are caused by such effects as 
scns1ttV1ty shifts, zero offset and known non-lineari ty. Systematic errors cannot be determined by 
direct and repetitive observation of the measurand made each time with same technique. The 
only way to locate these errors is to have repeated measurements under different conditions or 
with different equipment and where possible by an entirely different method. Some factors leading 
to systematic errors are: 

(1) pointer offset 
(i1) change in ambient temperature 

(iii) poor design and construction of instrument 
(iv ) buoyant effect of the wind and the weights of a chemical balance 
(v) inequality of the arms of a beam balance 

(v1) change in the original state of the system due to interaction between the instl:ument" 
and the system. 

Rm1dom errors are accidental, small and independent, and are mainly due to ~ 
factors such as spring hysteresis, stickiness, friction, noise and threshold limitations. Smee: 
errors vary both in magnitude and sign (are positive or negative on the basis of chanc:e.
they tend to compensate one another and are referred to as chance/ accidental/ 
errors. The random errors are detected by lack of consistency in the measured value, 
same input is imposed repeatedly on the instrument (measured values are not predBe 
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a considerable scatter). The magnitude and directton; errors are assumed to follow the i.i'°11 

a knowledge of the measurement system; however, ese IV 
of probabilities. Some factors leading to random errors are · 

(i) stickiness and friction 
(ir) line voltage fluctuations 
(iir) vibration of instrument supports 
{iv) large dimensional tolerances between the mating parts 

(v) spring hysteresis and elastic deformation f II quantities 
. . . . d "th te measurement o sma · (vi) mconsistencres associate w1 accura 

7 .5. PRESSURE MEASUREMENTS 
Pressure measurement is undoubtedly one of the most common of all the measuremen ~ made on 

• d o essure measurements are extenSively .,__, 
systems. ln company with temperature an ow, pr . ~ 
in mdustry laboratories and many other fields for a wide vanety of reasons. Press~e measurements 

' • · · f f un1·t area exerted b)' a Au1d at a point b are concerned not only with determmation o orce per ut 
are also involved in many liquid level, density, flow and temperature measurements. Measurement 
of pressure is also needed to maintain safe operating cond itions, to help control a process and to 

provide test data. . 
Pressure measurement by any technique is essentially based on the folloWUtg well-known 

propositions : . 
(i) Pressure at any point m a body of liquid at rest is p~oporttonal to the d~pth_of the point 

below the free surface of the liquid, and increases m the downward direction at a rate 
equivalent to the density of the liquid. Fur_ther, ~thin_ a _continu~us expanse of the 
same fluid, pressure is same at any two pomts which lie m a honzontal plane. 

(ir) There is a pressure equali ty throughout a fluid, i.e., a pressure applied to a confined 
fluid via a movable surface wou ld be transferred undiminished lo all the boundary 
surfaces. 

(iii) Pressure is unaffected by the shape of the confining boundaries. 
M11110111eters measure pressure by balancing a colurrm of liquid against the pressure to be 

measured. Height of column so balanced is measured and then converted to the desired pressure 
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 
pressures. 

7 .5.1. Piezometer 
ft 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 a t which pressure is to be 
measured. Rise of fluid in the tube above a certain gauge point is a 
measm·e of the pressure at that point 

Fluid pressure at gauge point A 
= atmospheric pressure Pn at the free surface 

+ pressure due to a liquid column of height /J
1 

P1 = P,, + wll1 
where IL' is the specific weight of the liquid. 

Similarly for the gauge point B, 

P2 = P. + Wh2. 

Piezometer tube 

Gaugepomt B 

Fig. 7.8. Piezome1er 

Pressures are generally prescn"bed with atmo1pheric:. 
scale. Evidently then, p1 = wh, and p2 • 'lllhi and the ~ 
pressures. 

When using a piezometer to measure the pressure of a moving,Jlwifl 
be absolutely normal to the direction of flow and its bottom end m 
pipe surface. Any burr or projection would caWJe obstruction resulting 
head. Further, to reduce the sw:face tension and capillary effects, • 
kept at least 6 mm. 

Piezometers cannot be used to measure pressures which are considerallty 
pressure. Use of very long glass tube would be urisafe, it being both fragile-and 
Further, gas pressure cannot~ measured as gas does not form any free surfactWI 
Again measurement of negative prl,'SSUl'e is not possible due to flow ol atlno5P. 
contain er through the tube. These difficulties are overcome by modifying~ • 
U-tube manometer, also called the double column manometer. 

7 .5.2. U-Tube Double Column Manometer 
This simplest and ~seful ?ressuxe measure device consists of a transparent tu~~ 

form of letter U and filled w,th a manometrlc liquid whose density is known. lbe-~ 
particular manometric liquid depends upon the pressure range and nature of the ff~w'i 
pressure is sought. For high ranges, mercury (specific gravity 13.6) is the lllall0metdc.r1 .. ...,_ 
liquid. For low pr~sure ra~ges, liq~id like carbon tetrachloride (specific gravityl.59) or 
tetrabrocrude (specific gravity 2.59) 1s employed. Quite often, some colors are added to the 
liquid so as to get clear readings. 

sp. wt w1 

l 
r 

2 

Fig. 7.9. U-lube manometers 

2 

When both the limbs are open to atmosphere, manometric liquid stands at even 
application of pressure p, to one limb, manometric liquid is forced downward on 
a corresponding rise on the other side until the column of liquid between the two 
the difference between the unknown pressure p, and the atmospheric ~ 
shows the schematics of U-tube being employed for measurement of positiye 
pressures. 

Arrangement (n) Measurement of pressure grenler t/rnn almosplreric ~r.t:.. 
Due to greater pressure p, in the contail'ler, the manomebic liquid is(~. 

left limb of the U-tube and there is a corresponding rise of manometric ~ 
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Pot the right limb, the gauge pressure at point 2 is 

p
2 

"'atmospheric pressure i.e., zero gauge p~es~~ref at th; free_ surface 
+ pressure due to head h2 of manometric liqw O spec c \\.'eight wl 

c0+W2l'2 
For the left limb, the gauge pressure at point 1 is . . 

p ,,,. gauge pressure p + pressure due to height Ii, of the bqu1d of s~ecific 
1 • ~g~ 

WI 

= P, + W1 /ti 
Points 1 and 2 are al the same horizontal plane i p1 = P2 and therefore 

P, + 1111 hl "' W2 ,,2 
:. Gauge pressure in the container , 

Px = W2 h1 - IU1 111 

or in terms of head of waler column, 

p (W2 W1 ) ......!.. = - l"1, -- hi. =(s h--s Ir) 
W W W 2 -L 1 I 

where 111 is the specific weight of water and symbol s denotes the specific gravity of a liquid. 
Arrangement (b) Mens11re111e11t of press11re less than nt111osp/1eric pressure 
Due to negative pressure p in the container, the manometric liquid is sucked upwards in the 

left limb of the U-tube and th:Ce is a corresponding fall of manometric liquid in the right limb. 
Pressure in the two legs at the same levels 1 and 2 are equal; p1 = p2 and therefore, 

Px + W1 h1 + W2 /'7 = 0 
:. Gauge pressure in the container, 

P:x = - (1111 ,,1 + W2 112) 
or in terms of head of water column, 

Pz. ( ~ = - s1h1 +52l1v ..• (7,5) 

U-tube manometer necessitates two readings, Ii, and 17 and that is likely lo increase the 
chance of error. The difficulty is circumvented by adopting a single column manometer 

EXAMPLE 7.8 
~he right limb of a U-tube manometer containing mercury is open to the 3tmosphere while the left 
hmb is connected to a pipe through which flows a 

fluid of specific gravity 0.85. The centre of the pipe r l 
lies 15 cm below the level of mercury in the right 
limb. If the difference of mercury level in the two 
limbs is 25 cm, determine the pressure of flujd of the 
pipe. 16cm 

Solution : Let f'x be the gauge pressure of the fluid -t 
in the pipeline. h, = 25 cm 

Consider pressure balance in the horizontal - -
pl~nc O - O; pressures in the left and right limbs at Manomeltlc 
this plane are equal. That is ; Sp. wt w, h liqufd 

l'x + "', /11 = w,,, /12 ____ 1
1
_ sp.wt Wm 

or l'x = mm h2 - w1 Ii, 0 
= (9810 x 13.6) x 0.25 - 0 

(9810 X 0.85) X 0.1 
" 33354 - 833.85 "' 32520 NJm2 

-
EXAMPLE 7.9 
The right limb of a mnple U-tube mano111eter CDQtmung maaaryJ. Dpllf.ij 
)lmb is conneded to a pipe through which flows a Oufd 
of speclf!c gravl~ 0.~. Make_ calculations for the vacuum Px 
pressute in the pipe if the difference of mercwy level In 
the two limbs is 30 cm and the lt,veJ of fluid in the left 
!.intb is 10 cm below the centre of pipr. 

Solution : Let Px be the gauge pressure of fluid 1n the Sp. wt w, 
pipeline. . . 

Consider pressure balance m the horizontal plane o 
_ O; the pressures in the left and right limbs at this level 
are equal. That is : 

Px + w1 111 + Wm I,2 = 0 

Px = - (w, l1t + w,,, hz) 
: - (9810 X 0.8 X 0.1 + 9810 X 13.6 X 0.3) 
= - (784.8 + 40024.8) = - 40809.6 NJm2 

7 .5.3. U-tube Differential Manometer 

0 

A ~iifere_nlia_l man~meter i~ a device used to find the. di,fference in pressure betwe,cn ~ 
points In a p1pelme or Ul two different pipes or containers. 'lJ.li general, a differential ~ 
consists of a_ U-tube filled wit~ a mano~etric liquid and with its ends connected to the ~IS' 
between which the pressure difference IS to be measured. Figure 7.10 shows the two common 
arrangements of a differential manometer. 

1 
l 

PA 

A 

0 

Manomel~ 
liquid 
Sp. wtw., 

Fig. 7.10. 

Sp. wtw., 

0 0 

T 
_l 

A 

B 

ln the 11prigl1 t co1ifig11ra tio11 of U-tube differential manometer, the manometric liquid oootilmed 
in the U-tube is a heavier liquid, i.e., its specific weight 10., is gre.iler than that of the~ 
the containers. 

Consider the pressure balance in the horizontal plane 0 - O; the pressure in the left 1ii'icf 
limbs at this plane are equal. That is : 

PA + w, (/11 + It,,.) z Pa + W2 /"2 + w,. Jim 
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or - s h (w - w1) + Wz 11.z - "'1 h1 
PA Ps •• 2 f i A and Bat the same level(/• = /,_1 

For the special and frequently encountered case O P pes ' , ., 
and carrying the same fluid (w1 "' wJ. 

P1i - PB" 11m (w,., - llli) 

In terms of head of water column 

PA -pg ,., /~11 [Wm - Wt] = /1., (s,1, - S1) 
Ill W 

lf water is the fluid in th: hvo pipes and mercury is the milJ1ometric liquid, then 51 = 1 and 
s., ,. 13.6 and therefore, for the mercury-water differential manometer, 

PA-PB=1Z'.'61i 
10 m 

That is the pressure difference measUTed as a head of w11ter column ls _12.6 times the ~iffercnce 
· · .. · f ch a gauge may be defined as the ratio of th m height of mercury column. _Sensitivity o su e 

f h d (PA -ps) of water being 
observed difference in levels 11

111 
to the difference o pressure ea w 

measured. 

Sensitivity,. (PA -ps) 

w 

,,,. 1 

/J,., ,~Ill -1) Sm -1 

With mercury (relative density 13.6) sensitivity is ;_
6 

and with paraffin (relative density 

0,85) the sensitivity is -
0
~

5 
· Negative sensitivity implies that a paraffin-water cliffcrcntiaj 

manometer must be used in the inverted position. 
In the inverted rliffere11tial 111a110111eter, the manometric liquid is lighter than the fluid whose 

pr~-ure difference is to be ascertained. 
Consider the pressure balance in the horizontal place O - O; the pressures in the left and right 

limbs of the inverted U-tube at this place are equal. That is · 

PA - 11'i 111 - W1 h,. = PB - W2 Iii - Wm 11m 

or p11 - PB : w1 111 - w2 /12 + 11"' (w1 - w,,,) 

If the pipes A and B are at the same level (111 = I½) and carry the same fluid (w1 = ru2) 

PA - l'B ac h., (w1 - Wm) 
In terms of head of water column, 

where ;.,, and s1 are 
of the Oow system. 

PA - Pa I (Wi Wm) --w- = 'm -;; - --;;- = = 11
111 

(s1 - s,.) 

the specific gravities of the manometrk liquid and the fluid in the pipelines 

The following points need to be noted : 

(1) If the manornetrlc liquid is very light, i.e., ~,. <<< s,, then 

PA - PB :/r 

w "' 
(ri) If the manometrk liquid is so chosen that its relative density is very nearly equal to that 

Measuremer,t encl I 
of fluids in the pipelines (s., ~ 5t) and that the fluids do notinll!l'llilii; tlie 
become ve_ry sensitive. A sensitive manoll'll!ter gives a large value 'of 
pressure difference. 

EXAMPLE 7.10 
A U-tube differential milnometer containing 
mercury is connected on one side to pipe A 
containing carbon tetnchJoride (sp. gr. 1.6) under a 
pressure of 120 kPa, and on the other side to pipe 
B containing oil (sp. gr. 0.8) under ii pressure of 
200 kPa. The pipe A lies 2.5 m above pipe B ilJ\d 
the mercury level in the limb communicating with 
pipe A lies 4 m below the pipe A. Determine the 
difference in the levels of mercury in the two limbs 
of the manometer. 

Take spedfic weight of water = 9.81 kN/ml. 
Solution : Consider pressure balance in the 
horizontal plane O - 0 ; the pressures in the left 
and right limbs at this plane are equal. That is . 

p,.. + we Ii, + w,. Ir,. = p8 + w0 h2 
120 + 9.81 X J,6 X 4 + 9.81 X 13,6 /r

1
., 

: 2lJO + 9.81 X 0.8 (] .5 + /J,,,) 
120 + 62.78 + 133.42 ,, .. "' 200 + 11.77 + 7.85 Ii,. 

h = 200 + 11.77 -120 - 62.78 
m 133.42 - 7 .85 

= 0.231 m = 23.1 cm 

EXAMPLE 7.11 

0 

Fig. 7.11. 

Determine the difference of pressure between pipes A ilJ\d B when connected to an invnted U-tabe 
differential milnometer cont.uning oil of specific gravity 0.8 as the manometric liquid. TIie pipe A. 
conveys Willer ilnd a flltld of sp. gr. 0.9 flows 
through the pipe B. The position of manomctric 
liquid in the milnometer limbs is as indicated 
in Fig. 7.12. If p8 = 5 " 10I N/m2 and t.he 
barometer reading is 730 mm of mercury, find 
the pressure in pipe A in metres of water 
absolute. 
Solution : Consider pressure balance in the 
horizontal plane O - 0 ; the pressure in the left 
and right limbs at this plane is equal That is: 

PA -WI 11, = 
PA - 9810" 0.8 = 

Pe - W2 ltz - w"' Ji.,. 
Pe - 9810 x 0.9 x 0.5 

- 9810 X 0,8 X 0.15 

9810 (0,8 - 0.9 X 0.5 
- 0.8 X 0.15) 

9810 (0.8 - 0.45 - 0.12) 

2256 N/m2 

1-0 
T~ 

A 

Wm« 

Fig. 7.12. 

OM 
Sp gr0.9 

0 

a 
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G"wen: 1'A ,. 5" 10' N/m1 04 N/rrr-
and p s 9810 )( 13.6 " 0.73 = 9.74 " 1 ., 
Pressure intensity in pipe! A '"+ 2256 = 52256 N/m2 (gauge) 

+ 2256 = 5 " lu · r A -" Ps 1mospheric pressure 
Absolute pressure = gauge pressure 4+ a 49656 N/ml 

p A (absolute) .s 52256 + 9.74 " lO '"' 1 

= ~ = 15.25 m of water absolute 
9810 

EXAMPLE 7.12 etric fluid cannot be contained within~ 
When pressure at a point is so large thal th~ man;: of a compound U-tube manometer whic~ 
height of a single U-tube manome";r, use Uts tu~a manometers arrilnged in series. For one such 
essentiillly consists of a number of sunple • e difference between the points A and B. Taite 
unit illustrated in Fig. 7.13, calculate the pressure ilnd w = 8.5 kN/rn3 for oil. 
w ., 10 kN/m3 for w;iter w "' 136 kN/m3 for mercury o 

w m Wa~r 

1 

Fig. 7.13. 

40 
cm 

T l : 
j_J 

Solution : Starting from point A, the governing manometric equation is 
,,,. + JO " o.9 - 136 "0.6 + 8.5 x 0.-1 - 136 " 0.5 - 10 (0.8 - 0.5) = p8 

l'A - p8 • - 9 + 81 .6 - 3.4 + 68 + 3 = 140.2 k /m2 

7 .5.4. Single Column Manometer 
In the industrial 111ell-m.1nometers, one of the legs of U-tube manometer 1s replaced by a lo1rgc 

diameter well; the widened limb is made about 100 times greater than cross-sectional are.i of the 
other limb. A ch.inge in the level of manometric liquid occurring in the wider limb due to 
pressure changL'S would th,m be so small thnt it can be neglected. Pressure difference would then 
be indicated only by the height of liquid column in the narrow ltmb. 

To s tarl with, let both limbs of the manometer be exposed to .:itmospheric pressure. The 
liquid level in the wider limb (also cnlled reservoir, well, b.1sin) and narrow limb will correspond 
to J:'."6ition 0-0. When the wider li~b is connected to a vessel containing fluid at pressure T's 
(which 1s greater than the atmosphenc pressure,,.), manomelric liquid level in the reservoir will 
foll down by 6'1 and tl~ere will be a ~rrespo~ding level rise /12 in the narrow limb. By conservation 
of volume and appl~ng man~metnc equations, the following expression can be set up for the 
pressure I', of the (lu1d conr.uned 1n the vessel, 

Px.., wzh2[1+i} 
II the area ratio (11/ A) is made so small that it can be negleclm, tlien 

Ps: W21,2 

Single column manometers are used as primary 
r.mdards for calibrating other pressure gauges, and are 

~ore sensitive than simple U-tube manometers. 
To cxpa~d the scale and thereby increase semttivity, 

the narrow limb of the s1ngle column manometer is not 
set vertically but is kepi inclined to the horizontal axis by 
an angle ll as shown in Fig. 715. Gauge pressure Px is 
then given by · 

P. = 11•2 1(sin8+1) .~(7.15) 

where I is the rise of liquid in the inclined tube. 
Scale of the instrument is obviously expanded due to 

presence of sin 0. B}'. making_ 0 quite small, I can be 
increased such that I sm 0 remams constanL Any desired 
value of sensitivity (normally up to about 25 times that 
of U-tube) may be obtained by incorporating a swivel 
mechanism for the inclined limb. Minimum value of 8 "' 
5•_ With inclination angles less than this, exact position 
of the meniscus is difficult to deteanine. 

Fig. 7.15. Inclined manometer 

This type of manometer is frequently called a draft ga11gr. because it is so generally jiiell" 
determining the draft in steam generator setting and for measuring small pressure 
velocity gas flows. 

7 .5.5. Manometric Liquids 
Some of the desirable characteristics of a manornetric liquid are : 

- low viscosity, i.e., capability of quick adjustment with pressure changeJ.. 
- low coefficient of thermal expansion, 1.t., minimum density chang$tndi 

low vapour pressure, i.e., little or no evaporation at ambient~ 
negligible surface tension and capifiary effects, 
non-<orrositive, non-poisonous, non-sticky and stable natuie. 
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248 // Fundamentals of Mechanl :i t0derate pressure of gas, vaPo 
. vacuun, ,1m n d ' I h ur, o 

M 
. 11 d for m.:.isurtnS l~•s not evaporate re:i I y, as a re~•- r 

ercurv IS usua v use . d Mercury• "'" • I ......,~bit 
water whe~ moder.1t~ ~nsitivity is n.,qmre, .. cle,uly sel'n, However, it ama gamntcs or coll'od .. 

. ·us J!lll IS ,. 
stable densitv fomlS a sharp menl!iC 
many metal;,' is potSOnous and ~sive. ums and small pressure differences _with high sensitivi 

W t . c!d f mcasunng small VJCU d'l available. However, 1t has a tendenr., I}-. 
a er IS use or . he~p and rea 1 Y d • d' . --, I() 

Water has a fairlv sharp meniscu_s, 15 c ' ti ·15 transparent nature ren ers ll iff1cult to 1.. 

evaporate and dl.ssolve somt' g,'ISCS in it Fur d,er. J • ·e it a distinctive colour would be dePos·,:'. 
,.__. A dye .idde to S1

' 1'<11 
seen within the manometer tu,...,. ' 
on the tube walls when "atHr evaporates. l rs alcohol and kerosene are often r d rnanome e , ' llSeq 

For high multiplication in two- ,qui f ,_ ctional vaporization and consequent ch1111 . f tory tx.-cause o "" • ge, Kerosene is, however, not satis ac . d nsit:y by taking up water. 
in density Alcohol is also apt to change tn e 

. . of Manometers 
7 .5.6. Advantages and L1mltat1ons 

. . d y to fabricate • Relatively mexpt!ns1ve an eas 
• Good accuracy and sensitivity . . 
• Requires little maintenance; is not affected by vibratioi~I 

d low differe[ltra pressures 
• Particularly suililble to low pressure an . . . 

I b affecting a change m the quantity of manomebic Jiuuid 
• SensitMty can be alterL'CI eas1 y Y , 

m tile manometer 
Generally large and bulky, fragile and gets easily broken . . 

, M ed edi has to be compatible with the manomelJic fluid used 
, easur m um d I · d 

• Readings are affected by change in gravity, temperahue an a titu e 

• Surface tension of manometric fluid creates a capillary effect 
• Meniscus has to be measured by accurate means to ensure improved accuracy. 

7 .5. 7. Mechanical Gauges : Elastic Pressure Transducers 

Range of pressures that can be measured witll manometer depends upon the manometric 
fluid used, the minimum displacement which can be sensed and the tube length. Manometers 
are employed to measure pressure as low as 0.35 N/m2, and also the pressure dif£erence in the 
range of lA x 1()' to 21 x 10S N/ m2• Pressures higher than two or three atmospheres are invariabl)· 
measured with mechanical gauges of the Bourdon tube or diaphragm type. In these gauges the 
fluid pressure 15 applied to a hollow tube, movable diaphragm or bellows. The deflection thus 
obtained is transmitted through a suitable mechanism to a needle which indicates pressure on a 
pre-calibrated dial 

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 fom1 a circular segment 
of approximat-ely 200 to 300 degrees. The tube is fixed bul open at one end and it is through this 
fixed end that the pressure lo be measured is applied. The other end is do~ed but free to all011 
displacement under deforming action of the pressure difference across the tube walls. When a 
prt!SSure _(greater ~n atmosphere) 15 applied to the inside of the tube, its cross-section tends to 
become orcular ThlS makes the tube straighten itself out with a consequent increase in its radius of 
curvature, 1.t·., the free end would collapse and curve. 

The fr~ en? of the tube isconnect~d to a spring loaded linkage wh.ich amplifies the displarellll!llt 
and transrruts 1t to the angular rotation of a pointer over a calib I d I • __ .. 'r,11 ra e sea e to give a mc:u,ani 

·ndication of pressure (Fig. 7.16). Thelinlcageiuodesignedlbaflhe 1 
ptimum linearity and minimum hysteresis 1111 weU to L:-

0 · d f 1· A h · • as compenare,_ over 11 peno o 1me. a1rsprlng 'is 
ometimes used to fasten the spindle to the ~--------

:rame of the instrument to provide necessary 
tension for proper meshing of the gear teeth 
and thereby freeing the system from backlash 
(lost motion). After prolonged use, tile tooth 

gearing of the pinion and sector type linkage \ 
wearsoutand this impairs the accuracy of the 
gauge . 

The reference pressure in the casing 
containing the bourdon tube is usually 
atmospheric and so the pointer indicates 
gauge pressure. 

B011rrlo11 tube shapes n111i co1Jfig11rations 
: The C-type bourdon tube has a small tip 
travel and this necessitates amplification by a 
lever, quadront, pinion and pointer Fig. 7·16• Bowdoo ltAle Pl'IIIUMlranlcllcir 
arrangement Increased sensitivity can be obtained by using a very Jong length of tubing In lbsloiuL, 
of a helix, and a Aat spiral as indicated in Pig. 7.17. 

F'IXed f)OYOl 
point 

Spiral Helical Twmed IUbe 

Fig. 7.17. Bourdon tube configuration 

~,, 

si...-: 
clltlnc1~1C 

,:i,e spiral_ tu bing produces the same effect as would be given by a number of C-tubd 
The _tip travel IS of amount sufficient enough to indicate directly against a calibrated dilll 
the 1~creased number of turns of a helical bourdon makes it possible to obtain a~
~011. Sptral Md helical tubes frequently are used whereitisdesirabletoellminatethe 
Lmka~~s ~tw~n the pressure element and the indicating or recording um. 
":'1'Plification linkage makes the system more robust; wear friction and the in 
lmkage are eliminatted. 

The twisted tube has a cross wise stability which reduces spurious output11!9ti!-. 
and vibration. 
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152 II Fundamentals o . ht Horizontal positioning (placement of th 
. ion) by-a streamlined wei: s~eamlined tail vane. When the Unit t U11it 

taut (in te:rection) is ensur~d by e buckets and that sets th~ wheel in rotalios iitld ~ 
the flow the liquid strikes th h bserver or to a revolution counter thr l\. At "'1 
flowing stream, ·tted to t e o el . f fl b ough "'"-

. •-~ls are transrrll . 1 related to the v oc1ty o ow y appropr· el~•, 
revolution, Sli;•- f tatlon is direct y l<1te Ci\lihr~'l'II 
contncts. Frequency O ro ' 
data. 

suspension 
1/cable 

Vane to aflgo 
ttie maier with 
now dlfeCtion 

-

Fig. 1.21 . Current meter Fig. 7·22· Turbine meter 

At b
. ter 15- similar in operation to a cup anemometer and depends on the ap Ii 

urme me . f bldd I. h Pc.i1... 
of an eccentric force applied by partial immersion o a a e ro or m t e fluid flow strea;."1 

7.7 FLOW MEASUREMENT 
The head meter in the form of venturimeter, orifice and flow nozzle is by far the most c 
now meter for closed conduits. When the fluid flows ~,rough these obstruction meters, ~ 
accelerates and a reduction in pressur~ occurs. The difference m pre~su re before and alter lb! 
obstruction is measured by means of d1ffcrenbal pressure sensor and 1s related to the Aow ntt 

Venturi flow meter : The ventu~meter ~vas invente~ by ~le~ens Hershel m 1887 and hu 
been named in the honour of an ltalian engineer Ventun. This simple and reliable device fmdi 
an extensive use for water flow measurement, particularly in large sized pipes and for large fl0t 
rates. 

Entry 
Converging 

cone 

a.i = 21· ± 2· 
~ = s· ± 1s· 

fig. 7.23. Venturi flow meter 

'file impartanl constructional features of 8 Venturi meter-are ~Jii'.i 
consists of . . . . ,.,......,...,.... 

(i) Cylindncnl e11fmnc~ secho11 : This section has the size of pi iw 
satisfactory o~rati?n, the venturimeter should be preced:;..,stnd 
than 5 to 10 pipe diameters and be free from fittings, misalignment mil 
large scale turbulence. If these conditions cannot be met, slnigh 
placed ~pstre~ fro~ the meter for reduction of rotational motion fn flow. 

(fi) Conve:g11_1g co111c11/ sec~on : The converging takes place at angle of 21• :2"; ...... -•-·-~· 
of flwd increases as 1t passes through the converging section and 
static pressure falls. 

(iii) Throat : This is a cylindrical section of minimum area. At this section. the 
maximum and the pressure is minimum. The throat diameter is usually ~ ••·!'-~ni 
1/ 4 of the inlet diameter. Length of the throat equals its diameter. 

(iv) Divergmg secti~n ~ which there_ is a change of stream area back to the entrance-~ 
recovery of kinetic ~ergy by its conversion to pressure is nearly complete ft!IQ 
o~erall pr~ure_loss 1s sm:111- To accomplish a maximum recovery of kinetic_~ 
diffuser section 15 made with an included angle of s• to 7" . This angle has to be~ 
so that the flowing fluid has least tendency to separate out from the ~ ~ 
section. However, with small angles the length and hence the cost of the 1IIC!ler 
increase. So where pressure recovery is not of much importance, the angle of the d~ 
cone may be kept as high as 14°. ---~~ 

The pressure taps are. made at the throat and at entrance where the ven~ W,j 
diameter equal to that of ptpe. The pressure taps may be made either from a single hole qi;.a 
piezometer rings thereby giving average values at the two sectioIIS. 

The small sized venturimeler, suitable for pipeline~ less than 5 cm in diameter, am ~ 11 
ITlllde of brass or bronze. The inside surface is smoothly finished to reduce friction. Large~ 
are usually made of cast iron ; the throat is however, lined with brass or bronze and~ 
to smooth finish. Very large venturies upto 6 m pipe diameter have been made of~~ 
concrete , only the throat being made of machined bronze. 

Advantages mid Limllations 
High pressw:e recovery is attainable, i.e., loss of head due to installation In the p~ 
is small. Due to low value of losses, the coefficient of discharge ls high ancl 1t ~ 
approach unity under favourable conditions. 

- Because of smooth surface, the meter is not much affected by wear and tear, Leis~ 
of becoming clogged with sediment5. 

- Well-established characteristics ; years of application experience. 
- Ideally suited for large flow of water, process fluids, wastes, gases and~ 
- Long laying lengU,; space requirements are more. Quite expensive in installa~ 

replace.tnent. 
Venturimeters nre not standardized yet to an extent that permits dischar_ge 

one meter to be used with another. From dimensional analysis and dynamic simila:rity 
the discharge coefficient for a venturimeter is found to be a function of Reynolds 
meter size. These meters are not generally useful below 7 5 cm pipe diameter. 

Flow nozzle: Nozzles are used in engineering practice for the creation of jets and 
all purposes as well as for fluid metering. When placed in or at the end of a · · 
devices, they are called flow nozzles. 
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th dual contraction to throat by a free unconl:foUed 
The flow nozzle co~prises a smoo ee:: ~ the device contains no provision for an orderl 

expansion back to the pipe flow area. au y 
transformation of velocity into static pressure, the Pr8SSIJre taps 
nozzle has a pressure loss from 80 to 90~ of the 
differential pressure obtained. The discharge 
coefficient of a flow nozzle is dependent upon the 
smoothness of approach to tangency, the lengt~ of T 
the cylindrical portion of the nozzle and the location 
of the pressure taps. Pipe wall taps located at one 

0 
pipe diameter upstream and half pipe downstream l 
from the inlet face of the nozzle give best results. 
The flow nozzles are usually made of gun metal, 
stainless steel or monel metal. 

J_, 
d 

T>~ 

Nozzle 

Adva11tages a11d Li111itatio11s Fig. 7.24. Flow noizle 
Cheaper than a standard venturimeter ; can . . 
be installed in an existing main without great difficulty. 
Increased coefficient of discharge when compared to orifice, and less physical length 
compared to venturimeter 

- Widely accepted for high pressure/temperature steam flow , further good for fluids 
containing solids that settle. 
Pressure recovery is poor and so cannot be used where available pressure head is small 
or where pressure recovery is a must The pressure loss IS, however, less than that of an 
orifice plate. 
Compared to orifice meter, it is expensive and difficult to install 
Limit~d to moderate pipe size , not available abovt! 120 cm 

Orifice flow meter : The orifice meter consists of a thin, circular metal plate with a hole in 
it The plate is held in the pipeline between two £1anges called orifice flanges (Fig. 7.25). The flow 
characteristics of the orifice differ from thoSt! of a nozzle in that minimum section of the stream
tube occurs not within the orifice but downstream from orifice edge. Section of minimum area is 

~--- Pressure taps -----. 

Onfice 
plate 

Fig. 7.25. Orllice llow meter 

called vena conlTacta at1d rrtinimum pressure exists at this section. Location of vena contracta 
depends on Reynolds number, .irea ratio between orifice and pipe, roughness of pipe and, 

Measurement end l 
compressibility of the flowing medium. It is also sensitive to it. ltptltnllm ~ 
stiarpness of the upstream ~ge of the orifice plate. Evidently loc:atlon o1 

nnection at vena contracta JS not feasible and 115 such it is taken at a fixed 
~~ameter and a correction for vena contracta is made. Ideally it should be placed wfm\! 
factors are least For accuracy of results, there should be uniform flow conditions 
orifice and for -~s a s~aigh~ pipeline of atleast 10 pipe diameter 9houlc1 ~ 
ois(harge coefficient vanes Wlth the ~pe of orifice, the pipe size, ratio o( orifk:e ~ 
diameter, Reynolds number and location of pressure connections. 

Orifice plates arc made from steel, stainless steel, phosphor bronze and other such 
that can withstand the corrosive effect of the flowing medium. Its thicknas is only 
withstand the bucklmg forces caused by the pressure differential. The circular hole ii -;:;:~· ~~•r,i~i~. 
made with 90° squ;ire sharp «:?dge. Wear and abrasion of this sharp edge greatly affect the.-
of the orifice now measurement For this reason an orifice should not be used to measme W 
containing abrasives or other m.1terials which would damage the edge. In 150me cases'it is ad.vilabJet 
to replace the orifice plate freq uently to maintain accuracy. 

Athxmtages n,,d Limilaho11s 

Low initial cost, case of installation and replacement Requires less space as comj,ued to-, 
venturimeter. 

Can be used in wide range of pipe sizes (1.25 cm to 150 cm). 

Pressure recovery is poor; the overall pressure loss varies from 40 lo 90% of the differeiila1i 
pressure. 

- Coefficient or discharge has a low value. 

- Necessity of providing straightening vanes upstream. 

- Susceptible to inaccuracies resulting from erosion, corrosion and scaling. Tends to clog 
and as such not suitable for slurries or entrained particles. 

Theory of variable head meters : The equations convenient for practicaJ use and for pi'oVidini 
the basis of operation of variable head meters are derived by following three steps given below: 

(1) Apply the Bernoulli's equation to the upstream and downstream pressure conned:ionis 
and modify il for the assumed conditions 

(ii) Solve the modified equation for the downstream velocity 
(iii) Express th~ flow rate by the product of area a11d velocity, i.e., Q = AV 
Let subscript 1 -refer to the pipe and the fluid at the upstream pressure connection m¥li 

subscript 2 refer to the pipe and fluid at the section of minimum area. Bernoulli's equaticm ~ 

Pt v? v.2 
-+-+ Y1 = P2 +i+ y2 + losses 
IU 2g W 2g 

Neglecting losses and assuming the measuring device to be horizontal, i.e., Yt • Y2, we 

vf - v? = P1 - P2 
2g IU 

For incompressible fluids, the continuity relation for the situation is 1'1 Vt s A2Y':2 ri 
yields 
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cs the outflow velocity Y2f 

Solution of equations 7.11 anti 7·12 giv 
At 2 P1 - /!2 

V = -========::=-· x g ta 
... (7.13} 

2 11; - Ai . . 
. n b e uation 7/13 l,as b<..>en denved ~v,thout considerrn 

The do,-vnstream fllJid velocity. as ~v~ 
1 
Y ( 4 ty at the minimum section. lihe actual velOciJ 

nnv Joss~s and so it is t11c ideal or theoretica . vel oaelocity by a factor C0 called lhe coefficient of 
':J: t.:. 1 . I . rr the theorettcn v hi h Id can be obtaiited u}: mu tip yino. . tio of acturu me.in velocity,~ c \.VOU occur with<>ut 

velocity. The coefficient' of veloctty 15 the rn 
any friction loss 

actual mean velocitr 
<I:" = ideal mean velocity 

A1 ,-; 
28 

Pt -112 

:. v., (actual) = ct, A'! \ ? tIJ 
'" 1 - I 2 

• 

t Ply tl'te conlinuitv equation : 
For obtaining ttie volun1e flow ra e, we ap . -

djschargc = area x velocity 

A1 A., 
2
· /J1 - P2. 

(!; - X g ·. a .; " ✓,Ar - Ai 1t' 

. thr I . .-:t:ce meter the fluid jet on leaving the orifice contracts to a minimUtn 
(Dunng flo\.V oug l ,m oru, t h h f, th ru· 

. a... ta Aie:1 of fluid ,·~t at vena contractn 1s less t .an t e areu o e o 1c~ 
area at the vena con"ac · lo' • 

and the two areas are related by the equation. . . 
area of: jet at vena contractu = C, x orifice area 

1,vhere C is the coefficient of conttaction. 1ihus if the orifice r:irea is. A2 then the are41 at 
. - '

0 
hi h controls the fJo\.~ rate and \"here ilie palh of particilcs b<.>comes parallel mm101um sec on .., .. , c 

again would be ec A2 

... (7.15) C c, A1 A2 X 2 Pi - 11
2 

• A'.cluaJ discharge ~ = L' ., 2 g. ·v . . Af - 1\1 , 

P 
· t d n

0
,,., no•, .Ytc there is almost no fonnation of vena contrae:tn and the or ventur,me er an Y, ~ , 

coefficient of contraction can be taken ns unity.. . 
Combuung ½, and c( into single factor ~.1 called the coefficient ot dise:ha1ge, the volumetr1c 

flo\V rate lhrougl, tl1e meter can be written as: 

.1\1 A2 2 Pt - P2 
(Q : cl, '1 I) )( g W 

;t; -Ai 
... (7.16) 

Discharge coefficient Cd is not constant. it depends primarily on the flO\V Reynolds number 

ru1d the cha.1nnel geometry. 

A1 A., . ~ · thi · · ll d . _.., 'f.he guantity ., -
2 

v2g is constant fori a given meter; s qunnhty ts genera y. es1gt1;1.'\.{ 

JAr - A2 
bJ' K and is k 110\.\'TI as the meter constant. Thus 

Q = c,, K P1 - ll2 
TU 

• ('Z 17) 

Measurement andi 1~m 

The pressure differential Pt - p2 
1 called the piw-·s••- ·L_,__d • u 

w ~-"' .IJCil or paeZvmcwt. 
by n differential lJ-tube manometer:. The manometer ...1i... is r ~ . f h • 1· . reaumg same ior .. oWi 
jrrespecnve o t e me 1nation of the pipeline. ~ -: 

EXAMPLE 7..16 

~ venturlmeter wi!h 200th mm diameter ~t inlet and 100 mm thtoilt i• laid witliraxis 
is used f?r measunng e flow of oil of specific gravity o.&. The differmce of Jevek fi\i~ , 
differential manometer !eads 180 mm of mtrcwy wliflst 1152 x lOl kg of oil Is coll '.~ 
nunutes. Calculate the discharge coefficient for the meter. Take ~c JP,avlty of m 

Solution : A1 = .!!. (0.2)
2 = 0.0314 m2 • A ::: ~ (0 1)2 = o 00785 2.. 4: I 2 4 • • m 

A1 0.0314 = ---- 4 
A2 0.00785 -

Piezometric liead P1, ; h (s., - 1) 0.18 (~~
6 

- 1 ~ 2.88 m of oil 

~tass of oil = l il.52 x 103 leg in 4 minutes 

. . 11.52 X 103 
( 1 

;. D1se:harge of oil, Q = . )? - = o 06 m3/.s 
,1 x 60 800 . 

or ( ... 0.0314 I 
>.06 ::: C.i ~ x v2 x 9.81 x 2.88 = o.0609 cJ 

v42 -1 

.-. Discharge coefficient for. tne venturlmeter, Cd= 
0
~:

9 
- 0.985 

7 .7. 'fl. Rotameter 
line rotameter consists of a tapered metering glass tube, inside which is located the rolar, 011 

ae:tive element (float) of the rotor. This tapering tube is Rrovjded witn suitable iillet 1111d outlet 
connections. The float or bob material has specific gi11vity, nigher than that of the fluid to be metered. 

\Vith increase m the flow rate, the float rtses .in the tube and there ocrurs an increase in 11\e. 
annular area behveen the float and the tube. The float adjusts its posltion in relation to discharge 
through the paSS:1ge, 1.e.1 the float rises higher o~ lo\ver depending on the flow ra~ The disc~ 
equation for flo\.v through a rota meter is give.n bJ 

l 

Q==C::JA[2gV1(P1-p)/A,pj .. ~ ~ 
~•here Q is the volume flo,v rate, €d is the discharge coefficient, V1is thevolwne of'float; p11':.~ 

density of float material, pis the density of fluid flowing, Af. is the crosS!-sectional ~ of~e,Jlc)ii 
and A is the annulaT area be~1/een float and tube;. 
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. d 1. L:~1,, strength borosilicate glass and the flow. rate sea] ~ is en --......._ 
The glass tube 1s often ma e 01, '"i;a• h t • gfavA.-1 

d. ~ rticular float material. However, w ere grea er strength rs re . '"\I 

on.thetubecorrespon mg oa pa • . f fl at is detected magncticaIJi FUither f qutred, 
the metallic tubes are used and the po5it1on ° O 

• • • : or ren,0 l\? 
indication, the positiort of float can be monitored elcctncally by using a su1table dtsplacernent 

transducer~ 
The rotameter is equally suitaole for. n,easuring both g~s 

and liquid flows. WJ1en metering gas flows, a small sp~ere 15 

used in a narrow tube and no guidance needs to be proVtded to 
its motion. While metering li~uid fluids, sphericaJ slots are rut 
on a part oi the float and ilicse slots cause i~ to r~ta~e slo,-vly 
about the axis of tube and keep it central. T-h1s spmn1ng helps 
also to P,revent c1ccumulation of any. sediment on the top ana 
sides of 11,e float. Alternatively, stnoility of the bob is ensured 
by employing c1 guide nJong whie:11 the float would slide. 

Tl1e floclt or bob material l,as o specific gravity highei, than 
tllnt of the fluid to be 111ctercd. the den.c;ity. clifferencc (Pr.- p) 
require?d for u,etering a parti<? uJar liquid or gas can be obtained 
by sc]ecting different materiols for, tl1e floc1 't~ Ali ~amination of 
ll1e clischc1rgeequation 7.28 would reveal that wl,en p1>> p, tl1e 
volun,e ()o\V rate bccon1es mdependent of the dcns1ty p of the 
flo'-vir,g fluid. 

Rotameters nre \-Videly used for metering purge flo,~·s, 
pump-senl fluids nncl coolants and lubricant!> for operilting 
macninery .. ln thl.~e applications, flo\.vs are relati\1ely small and 
accurac)' requirements nre nol rigid. 

Advantages and Limjtations of a Rota.meter Inlet - ._._. 

• 

• Simplie;i~ of operation, t!ilse of reading and installation 6:=~:,-

Outlet 

Guide wire ror 
tt:te floot 

Transparenl 
tape,00 q~~s 
moter,og 1ubo 

Ffoal or bob 

• Rclalively lo,v. cost Fig. 7.26. Rotflmoter 
• Hilndlcs \Vidc variety oficon·osive fluids 

• Eosily equipp~d with data transnussion, indicatingnnd rcc-orcling devices 
• Possil1ility of co1t\1enient and visible no,,• compitrisons t>y n1ounti1,g sc,•~ral rotamctt!rs sTcl~ 

by side 
• Glass tube subJect to breakog~ 
• Linlitcd to small pJpe sizes and capacities 

• Lt'$S accurate compared to ,1enturi and orifice meters 
• ~•1 ttst be rnounted \'erticruly 

• S1,1l1jcct lo oscillations in pulsating flo\\'S 

7.8 T:EMPERAJURE MEASUREMENT, 
:e~ipcrat-11.rc is prol,il~ly th\! n,ost \\'{del}' meilSltred and fr1..1que11ll)' controllecl varinbfe 11.:ncout1lilfL•1.I 
in 111ciltStr1nJ processing of t'\U kinds. Nieasuren,ent of tcn,pcrature potcnti,11 is i11volvc~i in 
thci,nod_}1nan1ics.1 l1ent tr,1nsfer a11tl man}' chcn1ical opcrnfions. Bas1cc1 ll)' nil Lhc propert:ies uf 
11,atter St1cl1 ,i s size, colour, elcctric~1l nnd magnetic eharacteri~tics, nnd the pft)'SicaJ s~1tcs (i.e., 
soliti., liqui(i ,incl gns) cht111g~ \\'ith cha1,ging temperatures The occurrence of phys1cal and chemical 
c:hnnges is govcr11ed D)' t1te teo1p~rature tll ,,•hjch a S)'Slcn1 is maint-,1ined. 

Measu 
Temperature measurement depends UP9n th~ 

between the sy,s_tem and the device used to sense the..teni W; 

thermocouple ~es;_ ~e sensor. has certain physical ~ wlid1Ji 
aJld this effect 15 ta,u:11 as a measure of the lem)'e!ature. ~"\l~ ~.,.r. 

50 
used could be: 

(1) 1"! c~ange in dimension, i,t!, expansion or contraction of material· 
laqUJd or ps. 

(izl A change in electrical resis~e of metals and semi-conductors. 
(iit) A thermo-~lectri~ emf ~or two different metal&and 1llloys ~ !,op 
(fz,) A change 1n the 1ntens1ty and colour or radiation emitted by the Mt.:: 
(i,) fusion of materials \Vhen exposed to the ten,perature under; investi~ 4111iiiiiiiii 

Calibra tion is lhenaclueved through comparison with established stand;ards.'J'J#. ~ - '! 

tempe.«1ture scale serves to define temperature in terms of observable cliataderlstfi: C>F....,. 

1.a.1. Liquid-in-Glass Thermometers 
The liguid-in-glass thermometer is one of the most common types of tei1,~ratu~ 

dc\•iccs. The unit consists of a glass envelope, a responsive liquid and an indio\t:irig 
envelope comprises a thick ,valled glass tube with a capillary bore, 
and a spherical or cylindrical bulb filled ,vith the liquid. 'The two 
parts a re fused together and fhe top end of the capillary tube is sealed. Safety bulJ 
The size of the capillary depends on the size of the sensing bulb, 
responsive liquid and the de,ired temperature range of the instrument. 
Changes in the temperature \vi)l cause the fluid to expand and rise up 
the s tem. Since the area of the stem is much less than the bulb, the Temperature 
refuti,,ely s mall change of fluid volun1c \Viii result in si~cant fluid scale 

rise in the s tem. The length of the moven1ent of the free surface of the 
nuid column serves, by a prior ralibralion to indicate the tempeJ"ature 
of the bulb. ~ laboratOI')' work them1ometers have a scale engraved 
diree:tly on the glass stem, ¾•rule th: industry types have se.P:1rate 
sc(1le located ,1djacent to the s tem. Quite. often the top of the caP-•llary 
tube is also bulb shar,ed to pro\•ide saf~ty fenture in case the 
ten1per.1ture range of the instrument is inadvertently e.'tcecded1 

Capjflary 
tube 

The thermometer bulb is usually fil led with mercury. ft has the 
ad,•antages of a broad temperature spMl 6eh"leen its freezing and 
boiling points, a :nearly lin~ar coefficient of expansion, relative e~_of 
obtairung it in a vet)' pure state and its non,vetti~g gla~ characteri.ffl~ Fig. 12'1. Uquld-J(l,:gillSli' 
\ Vhcn measltring temperature above the boilmg pomt of mercury then'nOm•r. 
(390cc .:iit atmospheric pr~c;ure), mercury may evaporate and conde~ __ . 

0 
ir, th~ top of the stem. 1ihis is prevented by filling tl'te. space. above mercury, Wtth ~ntn 
carbon dioxide under high pressure. This raises the boiling potnt and allows teDl~ ~ ., 

610° C to be measured. gh b b ca~ 
Plo,ve,,er, in man)' industrial applications tJ,e es_cape of merclµ}' ~u ids;:;:.-~ 

considerable damnge to the products. This niay necessita~e ~e use~ ~ are also u.a 
pe.ntane and toluene, etc., wn1ch do not cause con_tam;:;a:~· Th!" liquids h'aw ~ 
l~mp~rature measurements be_l~w the freezing pg1nt ed 7t}i inert dyes and of Jo# 
advantages of superior readab1l1ty to mercury when co~our to ara~ in the aapilkhY.• 
Ho,\'evcr, the)' have Io,v bo1ling PQints, a greater. ten ency ~ 
,vetting glass ciharacteristics. 
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· sed f matter, of economics influenced by the rclJJge of th 
1ihe choice in the type of glbss u 

1 
.5 ; :>t tl,e cost. For temperature uplo 450°C, normal glas e 

thermometer- the higher, tJ,c range, tl,e ~!o:C harosiJicatc glass is used. Above this temperatur 
8 

is used ~t high temperature upto ab~u:ut, the; are not common. e 
quartz thermometers l1ave been ltSe 

Salient features/cl1aracl:eri5rics: 
d 1 ti. vel \, 10 ,v cost 

• sicnplititY, of use n11 re a J 

• easily portnble 
• ease of checking for physical damage 

·1· po\\ler • absence of need for auXJ iary 
• no need of additio11al indicating instruments oc 
• frngile const:ructiont range limitecl ~o about 

600 

• lack of ndaptability to remote reading . . · h f tempera ture and t1,crmometer. response due to rclnttve]y 
• tin,e lag between c ange O -

lugh 1,cat capacity of the bulb, 

7 8 2 Solid ExP-ansion or Bimetallic Thermometer 
• • • • ( t ieces of different met:115 firmlv bonded log~ther by. \Velding 

A bimetal strip cons1sts o , -10 P h - .. L l.;., • ~ . tl f t -•ght cantilever bean,, temperature c anges cause u1e ,.-ee end 
For. a bi-metal 1n 1e orrn ° n s\,~U ts ~= d fl n· t .i.:. ..J :tf t uvpanston rates of the componen 1 1:1us e ec on can be 
to deflect because o,, u,e w 1 eren ~ · _ 
correlated quantitatively to the tem~rature change. 1 

t, --ei-1 -=--~;..:'. 

~-... -:.;~:-;:-£:-==--:: ... -c.._--~~1~1-11 
y 

0 

Fig. 7.28. BlmetaJlic strip 

Wl,en a l,imetn] strip in the form of cantile,,er is ;issumL1<i to b~nd thro.ugh 1, ci~c~li).r, ;itc, then 

1
- ± tlr expanded length of s trip having liigller c, pans,on coef!1_,1cnt 

r, = expnndcd length or s trip havj11g lo~'Cfi cxpnnslotl coefficient 

/El + U2 (r - 'fi1)] 
- 1ra+. c,.1 (f -To)J 

Simplifi<;i\tion gt\1es = 

r =-
dr. [1 +.ct 1 (17-To)J 

(((2 - <11 ) ('V - ~)) 

• 

• 

'.fhe tip dthefl~tionffi~~ be f,increased with choice of~terfa1~~ 
di.!fctt!IlCe in e1r_c~ c1ent o expansioru Normally thelow. -✓ • --~ -

·ckel allov contatrung about 36% nickel) and the ru"'I. l!Xf' 
n• 'fakillS ~ = 0 and ,Ir= 11/2 (thiclcness of each &&~ ~•on metal• 

l me Pi, we. mt 
r: -= -;-=--,.........--

2a2 (Ii-To} 
The movement of free end of the cantilever in 

horiZQntal line is \-vorl<ed out as follows: a B 
angular dispJacement 8 = 1/r, 

oireclion fiom 

vertical displacement y = OB - 0/t;;:; r, _ r cos 9 

= r. (1 - cos 0) 
Appart!flt1y when one end of the bimetallic strip 15 fbced the ositlon 15 free ... 

;ndicotion of the temperature of the strip. ' P -and 15 

F.~od end 
Sc.ale F.lxed e'l(I 

Transmission 
spiodlo 

Guides required 
onlyfor __ _ 

r.:t----'o...;. spindles 

(a) 

Pofn1er 

F. roe noaling 
spindle 

Case 
"'- Compensated 

helbc 

(b) 
f;lg. 7.29. Blmetal strip thennometer 

Bimetalic elements can be arranged in the flat, spiral, the single helix; and the multiple helli( 
configuratio~ Figure 7 29 inustrates the functional principle of the usual industrial form of a 
blmctal thermometer. 0ne end of tRe helix is anchored permanently to tne casing and the offier 
end is secured to a pointer ,vhich s,veeJ?S over: a circumr: dial graduated in de~~e of temperature. 
ln resBonse to te,tteeratu.re change, the bimetal e~ands and the he.licnJ bimetal rotates at its flee 
end, thus fuming the stem and pointer to a tte\41 position on the dial. Likewise the curvature of 
b1metal spira l strip (F.ig. 7.29 (b)) varies \vith tempel'.ature and causes a pointer to deflect ffie 
continuous strip \.Vound into helical or ~ iral form has the advantages of compactness -whiJe 
providing a long length of strip required for, adequate indicator: movement, 

Bimetrulic elements find \4/ide application in simple thermometers in wruch the deflection of. 
th~ elements is made to open or close electrical contacts fn the electrical heat supply or- to control 
a gas flo,,•. lmportant applications include the switching devices used in domestic ovens1 electric 
irons, car, \.Vinlcer lamps and the refrigerators. 

7.8.3. Thermocouples 
\iVhen two conductors of d issinu1ar metals M1 

and ,vf2 are joined together to form a loop 
(a ther111ocouple) and t\vo un e~a1 temperatures 
T

1 
a nd T

2 
are imposed at the two inter:fae:e 

connec:tions
1 

an electrfC! current flows through the 
loop. 

i 
P.ertler 

► 
iThomsOn 

Thomson 
M2 

F.lg. 1.30. Basrc tfiermoco~e dtcUft 
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E1CJ>.erimenta1Jy it nas oeen found that the n1agrutude of the current is airectly related to th 

two materials M
1 

and M.
2 

and the temperature difference {1'1 -P2). In the practical application ~ 
the eff«t, a suitable device is incorpon1ted in the circuit lo indicate any electromotive force 

0 

flow 0£ current. For convenie11ce of measurement and standardisatio11, one of the two junctio or 
is usually maintained at some constant kno\\1n temperature. The output volt.age of the circuit th~ 
indicates the temperature difference relative to the reference temperature. n 

Thermer-electric effects arjsc in two ways: 
• a potential difference always exists between two dissimilar metnls in contact with: each 

other (Peltier effect) 
• a potential gradient exists even in a single conductor l1~ving a temperature gradient 

(Tl10111so11 effect) 
In co1nmercial insmm1e11ts, the thermocouple materials are so chosen that the Peltier. a d 

Thomson emf's act in such a ntnnner tJ,at the combined value is n1aximum and that varies direc~ 

with temperature. y 

Ele-ments of a Thermo-electric Pyr.ometer 
1·ne essential elements of a tliem10-electricaf pyron, eter are shown schematically in Fig. 7.31 _ 

• 1·~\'0 djssimiJar conductors electrically insulated except at ll1e hot junction, \.Vhere ffie 
conductors may either be soldered or \'\"elded together, or 01ay be completely separclted 
from each other. Compensating -- Aefraclory sheath 

• A refractory and a metal sheatl1 
to protect the thermocoupfefrom 
injurious furnace gases and to 
prevent it from mecJ1anical 
damage. 

• Compensating leads \Vliich a]Jo\v 
the measuring instrun1ent to be 
placed at a ~ru;iderable distance 
from the therrnocouple \Vi tl1ou t 

leads 
Insulators -

Mater Metal sheath 

~ Cold junction Hot junction ___, 

Fig. 7.31. Element or a therrno-eleclrlc pyrometer 
the necessity of using expensive 
thermocouple matenaJs as extension leads. 

• The cold or the reference junction provided by the instrun1ent used for measuring the 

emf. 

Thermocouple Materials 
'f.he desirable characteristics of thermocouple materiaJs are: 
(1) The emf prod uced per degree of temperature change n1ust be suffi~ient to fac::ilitate 

detection and n1easurement. 
(ii) T.~e tempexature-enu relatio~ship should be reasonably, linear i:ind reproducilile. l?hls 

,vtll n1ake ~he scale n1ore eastl}' read and also .reduce the problem of reference junction 
compensation. 

(ii() ~l1e t11em1ocouple sfiould n1aintain its caJi6raHoJ1 ,V1thoul drift o,1 er. n long period or 
tinte. 

(tv) :1he thern1ocouple should liave a long life so that the cost of ten1p~rature measurement 
1s not t1nnecessaril.Yi increased ,,,it11 frequent replacement of the thermocouple. For. ttiat, 
the the:mo_coupJe materials should be lughJy resistant to oxidation, corrosion and 
contamination. 

(v) 'flie material should pfiJ,sicallJ' be able to \<Vithc;;tand high and rapidly, fluctuating 

J 

temperatures. Any pl\ase change or th 1 ~.:. 
dlscontinu~~ in the temperature-emf r~la:~'::ternal i~no 

(1.11) The matenal must be such that succes i batJ:· 
Uiern10-electrit: cfuiractenstics. This will ~Ive, es can, be-~u 
the necessit:yi of recalibrating tile tempa otw t]w.irelplacement~ . era ure sea e., ofi the ind1ca!iQ 

Bep~_nd mg _upon the composition of metals used the tnenn 
jr,to the tollo\Vlng brcrad categories : ~ ocouples"8i~.so 

(0 Bose ,,1etal t/1er1,roco1,ples use combinations fi 
nickel, and are used in lower rancn,s of t 

O 
purea.:.~etal and.alloys oti#)~cg 

o- empcra,llle upto 1375°€ 
(it) Rare metal l/1er111ocot1ples use combinati f • 

1 
. d ons O pure metals andl allo~of 

(a) p atirtum an rhodium for temP.eraturcs upto 1725ac, and 
(b) tungsten, rl1odium and molybdenum f t or emJ?erafures upto 262Sac. 

1.s.4. Resistance Thermometers and liliermistors 
The r':5istanC'~ R (ohms) o.f a~ electrical conductor. of resistivity p (ohms fl), I~ th L feri\i 

cross se<:t1unal area A (cm2) 1s given tiv g \~ " 
• 

R = P bf i \ .. (1.'!?) 
As temperah..U'e changes., the resistance of tJie conductor 3 1

:.- ch rn,;.-7_ • .!J to .,.i"• 
(
;\ d" · I h ~ an~. 1•1u:, 1s uue -""· 

fac.:tor~ : ,, une~iona c ange. d~e lo expansion or contraction and (,'i) change in the auren 
opposmg pro~ertles of. the.. matenal itseU. For an unconstrained conductor., the latfer i5 iou~ 
1nore thnn ~~' of lhe lotal change for copper. 1ihis ch,1ngc in resistance with temperature ls,••~ 
for measurmg temperature. q 

Resistance lihermometers 
. rvlo~t me:als bec?me more r:5istant Lo ll1e passage of electric current as tliey become hQtter-, 
,.e., their res1stnnce mcre~ses ,,~th growth in t~mperaturc. An adeguate apw:oximation of. the 
resista11c~lemperature relationship is given by : 

_ . Rt= R0 (1 a.I + ~t2) ..... r,.20) 
,,•n:re. Rt rs res1Stilnc~ at any temperature t° C, R\) is resistance at 0°C, a and ~ are constants, 

depending on the matenal. ttie constants R.1, a and p are determined at the fee, steam illld 
Sl1lphur points respee:tively. 

Over a limited temperature range around 011C, the (oUo,ving linear- relationsrup is equaity 
\'alid: 

I< = R,
0 

('l+a 8) 
,,•here a. 1s tne temperature coefficjent of resistance in °c-1 and 8 is temperature rel~tive to 

011 ~ Some typical values for, temRerature coefficient aro.: 
a. = 0.0039°€-1 for. platinum, rt= 0.0043°C-1 for cop~, a.= 0.0068°C-

1 
for nickel 

If a change in temperature from 81 to 02 is considered, then 
R

1 
= R

0 
(ii. + a ~) : R1 = R0 (1 + a. 9_0. 

Reiltrangement gives 

R _ - RJ R 1 - R1 
92 ; 81 + n R

0 
; 0~ - 01 = u. Ro ... Oi'.2,l) 

Apparently the linear relationship implies that:changcs in resistance.are directly p,rgpOX~ 

lo changes in tE!mperature. 
The ther-mometer comprises a resistance element or bulo, s~table e1ectri°'! lea~~~ 

ind icatiJlg- recording or resistance measuring instrumenl The resistance element is~ iitJ....,.,....,,·_~~> 
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. . f ~ the radiation from the furnace onto the latgel 5 
the concave ~11.rror are .idJusled 1:;:;wse mirrors appear 35 shown at (1) when the l"ildi ~II 
rnJ.rrors help m the focussing proccl. ·hen focusing is achieved they .ippear as at (11). 

3
tior, 

is not focuseed onto the target an w . . . d. ti from the measured surface ont.J the temperature se 
The obje.:tl uf ~~recttnh_g ':: ,bay onnsparabolic renl.'Ctor [fig. 7.34(/1)], or by a lens syst<?m nsl:._ng 

element can a so "" ac u!VL-u r ig. 

7.34(c)J. 
Characteristic of radiation pyrometers . . . h _., f ~ , d (0 01 10 O 02 min fast r~ ponse IS due to small thennal can.,,.;1 

J. H,g spc= o respo•= . · , ,--.. ~""• 
of the deteclor Accuracy ± 2% of scale range · 

2
_ No dfrcct cont,,ct is necessary with the object whose t~mperatu.re i~ to be measured 

This fact allows its use in situations where it _,s 1mposs1ble o~ und~~1rable to bring the 
measuring instrument in contact with lht! obiect under consideration. 

3. Prifllilrily used lo measure tempera tures in the range 700-2000°C where thermacoupt, 

and resistance thermometers cannot bl! employed. 
4. Copable of measures the temperature of an object which n_iay be either station.uy or 

moving, and so adaptable to continuous mdustri;i l processing. 
s. Suitable for measuring temperatures where the atmospheric or other envirrunental 

conditions prevent sa lisfactory operation of other tempernture sensing devices 
6. Relatively independent of the dist,,nce between the measuring element and the heated 

body. However, for optimum working the distance from target to receiver should not 
be greater than 10 or 20 times the maximum useh1l diameter of the target. Further, with 
increase in the disl.ince there w,11 be greater opportunity for gases, smoke etc to intervene 
and absorb some of the radi,mt energy Thh would tend to reduce the indicated 

temperature. 
7 The effect of dust and dirt on the mirrors or lens is to cau5e the instrument to read too 

low 
8. Cooling is required to protect the instrument from overheating where the temperature 

may be high b<.-ca use of operating conditions. 

Optical Pyrometers 
A metallic surface is usually dark and dull coloured al room temperature. When the surface 

is heated, it emits radiations of different wavelengths; these radiations nre, however, not visible 
at low temperatures As the temperature is progressively increased beyond 5-10°C, the surface 
b<.>comes dark red, orange .ind finally white in colour. A colour vari,1tion with temperature growth 
may thus be taken as an index of the probable temperaturtl. 

This principle or temper.i ture measurement by colour or brightness comparison 1s utilized in 
optical pyrometers designed to mei'lsure temperatures in the ronge 700-3000°C These pyrometers 
compare the energy emitted by a body at a given wavelength with tho1t of a black body calibrated 
l,,mp. A sketch of one of the sever.ii types of optical pyrometers is shown in Fii,.. 7.35. 

R.1diattons from the lilrget surfoce are focused by an objective lens (L) upon the plane filament 
(F) or an incandescent electric light bulb. Thi? eye pnce ( £) is ulso adjusted until the filament is 
in ~harp focus ,md under these conditions U,e filament is seen supermiposed on the im.ige of the 
target surface. A red filter ( R) is placed between the eyepiece and fili\Jllent, and it allows only a 
narrowband of wavelength 0.65 µ to pass through iL Matching of brightness of the lamp filament 
with that ol ta~get_ surf~ce is achieved by ad1usting current through the standard lamp by changing 
the value of circuit res1stmce The variable resistance or the magnitude of milliammeter reading 
(,1 111easure of current through the lamp) may then be ci'Jllbroted in terms of the tnrget temp1?rnh1re 

When the_ fHame~t is indistingutShable, in terms of brlghtniw,.:1M.#1illllll!i= 

6
urface, then 1t lS radu1bng at the same intensity as the .,. .... t surface'.: 
t the filament as sighted through the -.,.. 'l'hnle 

;yepiece are also shown in Fig. 7.35. RedRAller 
When the filament 1s colder than the l l 
target surface, it appears as a dark wire 
gainst n light coloured background 

;ilament brightness is then increased by 
causing mor~ CUTTent to pass through the 
fi lamenL A fJJament hotter than the object 
would appear brighter than the t.1rget 
surface. The curTent through the filament 
is then reduced lo provide correct 9 0 8 merging of fi lament and the obJect 

In an alternative approach, current 
through the lamp filament is maintained High Con1lc1 ~ 
constant. An optical wedge of absorbing . 
ma teriw is moved up and down and its Fig. 7.35. O,sappearil1!r-filament op11ca1 pyromeNr 
variable_ thickness accentuates the incoming energy to match the filament. The wed posit! 
then cahbrated for temperature. The pyron1eter is calibr,, tcd b si htin . ge on.IS 
various known temperatures. Y g g it upon a black bod)' at 

The noteable char;icteristics of an optic.ii prrometer are: 
(1) No_ direct contact is neces~ wi_th the obiect whose temperature is to be measured. 

This as~ect ;illows their use m situations where the measuring target i.5 remote and 
maccess1ble such as molten metals, furnace lnlenors. etc. 

(2) Excellent ~ccurac~; the temperature in the useful operatln ran e (700-llV\I\Oq 
be determmed w1tlun ± s•c g g uuu can 

(3) Measurement 1s _independent ot the distance behveen the target and the measuring 
instrument. The image or the target, however, should be sufficiently large to make it 
poss1b_l~ to secure ~ definite brightness match with the filament of the test spot. 

(4) The skill m operating the thermometer can be acquired readily. However, the skill o{ 
the _operator has ~ore effect upon the resulting temperature measurements when an 
optical pyrometer 1s used than when a radiation pyrometer is used. 

(5) Beaius~ of its manual ~ull-bJlance operation, this pyrometer is not suitable for continuous 
recording or automatic control applications. 

(6) Th: low~r measun ng temperature is limited to 700°C. Below this tennperature, the eye 
1s msentive to wavelength charo1ctcristics. 

7 .9 STRAIN MEASUREMENT 
A strain gauge is a device for measuring dimensional change on the surface of a structural meml:ier 
under tesL Measurement of strain is indispensable in a variety of applications due to utility of strain 
measurement as a means of determining maximum stress values or in specialized tramduc:ers tq 
measure force, pressure, accelerations, torque, etc 

The operation of an electrical resi5tance stram gauge Is based on the fact that when a cond~ 
is subjeted to mechanical deformation. its length and diameter are altered and a dwlgeinits:esli~ 
occurs. The resistance change is measured by the wheatstone bridge circuit and correlated to~ 
or the physical effect caw,; ng the strain. For millly metals used as strain gauge meterial, lhe'fo~ 
correlation is applicable. 
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F= 1 + 2µ , 
. trals~1n 

d1arne . = 61 fl 
, t'o s - • i'nal strain J?oisson s ra • 1ong1tut: 1 

where J:l = , fui],ge in resistance _ 6R / R 
fractional c ~ - SI / l 

s: - •t dinal stram 
and F = Gauge fae:tor- long• u 

~rl/d • 

It
. ,

0 
a..,. noted that d such the guage factor l1as fie value 

ts I 1.11. _ 0 3 an as arc,Uti 
(,

i\ For. most metals 11 - · ' • t"'nac R for 01e gauge element and strain i..: d 1,6 ,., 1 , of res1s u f , t, 1e c 

(") For any mven va UC 'tl1 the gauge actor. C"ang . 
11 • • directly w• uld · ~ ... resistance vnr1es . . ble because that wo give a large chan . " 

f t r 15 des,rn • t ' • . f ge 1n 
( 
... ) A high gauge ac O ·h b , needing less sens1 1ve c1rct11t or measu . r~si\h 
,,, . .... in input, t ere } r ing th 41~ 

(or a given Suil e.tHa11 • 

in resistance. . ing doped cn,stal structtrres (scnli"ond uct ~ 
Commerci;1J solid stram ~uges u:re becorning very popula1· in modern instruinors) have~ 

factorsfromJ.00 to 5000, These w.iuges entation~~: 

MEASUREMENT 7 .1 O FORCE _ be c1ccomplisl\ed lzy the 111ethods incroporatm h 
.. of the unkJ:lo\vn forLe may g t e Colfo • 
~ measure '''tng 
prlJWiples. ► ta kno,,rn gravitational forae on a standard mas ( 

( r) Balancing the force agau,s . s stales ~ 
balances~. f _ t '1 fluid pressure and then 111easuring tl1e 1·esultin 

(ii) Translating the or1..e o. I d ceOs). g Pressu,t 
(h draulic an~i pnewnat1c oa . 

Y . h f to some elastic 01ern1Jer and the.n measu r1ng the tesu 1 ting d--n 
(iii) Applyu,g t e orce '-tll-tlto1\ 

(proving ring). . 
h 

c to a .kno,vn mass -1nd tJ1en 1neasur111g tl1e resulting acre} 
(iu) ApP-l}ring t e 1orce • etafio 
(v) Balancing the force againSt a magnetic force developed Dy intera-,tion ot a magnet ,:a 

a c.:urrent carf.)'.Ulg roil. 

Scales and Balances .. 
F 

• ,ht is ii,dicated by making a con1panson between tl1e force due to gravity '1,~: orce or ,veig - • 1 unkn . ~un° 
on a standard 013ss and the force due to gravit.}1 acting on t ,e own mass. 

0 

An ~,,,al-nn11 {1ii1rt, fn1Jf1i1ce (Fig. 7.36) ci111S1sts of a bean1 pivoted 14-- 1 

on a knife-edge fulcrun1 at the centre. Attacl1ed to the centre of the 
1 

:-1--.-_

1

2 

beam is a pointer ,vlucti points vertically do,vnwards when lhe 
beam is in equilibrium. The ~uilib1iun1 conditions exist wl1en tl1e 
clockwise rotating n1on1ent equals the anti-cloL1k¾rise rotating 
moment, i.e,., 111111- 1111_12• Since the h\'O ar111S of tl,e beam are equal; 
the beam would be in equilibrium agai11 \vhen ni1 == n12• Further for 
a given location, the enrth's attraction acts eqi1ally on both the 
masses and therefore at the equilibrium conditio11s W1 : JN2, i.e., 
the unknQwn force or weights eq11al tl1e kno"m force or weignts. 

The, pe11,t,,1,,,,, scale (Fig. 7..37.) is a self-balancing and direct 
reading force measuring device of n1ultiple lever tape. Tl,e weights 
are however mounted on bent le,1ers, and the movenient of t11e 
~~dulum levers is magnified and trru1Smitted to tl1e inliic~ tor 
pointer. 

Fulcrum 

Polnter 

~ 
{Standard 

mass) 

Scale 
(UliKl10ilTI 

mass) 

Flg. 7 .36. Equa~arm beam 
balance 

~Vnen the unknown pul! Pis applied lo the load 
t],e Joading tapes and consequently the counter _rod, sectt;1s lend to tQ.ta1e c;\it¢.to ~w; 

t
tuned when the countet weiglit effecnv Weights W SWing out 11..;.·ih¥im ,,,..•~.i: 

I d 
e moment -iu ~,-..._.._ ... ~~ 

baln.nces tne oa moment. Tihe resultin 1. I 
f th 1· g •near ~ ,novement o e equa izer bar is converted to tapes--

indicator movement by a rae:k ancl .. 
t An l tri al . p1ruon ~- • 

arrangemen . e ec c Stgnfil proportional t th 
(orce can also be obdtained by incorporating an:Wa; ~ E~er bar 
disp!Jcen:ient trans ucer that \vould measure the I 
angular d1spJacement 8. ,_ ,,,..-...;.a..~ r;-' 1-.l. ___ _ 

Elastic force Meters ---- -----
Pfvot 

These force measuring uruts measure th '" 
l 

. . t 
I 

e ,or,e 

Measurement and lnstN 

-
by app v 1ng I to an e astic element and th 

1neasuring the elastic deformation w,·thin I t~n • e as 1c 
w w 

range of the matenals, the deflection of the element 
is exactly or. nearly proportional to lJie force. Figure 
7.38 illustrates the shapes of. the more comn1on eh,stic 
memoers used for force estimation, 

Fb 
- Si111plt! l•nr : ;y =- -

. .-\E 
1 f 'L-> 

- Si11111ly $LlP,ported bcn111 : l - = --
48 El 

_ ·,:- 1 FL3 

- ur,,t,w«.1t!I" : .l: ; 3 El 

8FD3 'l\1 
l" - ,n - ;:.pr111g : ~ = E ., 

3D!TJ . 
L 

,vhere D n, is mean coil diameter, N 
is number of turns of tl1e coil 0w is lvi re l_~ 
diameter E< is sheru· modulus. 

The desirable proper.ties of th~ 
materials u sed for constructing the 
eJastic-force meters are (~ a large and 
proportional elastic range and (ii) 
freedom from hysteresis. 

The pro11111g (stress) ri,,g is a ring 0£ 
kno,,fn physical dimensions and 
mechanical properties. When an external 
compressive or tensile load ts applied to 

{a) 

F 

Counte~ welgl,t 
0 

, ~oad rod 

PuU, P 
Flg. 7.37. Essentials of a pendulum scale 

Ff- U2 ~ •~I•-~--, L.--.. -· 
t . I ,~: __ ___,,,. ____ ...;;-, ~ 

!41◄--,_.;. 1.!--~•I 
{b) 

F 

F 
(d) 

. 

f 

F 

F.lg. 7 .38. Elasuc deflecoon elements 

(c) 

the lugs or external bosses, the ring changes in its diameter; ttle change being proportional to the 
applied force. 'Fhe amount of ring deflection is measured by means of a micrometer sc.:rew and 
a vibrating reed ,vruch are attached to. the internal bosses. During use the micrometer tip is 
advanced and its contact with the reeti. 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 deflec"on. 
can also be picked by L V0T, resulting in a proportional voltage change. "The devlce gives p~,e 
r-esults ,vhen properly cali6rated and corrected for temperature variations. 
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Instead of deflection, strain in an elastic member may be measured by n strain g~ 

then correlated to the applied force. F 

Mechanical Load Cells 
The term 'load cell' is used to describe a variety of fore~ _.....,:-->..___ Externai boss 

transducers which may utilize the deflection or stralll ~f elastic 
member, or the increase in pressure of endosed fluids. The 
resulting fluid pressure 1s transmitted to some fomi of 
pressure sensing device such ,15 a manometer or a bourdon 
tube pressure gauge. The gauge reading is identified and 

calibrated in uniL~ of force. 
In a J,ydr1111lic /ond cell (Fig. 7.40) the force variable is 

impressed upon a diaphragm which deflects and the'.eby 
transmits the force to a liquid. The liquid medium, contamed 
in a confined sp,1ce, has a preload pres.~ure of the o rder of 2 
bar Application of force increases the liquid ~ressure; at 
t?quals U1e force milb,nitude divided by the effechve ,irea of 
the diaphrilgm. The pressure is transmitted to and read _on 
,m accurate pressure gauge calibrated di rectly in for~e units. Fig. 7.39. Proving rang 
The system h,1s a good dynamic response; the d 1,1_phram . 
deflection being less than 0.05 mm under full load. Th is 1s because diaphragm has a low modulus 
and substantially all the force is tr-ans1mtted to the liquid These cells have been used to measure 
loads upto .ibout 25 >< ]05 N with an accuracy of the order of 0.1 percent of full sc..i le; resolution 

iS about 0.02 percent. 

Pressure gauge (P a F) 
Force. F 

Force. F 

Loading platform 

Pressure regulator 

Manomcler t 
Air supply 

Fig. 7.41 . Pneumatic load cell 
Flg. 7 .40. Hydraulic load cell 

A p111111111nlic /011tf cell (Fig. 7 41), operates on the force-balance principle and employs a 
noule-flnpper 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 clo~cr lo the nozzle, and the diaphragm to deflect downwards 
The no7.zle opening is nearly shut-off .lJld this r~ults into an mcreased b,1ck pressure in the 
system. The increased pressure acts on the diaphragm. produces an effective upward force whkh 
tends to return the diaphrogm to its preload position. For any constant applied force, U,e system 
attoins equilibrium at a specifie nozzle opening and a corresponding pressure is indicated by the 
height of mercury column In a m,momeler Since the maximum pressure m the system is limited 

to the air supply pressure. the range of the unit be 
di.iphragm. The commercially avaUable load ce~ ~o.aly 1,y
upto 25 " 10S N with an accur.icy of 0.5 pen::ent of :ting on this princiJ>1e~ 
of o.17 m3/hr of free air. scale. Theairl.'OIISIIIII 

Load 

B 

Steel cylinde1 

D 

~ ii I-----' 
Vs 

Fig. 7 .42. Strain gauge load cell 

The stra i11 g1111ge 1011d cell~ convert weight or force into clecbical outputs which are provided 
by the stram 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 steel cylinder which has four identical strain gauges mounted 
upon 1t; the gauges Ri and R~ are along the direction of applied load and the gauges ~ and Rs
are attached cirmumferentially at right angles to gaugesR, and R2 These four gauges are conneded 
electric.illy to the four hmbs of a Wheatstone bridge circuit. 

'The output voltage or the cha"h>e in output voltage due to applied load is given by 

dV, = 2(1 t µ)( d:- ~) 
where R is the resistance of each gauge, µ is the Poisson's ratio and V, IS the supply voltage. 
Apparently, the output voltage is a measure of applied load. 
The strain gauge load cells are excellent force measuring devices, particularly when the forte 

is not steady. They are generally ~table, accurate and find extensive use in industrial •PI?lblionl 
such as drawbar a nd tool-force dynarnometcrs, crane load 
monitoring, and road vehicle weighing devices, etc. 

7 .11. TORQUE MEASUREMENT 
(TORSION METERS) 

Measurement of torque may be necel>sitated for its own sake or 
as a part of power measurement for a rotating shaft 

In a gravihJ baln11ce met/rod (Fig. 7.43), the known mass (m) 
is moved a long the arm so that the value of torque (F" r) equals 
the product (I) which is to be measured. Alt~matively magnitude 
of the mass may be varied, keeping the radius constant. For the 
two a.rrangements we have: 

Fig. 7,a. 
IORIU8 
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d are co.nstant) 
r a T(111 an g tant) 
m a. T (r and g are cons oft usually involves a power source, a power 
tra.ns!J\iSSion through a sh weI absorber or dissipator). Torque Ille.is~~ 

~~ a power 5~ (al~ call:e ti;J:e or the sink in ~aring an~ m~aslll'ing t~~
( ) lisL--' by mounbng either ) Th·s concept o.f beanng mounting 15 called ~• 
accomp ncu gth L (Flg 7 44 . 1 crQd!;._'OQq 
i F and the ann (en · · r dynamometers. ng ~ 
o~ the basis of most shaft pawe 
this onns PoW9f sink 

(b) Cradled sink 
(a) cradled source 

7 44 Torque measurement or rotating machines 
Fig . . • 

. be 11 d that the following relation ho lds good for the angular deO~t· 
Further, 1t may reca e . . . ''" l()n 

of a shaft subjected to torque withln elastic bm1ts ; 

T J. C8 
T =-;=, 
r 

where T is the torque transmitted by the shaft, / P is the _polar momen'. of inertia_ of the shafi 

secti
• /. . th m~vun· um induced shear stress a t the outside sUiface, r 1s the maximum radi,k 
on, • 15 e •= · dul f . ·ruty f h h ~ at which. the maximum shear stress occurs, C 1s the mo u~ 0 ngi . o _ t e s aft malenal, 9 

is the angular twist, and / is the length of the shaft over which the twist IS measured. 

The shaft-twisting relation gives : 

T = (I,J0 x f., i.e., T = constant x fs 
and T = (Ir C/ I) >< 8, i.e., T = constant x 8 

Thus, torque for any given system can be calculated by 
measuring either the angle of twist or maximum shear stress. 

Figure 7.45 shows the schematics of a mechanical torsion 
bar wherein angular deflection of a parallel length of shaft is Rotating 
used to measure torque. The angular twist over a fixed length shall 
of the bar is observed on a calibrated disk (attached to the 
rotationg shaft) by using the stroboscopic effect of intermittent 
vl~g and the pe~istence of vision. The system gives a , 
varymg angle of twist between the driving engine and the ~,~-
driven load as the torque changes. - -

Optical Torsion Meter StroboSCOpe 

of a 1!:a:::i:: an optical method to detect angular twist Fig. 7.45. Mechanical torsion meter 

The unit co~prises two castings A and B which are 611ed'lo lhe 
apart. These _castings are a~ched to each other by 8 tension GwG.5:~i 
1,as little res1Stance to ben~g. When the shaft is transmittlnS:: ~=:.~ 

overnenl between the castings which results in nam 1 ..... ,,__ rn th . Th . .--~a .. IUll,.tf!m 
ttached to e castings. e nu.rrors are made to -"--t light ......._ 

a fl · f th 1· h '"""" a ...,.,... Ollloi!I angular de ection o e 1g tray is then proportional to the twist of, and lleni;ethii 
shaft. 

Tension strip, C 

p-- --..,, 
Light ray 

Flg. 7 .46. Optical torsion meter 

For consrant torque measure~ents from a steam turbine, the hvo mirrors are ammgied ~ 
to back and_ there '?'~urs a reflecti~n from each mirror during every half revolution, A tecoriil 
system of mirrors gwmg f?ur refl~tions per revolution is desirable when used with a reciprocating 
enging whose torque vanes dunng a revolution. 

Electrical Torsion Meter 
A system u sing two magnetic or 

photoelectric transducers, as shown in Fig. 7.47, 
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 Transducer 
from the two wheels. This signal is 
proportional to the hvist 9 of, and hence 
torque T in the shaft. 

leads to 
electronic unit 

Fig. 7.47. EJectrfcal torsion meter 

These two signals, T and w, can be combined lo estimate the power being transmitted by~ 
shaft 

Strain-gauge Torsion Meter 
A general configuration of a strain gauge bridge circuit widely employed for 

measurement from a rotating shaft is shown in Fig. 7.48. 

A1 I\ 
~ 

-

' Fig. 7 .48. strain gauge torsron meter 

Four bonded-wire strain gauges are mounted on a 45° helix with the axis df 
are placed in pairs diametrically opposite. lf the gauges are accurately placed anil 



Pl'ony Brake DynamQmeter: 

POnil Bfake Is one orthe-simplesl dynamometers fol measUrlf!g poWel oUIIJUI (bla[\e power). 11 cs lo .alterni,)t lo slop 

lhe engtne usi}'cg a br.ike on the !fywheel and m:easure tlie we1g),i wli1d ') an ;um atlaclaed lo lhe bH11s'e Wlihsupport, = 11 

Ines to rotate With the nywheel. 

Bri:!l<e ..,,,.,.,.......,.,-..,...,------~ 

block 

Tfle Prony bra.lie st\<;>wn in ttie above ci;insis~ or 1i1 wooi:t.en blQcl<,, rr.ime, rope, b~ake Shoes and 

flywheel. ll'WQJks □A lhe, prirmlple oJ CX\lOV!:!rtlng pow.er lnl!l near by dry frtctior Spnf'1£1-lt1ade'd bolrs all! 

proVlded to increase lhe friction by ~ghlehiii_g lhe l"lboden ttlook. 

The whole of ll1e p9wer absorbed i s converle~ inlQ,f1eal and hen~e tt,ls-(yPtl o f .dynamome(errnllsl the 

cooled. 

The oteke power 1s given by Ule torff,Ula 

Brake Powtir (bp) = ~ NT 

Wi.t!re T = Weight applied (W) distance (1) 


