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A olase of naterials bhearing the generic nams thermo«
slectric components exhibit a particular property when txpoﬁﬂ
<o tempsrature effect such as dewelopzant of a potential
difference, a change in resistance with positive or megative
tonmperature coefficient of resistance, Thess Jevices oxh&bt-ﬁn;
~ thermoelectric effect, £ind wide applications in the swasure-
mnt of torxperature, tsmperature or 4ifferencs in Ssmperature
depsndent physical variables.

This dissertation Geals with the applications of the
thermosleotric erfect for the meacurement of physical variadles
such as prescure and flow of fluids, especially liquids, and
particularly water, by applying the thermoslectric components
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and pressure msasuroment are surveyed with their signifioant
foatures and operating characteristics. Thermoresistors

are usually used in s bridge circuit the outpus of which ie
intrinsioslly non linear. Among thigtmoresistors metal resistors
are linear over a limited rangs whereas semiconfuctimg:y |
thermoyesistors or thermistors are non linear. The chief
oharacteristios of these devices and their methodology of
application are presented, The tochniques of linsarising
thermintors and measuring ciroust outputs using thermoresiste
ors -C a8 sensing devices presented. Thess include reducing
nonlinsarity through choice of walues of components of a

. bridge ciroulit, ocompensating nonlinearity through another

nonlinsar function generated using d4icdes or transistors or
converting the thlrm paraneters into frequenoy or time
and using mtivibrator bridge cirouits,

¥innlly thernistor as a flow measuring elemsnt are

evaluated and some of the Soportent considerations sre brought
out, Two types of proves that could be used with s partioudar ty

ot thermistor are Gelat with, Besirabls linitation of the devics

and oharacteristics, such as snall sige and time constant are
given, In case of thermistor, it is necessary to snoapsulate
the beal with glass or ceramic to prevent oxidation. The power
required, and the relation of the thermistor sise inocluding
encapsulation and heqt transfer in a typical case are worked
out,
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1. INTRODUCTION

(®

Thes present era is known for its tschnologioal and
soientifio advancemant. Soisnoe discovers the laws of
nature and how they operate in complex syestons, whoreas
enginsering iz the application of theamse discoveries of
soience to make the world a better place for man ¢o live
and survive,

Ths ourrent achieversnts in space exploration the
Aanding of men on moon, the temu‘ exploration of the moon's
gurfece by sutomatic stutions and other marvels of space
have been made possidble wecause of acourste, reliadble and
roproduozbh, uuui‘uﬁnt and instrumentation . 1ord Xelvin's
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warningithat‘knowledge not expressible in numbers was of
meager and unsatisfactory kind’ie as releventtc day as when
it was made, more. 80 since golence is displacing blinﬁ beleif
through enlighﬁ&enad knowledge made possible by the ever

more accurate and newer kinds of instruments probing into

the secrets of Jealous nature. )

Measurement and instrumentation are playing inereag~
ingly important role in our technological society and has
enabled men to exmeicise greater control over his environment.
For his well being, may be through the field of physical
sciences or life sciences he is becoming increasingly depend-
ent on measurement and instrumentation which makes possible‘
automation, mechanisation and remote control, This becomes
simpler and more convenient when the physical variables are
convertable to variable electrical parameter as voltage,

current, resistance, inductance or capacitance.

Nearly.two third of the earth's surface 18 covered by
water, Sﬁill oﬁe héars of éhortage of drinking water or that
£it for irrigation and such ofher purpcses, That is fﬁe
eontraﬁiotion - in the midst of plenty there is scarcity and
this is true of many other requirements of human society.

This calls for study to control and distribute these.commodi~
ties in an equitable manner economically, which ealls: in turn

for accurate measurements, instrumentation and control.



Distribution entails transportation and as for as
fluids are concermsd with whioh this dissertation deals
with and in particoular liquids « water, interesting pheno-
penon are encountered, such as the kind of flow, f.e. -
whether the flow is pressure flow as in pipes or free surfa-
¢e flow as An rivers and canals, type of flow, singls phase
or maltiphase flow and #0 on. Each situation calls for parti-
oular tochniques of measurement and instrumentation puitable
to meet the partioular funotional demanis.

Gomspcndtnmy there exiats o wide variety of oconvew
ntional fluid flow meter meant for industrial, and domestio
{water .er gas) fluids, These range from the simple vane
types of meter, to turbime type flow meter, vortex and swirl
moter, the electromagnetic and ultrasonic flow oeter, mgro?»
miﬂly wore complex and meeting strioter moumaﬂam

and special fiow conditions. L v

| Like wise to measure fluld pressure thers exists a
wids wariety of conwventional dsvioss as the bourdon tudbe,

bellowe pressure gauge, ete, bslonging to the elastic pressure

transiucers class, the weight gauges, manometer and the servo
nanometers, resistance, tndnot'nnc! and cepacitance nnd‘ plezo=
eleotric pressure transducers foros, balance de¥iceo sto.,
varying in ocomplexity acouracy and reliability, kme high
pressure {usually above wmupham) and thermal eadlfuctivity
and ionisation gsuges, for 'low absolute (or bnm atmosph
eric) presgurea upto 10 torr.

(o



In research as distincet from industry or demestic
metering, measurement and instrumentation techniques to
study and develop various factkities and meke way for
soientific and technological advancement of man -
specialised devices become necessary. In the ¢ase of fluid f
flow measurement these include the thermal technlques of
hot wire and hot film anemometry, and such other heated
sensors ag metal f£ilm or foil sensors, for measurement of
very low velocities and at low Reynolds numbers of the
Iaminarvtype, to high velocity large Reynolds nmumber
turbulant and or multiphase flows. ihe latest to arrive on
the field is the Laser dopplex velooi-meter> to ald tur-
bulanee msaeuremenx in gas or liquid. The hot wire anemome ter
has primarily been applied to maasurement of velocities and
» 've1oc1ty fluctuation in air,

.Byen here the hot wire anemometer has its disadvan=
tage. The wire is easily liable to break or burn out and
freéuent:replacément is a oumbersome and time conSuﬁing Job.
| mnzé led to the search for é s0lid state thermd sensitive ¢lorz
element and the thermistor with 1ts large temperature coeffe
icient of resistance could have been an aiternative, but
1ts time constant is too 1arge for the purpose. 1% could
sense average velocities and £low varying veloeity fluetuar

tion.

~ Por 1low velocity and pressure measurements the thermistox

- .- has been successfully appliedj.' The quantity of flow of gases
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in the range of 0.2 to 20 1ph and filulds t0 range of 0.004
%0 0.4 1ph have been measured using thermistors.

| Thermistors, with the 'solid state’ baok ground is not
- eansily liables to De burnt out, and forams an idesd replacemsnt
for the hot wire 1f its tioe constant could be reduced appreci-
ably. Further its Siow range Has ¥o Be extanded.

low pressures below 10 torr ocould be measured nling
thermal confuctivity and in this thermistors have found appli-
cation in the range of 10"6 -1 tom-. vheress thermcoouple is
1imited to 10™% torr and metal resistors as in Pirani gauge
to 1077 torz,

In whatl follows a survey of conventional flow neter
low préasm measuring e!evuéu, thermistor, 1ts characteristics
and applications to liquié flow measurement are prepentsd,

Considerabiie.attention 1s howsver devoted t0 measure~
ment offlow and use of thermoresistors as sensor snd an‘attempt
is mafle to extend the range ¢y particularly of thermistor as
flow senging element and to linearise the output characteristics
using a thornistor probs for sensing wvelooity of fiow,

From tho simple doflecting vane type to the more
oomjueaua turbine flow meters, slectromagnetic, ultrasonicd
vortex and swirlmeter for measuring rate of fiow, to differen~
- tial pressure meters such as pitot tubes, orifice plates,
volume rate of flow mhﬁn, positive displacemsnt meters of



different types and tracer techniques besides techniques

of prossurekmesdsuremsnt and some of the degices for the
‘purpose find place in chepter two. From hereon attsntion

is concentrated mainly vpn thermoresiative devices as thermocoupls
£in2 11ttle applications in measurement of £low of 1iquide or
$ts pressure excepting for neasuresent of gas pressure balow
a’hbcphoric. Further in conventionnl techniques, flow and
precsurs are intsy relatsd whereas thermal meters decause of
thou- sxall size doss not appreciadbly affect flow conditions
or systsm pmsam and as such flow measurexent is 1nd§peudont
of the fluid pressure in cass of incormpkeseidle fluids such as
i8 dbeing mﬁamoru&. Thus pressure neasurenent is also not
clited any further

- in chapter t-imu thermoeleotric sensors are described
with msention being mude of metal resistors, thermistors, diodes
and traasistors for -unp-.mtm‘ and tsmperature difference
measuremonts, Various methodology of cirouit and their mncét-
fon to fluid flow measurement are considered and a comparison
of thess is made.

in chapter four techniques of lineariaation of thernistor
and output ciroulit through plectyiss lintarisation, funotion
generation and parametey conv:rsion such as to freguenoy and
 time, mltivibrator bridges and their characteristics are dealt
with.

In the last but one chapter thermistor as a flow metar



elemant is examined and some of the considerations in its
spplication for this purpose presented, A fiowmster desed
on thermistor as o sensoy has beon dewveloped, Its prinviple
of operation, construoction of the prodbe, measuring and out-
put oirouits are descrived, Yor linearisation of the meter
yesponss & novel diode function gensrator is introducsd,
Results of the tests confuoted in the laborstory are also
presented, | | | |

In the last ohapter,conclusions on thie Gissertation,
including the development of the flow meter and suggestions
for further work in this £ield are brought ont,

Some of the toxme and definitions pertaining to the |
topioc under éispussion, and esign considerations are presen
ted in the appendices A1, A2, and A3 vespectively. |



2., PMLOW ABD PRESSURE |
MEASUREME T TECHNIQES,

2.1 INZRODUCTION 3

Be it from the point of wview of revenue, regulation or
fair distritution, accurate and xeliasble msthod of measurement
of o commodity that is under coapideration becomss necessary if
not epsential. This becomss all the more pronouncesd in the
osse of liquids and gases of mass consumption with limited
supply, whether it perdains to industry or sommnity or individe
uals, and has boen engaging the atteantion of engineers ever
‘sincs mon organised themselves Lintc groups or commanities ¢o
face the task of survival,

Commsnsurate with the various requiremsnts of tine and
cause, devices were dowlopoa”?am contimies 80 even today,
The technigues usad depend upon the gquantity Linvolved, the
asouracy demanded,sconomtoe anil other specifications as
naterials, quality and ambient conditions. Magy methods
and teohniques of fluid flow measuressnt have bdeen



evolved, depeniing on whether 1% is gravity or frec surface
flow, pipe Llow or pressures flow and, whether the fluid is
compressible or non compressidble bepides flow conditions,
Sinilarly methods or techniques for the measurement of pres~
sure have been svolwved depending on whether the pressure
being measured is adsolute or gouge prescure and the order
of magnitude of these pressure , 7The term fiuid onoompaaué
both liquids and ganes.

In the following pages various technigues used in
genaral for fluid flow and pressure msasurenent are discussed
with emphasis on liquid flow measuremsnt. |

2.2 gg.,saas OF FLOW MEASUREMENT 3

nov masurenent can be ﬁlnnsuuﬁs mm into ¢two
aa%gorﬂa. axeely ¢

(a) rate of fiow messurement, and

{b) quantity of flow msasurement |
Rete of flow indfoates, the rate at which the fluid passes
a given seotion or point fn its path per unit time,

‘Quantity of flow indicatss the quantity of fiuld flowe
ing past  seotion or point in Sts path in a given duration of
time,

Both the rate and quantity moy de specified sither in
volums units or mass units and correcpondingly they are terned
as volume or masas £low rats and volume or mass flow :npwtivﬂy.

Usually the rate of flow is monitored and it is time
integrated to obtain the quantity or totsl flow.



2.3 RATE OF PLOW METERS
2.3.1 Defiecting vane seter

In this nethod a pivoted varne is plased in the path of
the £iuid (fig.2.1). The weight of the vane being constant, it
attains a position of equilidrium dabem upon the resultant
fores Detwesn that due ¢to the rate of changs of moseatum of
the 1iquid, which itsslf is a function of welocity, the weight
of the vane and the resctisn st the pivet. A pointer displaying
the Jdeflection is sultably linked to ths vane, This Gevice ia
suitable for weasurement of flow of liquids and gases, It oan
o used to Getent leakege flow in water/ gas supply aystems,
wherein ite sensitivity o low flow rate could be advantageously
used, |
2;5;3. ~ Rotating vare meter |

A nuxber of wenes arrenged sround the oircumference
of m 410 or attached radislly to a pivoted spindle (fig.2.2)
with &t loast ons vano in the flovw styream ot any time, will
produss a consimaous rotation. The rats of this rotation will)
be a measure of the welooity of the ligquid thyough the meter,
The head loss in the meter is amall and it omn be sensitive to
flow in either diveotion or one 4irection only. This type of
poyexent is used in canse of imetering domestic and industrial
water suppiies of small order upto about 20 mo/h,

The spindle can be mads S0 drive a oountar, tachometer
or gear train,
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2.%.3 Helioal vane mster

In order t© uu\m larger quantities of liquid flow
mmﬁmzmscotﬂiomn’- » the rotating vane is
replaced by & hellioal vans wounted with its axis along the
axis of flow, The liquid is diyxected to the vanee unaifornly
vy xeans of guides,

Magnetic coupling is usually employed betwesn the
untsr gear and the metsr regloter, This meter is mede in 40
to 150 =n eize, ' |

2+5:4 Cosbinution metey

when the fiow fluctuates widely o combination meter
oconsisting of & large meter {(helical, fan or other type) in
the main, with a small rotaey moter in the Ly pass ie umsed,
The fiow ie direoted into the main or by pass by an satomatic
valve, with the maln neter reglstering the large flows and
the small meter vogistering the small fliows, depeniing on the
opening of the vaive which respends to the minioum .limit
pot for the main seter, Many varistions of this type of meter
sye gyatledble depending on the wey in which the reading of
~ the meter is arranged and housing.

20{3:5: Turbine flow peter

| In this type of metey (ﬂs..z-ﬁ) a friotion fres rotor
48 mounted slong the axis of the meter tube. The rotor is
designed such that its rats of rotation is proportional to the
rate of fiow® of £1nid through the mster. The rotor speed is
monitored by {(a) s piok up ¢oil in which a voltage is induced
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due 0 & magnot housed in the rotor or, (b) varying the relu~
otance of a magnetio cirouit or, (o) the rotor blade yvotation
modulating & mxo' fxequenoy oircuit of which the coll forms
s part.

This type of meter is made in eises ¢of 5 oo to 500 om,
with the saallest having & linear range of flow of 0,109 to
0.341 2°/h and the largest having the range 654 to 6540 w/h.

2.3.6 Propeller type flow oeter

This 1s a devico wherelin the velooitly of flow imparts
a rotational speed to & propeller Anssrted at an angle (£1g.2,5)
ints the line, The rotation of the nropeller is translated into
an output signal proportionsl ¢o the flow through the magnetic
ooupling. This metsxr! is 4ifferent from the turdine metex in
that,

1) the peasuring element con be withirawn from the 1line
‘without removing the budy of the metor, |
14} installation dooe not reguire manifolds, imolating

valves, balancing valves, air, or power suppliss.

This requires very low malintainsnoe, coste less, The
rangesbility of the metex is 1511 . '

2+3.7 Magnetic flow meter

The onsst of the magaetio flow mﬁra has eliminated the

introduotion of a flow disturbing device in to the flow stream
and the consequent loss of hegl, This type of meter works on
the dasis of Fersduy's lew of electromagnstic induction. The
L£iuid acts a8 a conductor and situated in a megnetic field, ocute
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the magnetio limesof foroe as it flows in consequence of whioh
an @.n.L, 18 developad, The discs of oonduoting 1iquid 4is
equivalent %0 a conductor of length D. The e.m.f. developed
is given by
B = 0,B. D,y e (2.1)
whaxe |
Bw»flux density § D = length of the conductor = dia~
mbter of the pipcl 3 v wswelocity § C e« non dinens-

B.C.D
Q = Yok , - - (203)

| whers A is the aveqa of cross ssction of the pipe.

If the nutnetie field is slternating the voltage developed 1s
nﬁmatmg and Of the saws frsquency as that of the magnetioc
21618 and 4.0, 17 the mggrwiic field is steady,

| The requiremsnt: f0r succssaful working of this instre
ument is that the £luid have a confuotivity of aot less than
0,02 uS/m, { The condnotivity of tap water is of order 1 usS/m).
Most of the industrisl or process liguids other than insulating
hyGrocardons can thus he metered succepafully. Variation of flow
velooity profile or turbulance does not affect the accursocy 3
the head loss soross the mster is squivalent to that of a strai-
ght length of pipe 3 suspenisd solids also does not affect the
flow, As such the meter 1s o near ideal one oapable of measure
ing & homogensous atxturs of solid/liquid, corrosive or non ~



coxrossive, with practically no hesd loss.
This meter comee in sise range of 12,5 mo to 1800 mm,.
2.5.8 Varisble reluctsnce f1ow metey o

The variable reluctance flow meter transducer’
operates on the pringiples very mich similer tn the linear
variadlse mnmutm tranaformey,. In ons system, a nagnetic
flow apool is suspendiel betwssn helicsl springs in the orifice
of a venturi bore, Two balanced electromagnetic coils with
common oentre connegtions are mna on the tubular body. Stream
fliow forces this apool down-streas until the 1igquld drag is
“balanced by the spring foree., When the spool is csntexed bet-
weon the colls ﬁm nagnetic relunctances paths ant the impedances
~are equals, Displacement of the spool causes an inoreass in
impsdance of ons coil and decrease in the other with proport-
fonul changes in analogus voltagee, With an a.0, input voltage
to the coil, a filteyred aiods bLridge yectifier forms a demplu-
lating oireult to provide a standard O=100 mV 4.0. output
signal proportiomnsl o flow rate, An snalogus voltage integrating
‘oircuit provides pulse signale for an electronic totaliser for
Bieaﬁtns and mixing operations,

The flow meter comes in sizes 25 ms to 100 mn with
flow rates of 9 to 110 :’/h vith paxisum operating pressure
of 340 kg/em®. Linearity 18 £ 2 7 full soale,

2.5.9 Ultrasonio flow meter
An other non intesyfering type flow monitor is the ultrs~-
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sonjo ﬂw meter. It is based an the prinocipls that sound-
waves travel through a material wedium and 1€ the medium moves
the sound waves are oarried with it, A transnitting transdu=
cer is losated on one side of the pips anl two receiving trans-
ducers axe fitted on the other side of the pipe. The sound waves
will be received earliey by the receiver down stream of the
transmitter than that up~stresm of the Sransmitier. The diffe~
yencs in transit tin® may be measuyed . - as a phase 4ifferem-
ce of the sound waves arriving at the receivers or as @ time
dirfeyencs or inteprval, In both cases relationship between the
transit tine and flow rate 1s linear . Alternatively bursts
" of eound are propsgated’ elternately in.opposite direstions
between one palr of transducers situated disgonally slong the
pipeline, The signal travelling upstream is delayed, whereas
that travelling down stremm 18 spseded up by the flowing - . ..
Lluid, | |

Bquipnents ospable of giving an sucurssy of 257 for
Pipe sizes 40 to 400 wm at flowrates from 3 om/s are availadle.
This Gevics 45 mainly suitable for liguids, but devices ave
~ made for geses also. |

2:3,10 YVortex flow uiﬁw

© One of the most recent entrants into the Lield of flow
neasurement is ths vortex flow metar which L8 prediotsd ¢t0 caune
& revolution in flow measurement techniques. It is based cn
the natural phenomenon kaown as vortex shedding. When an
obataole say a cylinirical xod, or any other bdluffbody ( f1.0. =
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unstreanlined objeot: ) is pressnt in the fluidflow path, 1t
bas Deen known for quite a iong time that vortices are formed
and these shed bshind the body in the direotion of the flow,
The boundary layers of slow moving ﬂ.aom fiuld formed

along the outer suffaces of the obstacle cannot, £0llow the
contour of the body on the down-stream side and the separated
laysrs beocoss detached and roll themselves into vortices in
the low pressure regions behind the body. These vortices are
shed from alternate © eides of the dody and the frequency at
which they are shed s proportionsl to the velooity of flow'",

The osoillating freguency is monitored by two elsctre
onically selfheated sensore whoss temperature and thus resis~
tance vary with localised flow. The resistance variations in
the sensor are then convertsd into voltags signalae and gupli-
fied, It 1is also measured by oapscitance means, whersin the
transduosr forms part of the LIuffbody itmelf.

This type of meter has n0 moving parts and can be used
for measuring dirty iiquids, ss well s gases and slurries and
highly corosive uqum--. Flow rato ranges from 4.5 to 450,000
1itres per minute with a given iinearity of 1.5 /, the
condition being R, ( Reynold's nusber) minimum should be
about 10,000,

2.5.11 The swirl mwtsy

he swirl metey depends on the ascillatory nature of
vortioces. The swirl is fsparted to the bLody of fliowing ligquid
by curved inlet blsdes which give a tangential component to
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the 'zmn flow, %o begin with the axis of the £luld rotation
is the axis of céntre’. line 57 the meter, A chanfe in direo-
tion of ths rotational exis takes place (precession) when tha
rotating 1iquid entsrs the enlarged seotion (fig.2.2)omusing
the region of highest velooity to rotats about the meter axis.
This produces m osoillation or precession, the frequenocy ox
which i» proportional to the volumetric flow rate,.

The sensox used to measure the mumm 18 u besd
Wmuur operated in the constant current mode, to get an
output voltage which is proportional to the instantansous
velooity change. | : - |

~ Typical :u.qum 10w ranges aye 0,36 to 3.6 a’/h for
the 25 ma aise to 10,8 0 180 m7/h. for the 150 ms size. This
is also suitable for gas Llow nessurements, The corresponding
range for gas flow is 8 to 50 u/h and 100 to 2500 2°/h. The
frequenoy range for liquids is 2 to 150 lis and for gases 20 to
1500 Hse Iinearity &8 < 2 ¥ /7 of rate and repsatadbility £ 20.25 7
of rats, Opsrating pressure range upto 40 dar, end temperature
0 to 70°C uve possidle,

2e3.12 Therwsl Llow moter

' The thermal type of flow meter has a heated ssensor
placed in the path of the fiuid flow, The sensor is supplied

| with o constant heating power, The flowing fiuid oarrioes avay

& paxt of the heat from the ssnsor dupanding on the uase Llowing,
'zta speaific heat, and the 4ifferonce in temperaturc between

the sesnzmor and the fluid. A change in the moaso flow rate thus
canses a tepperature changs in the sansor., This tesperature
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chanhe eauset s change in resistance of the sensor element
leading to o change in current through the elexent or a change

- 0f & voltage aoross the element when the voltage or current
respectively are maintained constant, If the temperature of

the sensor 16 maintainsd constont, the resistance of the slement
repains constant § with a constant current source feeding the
element, for comstamtoy of power, the voltage 4rop across the
elemant changes,

This way the following modes of ogra:u.am remlt -
1) oconstant current operation
i1) mnam'b tsuporature operation

" The éensor elepent used 1z usuelly g netallic wire -
p}.atimm-irmmu » OF tungntnn of o few miorons diameter and
& few mm longth mvartm configurations.

Those methods axe wainly appliocaple for gae Llow nearu-
rsmuma. m‘k are alﬁp rinding applications in 11.@15.& flow megsu=
remente with modified probes/sensor to withstond the maso effect
‘and particle upaat.

The oanaar mamu sither mass rah of flow or velociw
ty of Llow '

2.4 QANTITY HMETERS

This type of meters gives an indication which 18 propore
tional %0 the quantity of fluid which has flowed in a given tinme,
The fluid passes in the form of successive isolated quantities
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through the meter. Eaoh container has known fixsd capacity.
The operation of the instrument is similar to that of measure
ing the quantity of Jiquid Sranaferred from one contaimer ¢o
another by counting the nusiser of the msasured transfers.

The quantity momd thgé may be unite of weight
or units of velume of the 1liquid or ges

2.4.1 Weighing seter

In this type containers axe arranged such that when
the liquid it contains resches a predetermined lewel or height
a contalmer overturns and expties in succession, The mmber of
tines & container or set of containers overtiras is recordsd on
a coudter, whioh indicates ¥We total weight of 1iquid that has
£lowsd. This type is density and temperature dependent, Many
other variations of the =ethol are possidlis such as collsoting
tank,on a Platform balance , or straingunge loef celle.

24:2 Volumstric meters

{n) Simple tank s In the sisplenst form of thie asthod, a
tank 1 sllowed to 111 mod when the liquid reaches a level,a
syphon aotion allows £t t0 flow out. The number of times the
1iquid is ayphoned out is a measure of the quantity of flow,
which may de indicatsd by a float operatsd msohenisa. Other
arrangexsnts inolude multiple tanks with sutomatic let-off and
Jet=in to sach tenk depending upon the lavel in the previous
tank, The musber of ¥imcs the oyole of £illing takes place 16
indicated on a flioat operated meohaniism of coupter. |

) '3 A class of meters
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Merived from the previcus type ia the positive displacement
meter, In this typs of instrusent, as the liquid flows
through the meder it moves a msasuring slsment which seals
off the measuring chambor into a seriss of measuring compar-
tzents each holding m dsfinite volumo. Aw the meamaring elem
ent noves, thess compariment are sucoessively filled amd
emptied, Thus for one complets cyole of the measuring element
a fixed quantity of idquid is permittsd to pass from the inlet
to the outlet of ths peter, |

Positive dlsplacemsnt retars are used where highest
degree of asouracy and good repeatsbility is oalled for. The
most common forme of pooitive displacement meters are dssor~
1ded below - | '

(b.1) Reet bing typs ¢+ As the name impliso, »
piaton reciprocates (£ig.2.6) inside a oylinder in mach the
Sane manney su in & steam engine ;, the motive power deing
proviGed by the iiquid (water) pressute, The weter may huve
one oy more aylinders. At each stroke of the piston s measured
quantity of 1iquid 1s deliversd at the ouslet side. By
suitable choice of materisls, such meters are applicadls o
6old or hot water,olls, corroeivo liquids, eto, although 1%
4» mainly intended for cold watex. |

Ap the piston reciprocatss, a ratchet attached to the
platon turns s pinton which turns a oounter, mmrﬁmé the
quantity of iiquid flow,
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mater 19 m.zy used in setering domestic umtat supply but

1t is inoreasingly deing applied to 0il and chenical industre
ies. Here the pi.;tan acts as & moving chasber {£1g.2.7) tran=
sforrving a Gefinite volume of liquid from the inlet to the
outlet part during esch gyole of itﬂ motion.

(b.35) nting disc type 3 The water flowing through the
meter, io this oave gives & nutating motion (rooking motion)
%0 & flat 4180’2 which drives m gear train of the counter. The
4480 has radial slot inttc whioh the divioion plate of the
measuring chamber fits, The un is thus reatroined, so that
it noves up and down the ssparating plats,vwhile the upper end
of the dimo spindle moves in a aivolle driving the counter
‘meohanism, One elge of the 4iso 18 in contact with the upper
sdge of the mm&hg ochumbax, while the opposite edge is in
contact with the lower edge of the chaxder (fig. 2.8). &s the
1iquid Flows the pﬂintn of contant of the diso and chasder
nove mun& the diso, '

Such meters availadls in the renge of 27 to 135 a>/h
‘have ‘a metering sosurasy of £ 2 7, over the whole rated capacity.

(h.&) Fluted spiwal rotop typs 3 The meter connists of wo
fluted rotor suppowa in ﬁuwn tWpe dbearings and sounted so
a8 to rotats 1ike gears in a liquid tight case. The impellexs
are carefully machined, and are in dynamic and static dalance,
with their relative position being conttbncﬁ by two hsliosl
tining gears. The rotation of the impsllers are synchronissd




thus, and there 1s no metal to metal contact, t0 avoid wear
and tear. %The shape of the rotor is such that a unifors un~
interrupted rotation is produosd by the liquid, The ixmpellers
in turn rotate a countsr indicating the total quantity of flow,

Such meters are availsble in sizes from 25ms to 600 mn
" %o cover a range of floW from 1.6 to 3200 m7/h and pressure
upto 80 bar. The ascuracy from moximan to 20 7 of the rated
flow is of order 3 0.1 / + This type of meter finds applise~
tions in petroleun or ahmm’ni Aindustries,

(b.3) SMding yane type 3

A et of venes olids in and out through slots in the
rotor (£ig.2.9) depending on thesir relotive poeition with
respsct to & fixsd can., The rolisrs at one snf of the vanes
follow the cﬁntnur of the cas as m 1iquid flow causes the
rotor to rotate in the meter body and around the oan. The vens
nearest the inlet port begins to move ocutwards towards the
body wall, being fully extended by the tine 1t reaches the
beginning of the mamma chasber,. The vane ﬁxaaﬁ of this
i runy extanded, A mmuring chander is thus formed bLetwssn
the two vanes and the body top and bottom walls, A coatimious
series of chambers are thus formed f0r sach mtur mmt&cn
(as m chambers as ﬂuﬂ are vanes). |

Ehu type of meter proamn a comperitively low press~
urs loss and oan be used upto 8.5 dar, g’ pressure with &
rated capacity upto 80 m°/h. The acourscy Ls of order 0,1 7/
from rated cupacity down to 20 ¥ of it.



(v.6) Rotating vans type 1 The principle of operstion of
this type of meter is simtiar t0 that of the aliding wane type,
Hers the msasuying chambers are formed by four half moon shaped
vares apescsd ‘oqniﬁutnnt on the rotor circumferencs, As the
rotor revolves the vanes tum to fors ssaled chexbers betwesn
the rotor and the metsr body.

Thie type of meter is available for pmessursa upto 85 bar.g.
with oapsolties raaging from %.8 to 270 n’/h with poseidlc avouw
raglae upte + G.1 Y for flow down o 20 / of the rated sapacity.

(b.7) Qual gear type ¢ The measuring portion here consists
of two Lutermeshing oval gesr wheels rotated by the fiuld pase-
4ng through the neter. The rotation of the oval gear is trans-
mitted to counter sechaniom through & spindle or through the
hollow spindle of one of the oval gears to a £followsr Dy means
of  magnets embedded in the geer wheel ani Pollower, or it
may rotats as slectronio pulse generator.

fuch seters axe svailable in the range 10 to 400 mn size
for proseures upto 60 bar.g end flow aspacitise from 0.06 -mslh
% 1200 m°/h.  Accursoies range from * 0.257.!0:' the smaller
10 t0 65 s oizen to & 0.1 ¢/ for simes larger then BO mm.

- The qusntity meter doscribed so for in this secticn are

- aAmost extiucively moeant for liquids, more epecificall y £or water.
With sultedle sodificaticons in waterlials, eoglante gnd feolate

1¢a 4% A0 poecible 1o ute thoee meters for any Yype of liquid:,
Some gquantity ceters used for gas oW messurement pre desori~

ved balow,



(M) Bellows type gas meter 1 A widely used conmerotal
and gas ssrvice meter is the bellows type. It comprises four

measuring compartments which oparate simltansously, sone
£4lling - and some emptying ssquentially usuring a uniform
ﬂolﬁery of gas. The mumber of times eaoh neasuring chasber

18 £illed and euptied is registered on a countsr thereby
glving an 't_nazcatton of the total volume in m° on the index.
The mster register is opsrated from s orank that i# rotated dy
 the movement . of the dlaphragmws, MNotion of tht meter mechan~

" ism ocours when there is a pressure Aifferentisl of at least
2,5 ma of water. o

{v.9) B ‘:mi..a meter is useful for messu=
ring sxall m of gasos for ma.yuoa. tests and measurements
of enlorific value of fuel gasern. It consists of an outer chame
mbsr of tinned braos containing a rodary portion of shaped .
pertitions forning four mm:lng chuubers mate of light tinned
Plate frep 10 ratate on & osntye spinils, Gas tnhrxné by an
inlet near the centre loaves at the top through the ocutlet pipe
at the top of the outer ecasing. The measuring chambers are
cepled off by water or other cultable liquid, The level of the
water 1o 36 arrangsd that when one chamber becomss unsesled to
thes cutlet side, the partition betwssn 1t and the | naxt chanbeyr
aeale 1t off from the inlet pips. The measuring chamber will
thus deliver a definits volume Of gas from the inlet to the
outled of the instrument, The succesnive filling~sealing-and
exhausting of the messuring ohaabers result in a votation of
the spindle which is xecorded on a register, which oan e




calib=rated in volume units,

The typs of meter is designed for volume flow of 6 to
90 iitres par hour.

It 418 not suitable for gas at high temperature, regui-
res maintainencs, ogub-arcma, and periodical topping up of
the sealing liquid,

(5.10) Rotating impeller type ¢ This type of meter 18 very
mich similar to the rotating impeller typs for ligquids, The ‘

mter basically consiste of two iapellers housed in a casing
and supportsd on rolling dbearing. Wear and tear are prevented
and oaliberstion 1s retalned for oeter iife oa ascount of the
olearancs of the order of fev tens of microns hetween the iape-
1ler and casing. '

The Limpellers are osused to rotate by deorease in press-
ure orsated at the nﬁw outlet Ly the use ofgas. Bach time an
fmpeller passes through the wertical position a pooket of gas
is momentarily trapped between the impsller and the casing.
Four pookets of gas are therefore trapped and expelled during
sach oomplete revolution of the index shaft, The rotation of
the impeller is traonsmitted to the meter counter by suitable

gearing for the metear to read wolume of gas in H’w

Such meters are avsilable L£or pressures upto 60 bar.g
and flow rates of 12 n°/h to 10000 m°/h with an accuracy of
21/ over 5 to 100 / of ths rated capmeity.
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2+5 DIXFERENIIAL PRESSURE MBTERS

This asthod, the most widely used of the flow measurem-
ent methods, 18 basically dependent on the diffsrense in preso-
ure betwsen two seotions in a flow stream. This pressure
asrference ia oreated when s constriction such as an orifioce
plate, a venturi tube eto. are placed in the Lluid flow path.
Tue to thes conatriotion the arsa of oross seotion is reduced,
With the law of continuity holding good, velosity at this sectw
ion increasses st the sexpsnse of pressurs. Pressurs just before
the 'wmtrzotion,a Py is larger than that at the constriction,
?a, ant s Aifference of pressure exists, This pressure difference
is a function of flow weloocity v. Thus flow rate Q, can be
Geduced from a knowledge of the diffexence of pressure (P «P,),
area { at the oonatriction ) A, through which the fiuid flows
and & flow coeffioisnt Gy for the constriction. Thus

Q ﬂ'ﬂ,.&d’ - 01!02!Ll(?1'¥2) : - - (2'4)

whare O, is conversion faotor
Various methods are used to creagts the differential
pressures and the pregsure loss and measurement acsouraoy depend

upon the method wa.
| The methods used are 3

1) area 18 held constant t variation in hesd is a moasure
of flow,this is constant ares-
veriable head msthod.

41) flow is constant 't ares snd head are constant,this



T 27

is oonatant area constant head
( mwthod, |
111) head is gonstant t Change in gres 18 a weasure of

| | " the flow, this is constant head-
varisble area method.

iv) heal and sres varies t mearurs of head and ares indicate
flow this, 48 varieble hesl~ vare
iable area nmethod.

2.5« Constant area variasble heald maters

(a) Pitot tubes 1 Whe pitot tude (£1g.2.10) is & very
usetul devics for making tamporary measurement of flow. When
a tube 18 Placed with its open end faoing a stresm of fluid,
the fluid impinging on the open end will be drought to rest
anf ite kinetic energy convertsd ;nto prossure ensrgy. 7The
pressure in the tube will be greater than that of the fres stre-
am by the impact precsure and will depsnd upon the square of
~ the velooity of the strean. The dtfference betwssn the pressure
in the tube and the static pressure of the stream will be a
measure ©f the impact pressure and therefore of the velocity of
the strecan, By Bernoulli's squation, the differsntisl pressure
or ivpact pressure h, dewveloped is gl,ﬁn by

h = 13/23 or v

v = m ““-“(255)

I¢ i possidle that the whole of the stream flowing on th: the
end of the tube is not drought to rest and to take oare of this
a coefficient ¢ is introduced, termed pitot tube cosffictent,
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Hence v = 0¥ oo | - = {2.6)

The most elemantury form of pitot tube consists of a
beat tubs with a ssporate static pressure topping.

Modirications inolude the sllipsoidal nosed standard
pitot static tube, Prandtli's pitor tube, pitot venturi tube,
pitot oylinder, pitot sphere and the anmubar, The pitot oyli-
nder and pitot sphere are uend <o measure velooity components
at £ixsd angles to the axis of flow, the othem being modificw
ations of the basic pitot tube for hettsr performance and apee~
fricient .

T™he pitot venturi tudbe {(£ig.2,11) has two concentyrio
venturi tubes arranged so that their openings lie in the sewe
plans and the inner venturi commences at the throat of the
outsr venturi. Fluld fiows through both the inner and outer
vonturi tudbes, There is a oalibrating ring on the outsr
wenturli tube the position of which affects the static pressume
at the exit of the outsr venturi. These combined, develop a
differentisl pressurc of about ten times that of the simple
pitot tube, '

The anminbar (£ig.2.12) is & more permanent type of
;Sztot tube wherein the pressurs holes are locatsd in such =
way that they msasure the repressntative dynsmioc pressure of
equal anmult, |

(b) Yenturt tubs 1 The wventuri or the conical type
comes in thres patterns, The long pattern . rventuri, the short



pattern venturi, and the standard venturi, wherein the inlet
cone angle and the outlet cons angle are different with the

net loss of pressure bAing snmall, large and medium respectively.
The venturi (£1g.2.13) has in general 5 parts : (1) a short
oyl;ndrical acourately machinef inlet ssotion of the sane die-
neter as the main pipe with a hole or a mumber of holes Joined
toaring, oalled piezoring for measuring static pressure; (2) the
entrance cone which includes an angle of 217 josned to the inlet
by a smooth curve 3§ (3) a nhnr*;: eylindrical throat acourately
machined, fitted with ons hole or severs)l holes and a piczoring
t0 measure the pressure uﬁ the throat. The throat dlameter is
0.224 0 0.742 of the entrance pips diamster with s ainimum

of 19,3 mm § (4) an oxit cons which includes an angle of 5% %o
159 3 (5) connecmt’langes .

In the short pamm a standard flow mmh may be
introduced sfter the short inlet oylinder, in place of the
inlet cone, The overall préssure loss in a wanturi tabe is 10
to 20 / of the differential pressuxe,

. e 3 This is a mﬁ!ﬂoa vonturi tube,
much shorter in hngth than the etanierd venturi tude and shorter
than the short venturi tube itself, The differential pressurs
developed for a given flow rate 18 also much larger and the
pressure losa is mach less than that of a veanturi tabs ( about
'S% of the loes). Fluid flowing through the tubé fixst strikes
the dam (£ig. 2.14) at a , flows through a short. steep inlet

cons to a oylindrical ssotion on each aids of the throat slot,
passss two more sharp edges at 4 and e, through the shoxrt




recovery coms having an included angle of 15°, and finally
undergoes a sudden snlargenent to the pipe diameter ut f,
The wholes desvice is adout 2 pipe &iameters long and has no
ssooth curves as in the venturi tube.

(4) Xlow nossle + In effect the flov nosgle (£ig.2.15)
15 a very short venturi tudbe, It has au entrance cone which is
bell shaped. It does not have an exit cone. Its flange is held
batwesn pipe flanges and pressure tappiangs take the form of
nmml.az? rings with slots opening into, the main ptp§ at eaoch
side of the flange of the noscle or single hole (corner tap )
drilled through the main olose to the noszle flange. |

( The diameter of the prescure hole or the width of the press-
ure slot ¥ 0,050 whexe 4/ £ 0.67 and 0,020 where

4/D > 0.67 )
It is not suitable for viscous fludds, 1Its pressure loss is

large, 30 $0 40 7 of the differential pressure,
() Orifice plates |

rp sdge orfice plete s The arfice plate
(£4g+2.16) is the oldest end the nost comson differentiel
pressure device. In its simplest form it consists of a thin
sheet metal having a square sdge hols which 18 conoentrio with
the pipe at Lits centre. Othexr types finslude the sccentric
orfioce plate: and the segmenta) orifics plats. The epcentric
ons in una‘ when dirsy fluide or flulds with suspended solids
‘are to be metered, whon the lower edge of the orifice coincides
with the bottom of the pipe allowing the solids to pass through.




The orifice plates may de used for measuring flow of gases,
iiquids or wvapours. It is not suitadle for wviscous fluid:s flow
measurenent or for eritical flow metering.

Corner, D « D/2, ani flange tapping my be used, Orifiocs
pPlates are guitable for measurements of flow, for aves ratdd
0 to 0.5, R, = 10,000 and upwards,for pipe dia 25 ma to 50 mm;
.ana sea ratic O o 0.7 , n‘u w 20,000 and greater and pipe
4is ¢ 50 mm and gbove,

The precsure loss 16 of the oxdexr of 50 7 of the diff-

erential prescure,

(’ 12)

"In this type of orifice plate, the é&ge is not sharp

' ‘but o quadrant of a olrcle faping the flow. It 18 in dotween
‘the flow noszie and the orifice plate, The differential presce

~ ure remains conctant over a wide range of B, ( 500 to 20000).

It is ueced when great scourady i1s required with moasuroment

of viscous fluide and especially where the visoosity varies

or 15 not known. "

(e.3) Dal} orifice & The Dall orifice 1o a shartened
~version of the Dall tube which is about 0,3 pipe diameters long
and oan De bolted between pipe flanges.

(£) gentile flow tube 3 The Centile flov tude is a
shory pipe insert v?hoao inner periphery is squipped with two
groups of pressure nogcles, One group points upentreom and is
expomed to the dynamioc pressure. The other group points downw
~ gtream, theredy not raapondj.ng to impact pressure, but measures
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the statio pressure, 7Tho nosgle groups are interconnsotsd by

two seperats preesure rings from which gonnections can be aade
t0 a conventional differentisl pressure medter ., It 18 suitadle
for olear weter, row sewage, saludges black liquer and other £1um
168 oarrying solids in suspension (with suitabls purge systems).

(g) Centrifuggl type 1 Xluid flowing through a right
angled bend in & pipe, whers the bend is in the form of a
smooth ssgment of a oircle, has téndenoy to aontimie to move
in a straight line, The prescure of the fluid on the outer
radius of the pipe wall will ve greater than that on the inney
radiue, The difference in prespure depends upon the fluid
amiaug and yelooity. The maee flow rate W is given by

W o= S Ve(pop,) - - (2.7)
whers © = mass density of the fluid.

(n) ZLines stance flow meter § Linsar resistance
flow meter, also referred to as luxmﬂ wers spsolally deve~
loped for measuring low flow rates: of fluid, Here the resiastant
elements { primary or f£low meter element) are generally made up
of either porous plugs, ox devioes of sintered bdronse, or in
some cases of capillary tubea, |

In the laminar flow through porous materials, the axial
pressuye gradients AB/AX 4is &irectly proportional to the
mean filtsr velocity v, Dy umeans of Darey's lavw

AR/ ax = mv/k w o {2,8)



wheye v =» Q/A hnﬂaﬂ

The main charactoristion of thess flow ueters may be
moldified on the dasis of the thiokness of the porous eiement,
AJpe of tube, resistant element Aismeter ratios, and differeat
 oharaoteristics of the porous material, thus coubdining the
sdvantages of linear resietance flow mater with the positive
oharacterstics of the orifice plates.

Tests Tesults presented ehov a nsar teuws linsar elation
betwesn Q and A h  for the range of flows upto 8 ipm, uhm
AR ¥anges from O to 600mm of the water. |

Figure 2.17 gives comparative psrformanos for the
orifice plats, flow nossle, vonturl tuds and venturi noscle,

2.5.2 Constant ares constant head meters

In a given fastallation the fiow through s primery
slemant will remain constant so long as the area of the element
and the differenticl prescure across the elsment resain conste
ant. 7This is the prinoiple of the constant srea constant head
meters such as the funmel neter, the flow prover and the cons~
tant flow alveu, mainly used in gas fiow measurement.

(s) Zunnel mstex i The funnel meter conoists of a
series of orifices, in a plate in the end of a tank or in the
large enld of a funnel, which divcharges into the alxr. For a
particular téeat the Aifferential pressurs acrosy the meter is
held constant and rate of flow is controlled by the mumber
of orifices that ore open, Thus both the differsntisl press-
ure and the area resaln constant for a particular test, It
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48 usual to caloulats the differential pressure to be used
from an expiriosl formala involving specific gravity and
pressure of gas to oalcoulsts the rate of flow,

(v) Xlow prover i The flow prover is an isproved fun~
nel meter consisting of a palr of orifios meter flanges fitted
with inlet and outlet segtion and of 8 to 10 pipe Alameters
in length., Betwesn the flanges g numder of iLanterohangeadle
orifices of different sises uay be fitted, Other orifioes
- ave oalibrated under a Sifferential prescure, oalculated from
on empirical forsula with a gas of known density, and nominal
rate of fiovw is established, This moter is then used for
ohecking other gas flow wmeter installations,

(c) Nigsu 3 Inits usual form the niven is a constant
aren varisdle hegd metar. It has en orifice in the dottom or
side of a vessel and the fiow varies as the height of liguid
above the orifice which i» messured by sight glass, float or
other suitadble devics, The usual sgquation for orifice asters
apply An this casse,

Iin the conmtant flow alven the helight of liquid ebove
the orifice is srranged m bs constant by means of an over
£low arrangsment which is adjustedle, The flow through the
orifics will then remain constant as long as the orifice is
80t altered dur to wear and itaar or dirs collection,.

2.5+ Varisdle area ~Constant head meter

By maintaining the 4iffersntial pressurs asross an
orifice conntant, by sdjusting the area of the orifios, the
ares of the orifice will bes an indioation of the rate of flow,



In this cass the rate 0f flow can de arranged to be directly
proportional to the area of the orifice and consequently
several 4ifficulties with constant mrwa, variable head meters
tnoluding the square lsw flow relation are overcoms. Such
neters have also beea designed in which accuracy is independent
~ of the rats of flow and viscosity of the fluid, Sooe of thess
types of meters are doscribed delovw,

(a) Gate t¥ype crea metexr 3 In this meter (£ig.2.,18) a
gate is introduced imto. the flow stream and the arem of the
orifice (of flow) is varied by raising or Mriug the gats
which can be done either manually or mitomatically so as to
‘maintain a constant pressure drop acroms m orifice, Em.n
prespure Arop is Weasured by two %taps in the main pipe, . -
one sach side of the gate, As the rate of Mw the
orifice intreases, the aren of the orifice is inoresssd, The
position of the gate is indicated by a scale which gives the
rate of flow. This rats of flow ig oot linear due to the
veloolsy of approsch:: inoreasing with inoreased rats of flow,
This is overcone hy measuring the ispact pressure at the up=
stream end than by the usial gtatic pressure.

() Qpifice gnd plug meter ¢ This type of meter, shown
in rig. 2.9 consists of a oircular orifice into whioh a tape~
red plug fite, The form of the plug 16 such that the area of
the aanular space between the plug and orifice is proportional
t0 the Jift of the plug. Vhen the fluid Llows past the plug,
the plug rises, and ths amount by which &t rices is g innm
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oL the rate of flow.

A modiried form of this meter is the ocone and diso
sype (2igs 2420). Hexre Drimary slement 15 a piston or disc
moving in a conieal shasder »o that the force 4us o the
difrerential pressure betwesn the two sides of the Alisc bale~
noes the weight of the dles. Ry suitebly shaping the ohamber
the flov oan be mads propodtionslts the 1ift of the diso.

(0) Yasioble grws petex (Rota wstsr) 1 Shis type of
aeter consiste of a long uniforaly tapered graduated glass

‘tubs with the smaller esotion at the bottom and the longer
seation at the tap, with the axis of the tube nni.cal.. & flomt
the -lwlut of ﬁhﬂ.t)h is - in the shaps of - plnnhbeb noves
freely wu&m thas tube muﬂdl:‘ along a aai.dm

As the rate of flow inoresscs the float (£1g.2.21) rises
in the tube increasing the anmular space and keeping the diffe-
rential pressure across the float at a fixed valus. By suitadle
denign of the float a constant flow pattern and dilscharge coef-
fioient for all fLflows having kn above 40 has besn achieved, m
Anstrument thus bas the Capaocity of giving a very large range
of flows and for large range of viscosities of the metered
fiuld, It ean also e arrangsd to give an indloation of weight
fndspandant of small changes in speoific gravity of the metersd
fluia, | '

When metering opaques liquids or when glasse 'Qanmt ﬁo‘
used, the tube and float are made of non megnetic steel and the
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float position indicatsd by ao extension of the float oarrying
& magnet, the movement of which fa picked up dy a fLollower
magnet and transmitted to the indioator,

Ihe accuraoy achieved is & 2 7 over a 101V range of
flows. Glass tube rota meters have flow ranges from 30 to 450 niph
upto 1.36 t0 15,6 a>/b (Aquide). Prescure rangs is & bar for
layger one spd upto 32 bar for the smaller ome,

Metal tube rota metsr oan g6 upto 20C0 bHar, ewd’ capasite
108 ar large as 410 »°/h.

2454  VYariable head, variable ares wetiews

 The renge of the umuul Gifferentisl pressure £low meter
16 of the ordsr of 1051 . To cbtain greater fiow range and at
amall differantial pressures a meter was developed in which the
orifioce area invreases as the flow inoxeases, With this it is
possible to messure fiows down to -%-%-m? of the meter maxim-
ws with an accuracy of bettsr than 3 17/ of the range when the
meter 18 umd in the semideogesithmie Wods. Peters with linear

relationship give a flow range of 10084,

| This type of meter (£12.2.22) hias & Casing 0 whioh is
fixed one end of s bellow, the other end of which is fixed to
the orifice housing. A% the orifice opening there ia a shaped
plug whoss position i& fixed. As the differential pressure
changes, the bellov expands or contracts sltering the samler
gap betwesn the plug and the orifice. The plug 48 called the

- centyral control msaber, The &isplacement of the bellow
consequently that of the erifiee attached to it csuses g change



area will change in flow rate and differential pressure, Yor
& given meter the relation betweon these thres pavameters is
unigues In the no flow contition the orifice vemains closed,

Suppose with an orifice Plats differential pressure at
10 / of the maximuws given a rangesbility of 511 on flow, then
this elensat oalled gliflo primary element, will give a range~
- ability of 1031 ( 1.8, the linssr element ) and the wide range
slepent ( semilogaritimic ) s rangeability of 5011,

 The chief advantage Of this device is that for 1 % of
the naximun differential pressure ths linssr slement will
measure 1 7 of meter maximus figw while the wide-range element
will measure 0.1 7/ of the maxtwum flow, .

. These maters ave available in sizos Zns with fiow rate
24 1.p.h t0 600 mm size with flow rate upto 3000 m°/h. In all
sizoe the diffexential pressure at maxisum flow is 250 nm Hg.

2.5.5 Target flow moter

To measure the flow of hWighly wiscus fluida at slevated
tomperature the meters dealt with 0 far are inadequate, In
such cases the target flow metsr is used (f1g.2.23). Here the
aifferential pressure conneotion 1s eliminated and is used for
the measurement of mu-n:t ot ssphalts tars, o0ils and slurries
at prescures upto 100 bar. g at R, s low am 2000,

| A tavget or a dieo L8 plaoced in the flow path, %The 1iquid
fupinging on this 4isc or tamget will bs brought to reat so that



the pressure inoreases and a force ¥ is existsd on the
target. ¥his foroe |
T
e

- where ¢ = mans density

Ay = targot area

v = velogity of liquid through the anmalar ring

betweon targot and pipe.

E = is oonstant
aud is balanced by air pressure in the Dellows so thata 0.2 to
1 dar signa)l proportional to the aquare root of the £low 4
_obtained, The oircular aqum adged target is attached to the
forcs bar so that the target is concentric with the pips forming
an anouwlar orifice. |

(2.9)

 The rangs of thh peter varies from O - 52.7 %0 0 =~ 123
l1.p.m fLor the 1§ m wise st mrama of 400% to, from
0=682 to Om2273 l.p.m for the 100 mm pize at temperatures to 260°¢
¥hs overall accuracy &8 3 0.5 / .

2;5 «6 ﬂumnt natey

Quyrent uura have & rotoxr or pmm}.ler that is 4driven
by the fluid flow. I¢ msasures the velocity of the fluid,
Gurrent msters find wide application with measurement of velooity
of flow in large myas, open channels and !.rxigms.on ORDALS .
Baniocally the mibur 0f revolutions aade by the .uponor is
counted by lead phone, ringing of bdell, lighting up of & lamp
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sto. Lor svery few ssy ton peyolusions of the propeller in
oase of small velocities and electro mechanical/elesatronic
counters in cass of large velocities. They ocome in sizes of
rotor ranging from about 10 mm or less to 100 mm and foxr ow
walooities in the range of about 4 on/s to about 150 oms/s,
The rotor may be cup ohaped in the larger sizes and vane type,
helical or screw type in small sipes and for large volocities,

2.6 OFEN CHANNEL FLOW MEASUREMERZ

| The nethods of flow measurement so far desorided
pertasin to measurenents where in tho fluzd in flow is bounded,
In flow systsn where ths £luid hos o feos surface ( i.¢, one
surface of the fiuid is open to atmosphere ) fiow mezsuremsuts
are oarried out uatng' welrs and notches where fn ths quantity
of flow is a function of head over the weir or notoh and the
‘area of flow, The opea itsslf iz a function of head of flow,
Some of the dsvices used for this type of flow measurement are
disousesd below, Thoos ave generally applicable to water flow
measurenents, -

_‘ The welr provides g form of restricticn in the ﬂ.mv
path end have a variety of shapso, Depending upon the shape
of the opening thepse are classified as rectangular weir, recte
angular or square no%toh, V notchy traposoidal ox cippoletti
welr, logarithmio weir eto.,

The simplest is the reotanguler weir - straight edge
over which the liquid flows, &hﬂ name weir is used whore large



flows are Dsing motered and the Llow width Lis large.

For meapsuring medium/small fiows a rectangular notoh is
used, VWhen the flow is small say upto about 200 »°/h a V notoh
is used, this notoh heving angle © = 30 to 50°, Usaslly a 90° v
notoh is ugod,

- when the flow contain mpendaa souda 8 Vomumtyp-
(oalled Parshall fiume) is used,

| The head of f1ow in these oases is the height of the
free surface from the édge of a reotangular weir of the apex

of the ¥ notch meeswsed ot a point ahesd of the notch whore the
level just starts Groppinge

In case of large flumesorcanals gangs of current neters
are used distributed along the width of the canal to measure
velonity Aistribution, Tracer techaiques ere ales adopted for
velooity ganging in csnals mnd river sactioan,

247 TRAGR FECEEEQUES

In canes whare the velooity of stroam along « desired
longth of asotion as for example ia oansls or rivers or in
pipes in case of vinocous nmma tracer ' and aye dilasion
teohniquns are ussd. A solable ademical that s ifnore ie
introduced ot a cortatn ssotlon of a given wongentration and
its congentration at tro othor seotions down-gtresm are
measured, whioh gives concentration as a funotion of velooity.

One of the notable method is Allen salt dilution method and s

other i» tha dys J;n;)ocuo{x mothod .



. Rafiloisotppe gougoe are uned ror measuring ﬁioouy
of homogensous material in é closed aysten such ae a pipe lioe,
feve the radio isotops 4s fnjcoted into the flowestream and its
pOsition is detected by means of GM gounters or Nal (T1)
sceintillation detectors, '

For mearurement ﬁx‘ﬂmr of goses the asffaront obsorpte
Svity of Lufra-red fxtcquoenty spectiun Dy various gases is oade
use of. A tracer gas is injected into the stream by a pump
coneisting of a reciprocating differential orsa piston driven by
1ine gas pressure!, Infra red detectors placed inside the pipe
iine &b two Sifferent points uss o small eleocteic heatsr element
to generats infre red rafiation whish 1o papscd throngh a
oaphixe winfow to a spheritol mirror. Rediation ip reflected from
the mirroxr through n sccond saphirs window, a mechanioal chopper
and pn cptical filter bofore being pecvived by the detector,.
Nitrous oxids and cerbon monoxide have beon used as tracer gases,
Acouméy of 0,12 7 heve boen achieved and (8 is unaffected by
changes in pressure, temperature or velooity. |

| To fetect the flow rete of 1iguid Nydrogen whilo fueling a
rocket 3t 4e measared oxperimentolly by tagging the £1ui6 wagoe-
tically and tining its travel betwoen tracer and detector point.
In this case the pipe 1in® currying the gas pasues betwecn the
poles of a permanent magoet andl two r.f, coils surround the pipe
lins = short distence apart, The up-stream coil is momentarily
encrgised by a square wave osoillator and mpgnetically tugs s
segnent of the precessing magnetic dipoles of the fluid, The
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tageed sogment emite an r.f. signal of the asns frequency ss
the preceasing dipoles and its presence is dsteoted by the
down~ptrean pickup ¢0il. The time taken for the fiuié to
travel Detwesn the wo cosls 18 messured by an slectronics
countsr and is a measure of the fluid wlocity.

2,8 OLABESES OF PRESSURE MEABUREMENT

- Measurenment of pressure can be clapsified into two
- categories namely-
(1) pressurs sbove atmospheric
(13) pressurs below atmospheric
Instrusents that measure the pressure above atmospherio
pressure are oalled pressure gsuges and that bwlow ataospherioc
Pressuréd as vacuan guiges.

2.8.,1 Preasure gmges.

Rressure may be measured directly,

(a) by balancing the pressuse profuced sgsinst a
oolumn 0f liguid of known density ox

(b) Dy allowing the pressure 0 act over s known area
and measurs the resultant force. This foroe which
is equal to pressurs X ares may bé measured by
balancing 1t against a known weight or by the strain
or &mmuon it produces on an elastic medium,

Depending on the technique used pressurs messuressnt may



thus be classified as ~

(a) Pressure measuremsns by balancing egainst & 0odumn of
1iquid of known density which inocludes,

Sinple U tude with vertiosl or inolined limb (£ig.2.24).

Here a simple transparvent (glass or polythens) tube is
partishly £illed with a 34quid of known specific gravity.
The fiuid whose prescure is to de measured is et into one
of the 1iub, with the other open to atmosphere in which cass
the pressure peasured is that relativs to the atmosphere oy
the other limb may be conneotsd to another pressure lins when
the msasured pressure will do relative to this reference
presmure, Various 14quids such as mercury, transformer oid,
Cardon tetrachloride, bdromoform eto, are used as the mano=-
mﬁua £1uid depeafding upon the rangs of pressure <0 be
neasured and the resclution nseded,

When wvary low pressures ars to be ussd ons of the
1ipd is inclined #0 that for a given pressure a greater disple
acemens dength of 1iguid is avallable depending upon the
angle of inclination.

By sealing one 1imb and £11ling the tubs with the
required Liquid, adbsoluts presgure can be measured, This i
similar to baromster and the pressure measured is that relative
to the Torricellisn vacuum.

Thus by using U tube manonetepr Lt 18 possidle to measure
pressure above the ataosphers, bdelow the atmosphers, absoluts
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pressure or differential pressuxre,

For industrial usage such devices coms in a rugged
and standerdissd fornm.

(v) Pressure asasurement by balanocing against a known
forces which includes
(Bi1) Piston type preomsure gmige

In this case the pregsurs t0 be measured is applied to
ons end of a piston of known area of oros-psotion which is
free to move inelde a oylinder, The pieton experiences a
foroe and 1t is displaced, It is drought beck to the original
or reference position by adding weights to the piston. The
pressure is thus given by the (weight afded + weight of the
piston)< the orem of the piston. This is also called dead
weight testey and is used in calibrating other pressure gsuges.
This i8 suitadle for pressures upto from 1 to 1100 bar g.

(bj2) Ring balance typs pressurs gsuge.

This type of instrument is used wherein pressure differences
of order 100 zm ox less of watsr gauges me to be meesuyed, It
consists of a hollow ring (fig. 2.25) of eiroular ssotion
- partitionsd at its upper psrt and partially £11108 with a uqul&
in order to form two pressure measuring cohaxbers, ZThe body
of the ring is supportsd at its centre on Knife edge or
roller bearing. The fiuid whose pressuve difference is
required is led into the ring by fluxible connsction. The ring
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devioces which msasure pressure indirectly. The pressure is made
t0 act on a Glaphragn to which straln ganges are fixed and
connected in the form of a half bridge or full bridge eircuit.
The pressure soting on the dtayhrm oauses atrain to de induced
in it wnich is a measure cf pressure, availadble in the form
of an sleotrical output voltage due to bridge unbalance,

The mim w b made to m‘b-mi h. piexo eloetric
orystal (quartg) cut in a spocial way and placed detwoen two
plates on® of which m‘ be Tixed and pressurs t0 be mpasured
is applied on to the other plate, when sn e.m.fe will be set
up between the platss which is a measure of prescure. Thie
method is used for meuming_'v&y high pressures.

The measured prosours nay change the capacitancs between
two plates by changing the area betwsen the platees or dinplubing
the dtelectxic, which is given out as en &.,0. bridge output
woltage or frequency and calidrated in terms of known pﬁusm
by othcr' mathode, By this method, very low pressures to very
high pressures ozn be messured,

Other indirect preesire meamremnt include wariable
inductance, variable reluctance and the linsar variable dfiffew
rential transformex.

All the above pressure meaesuring techniques could b
used in conjunction with the Cifferential prescure Llow metering
Qevioes,
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is balanced by @ control weight which is at 1ts lowest point
when the pressure is tho ssme on both sides of the partition.

(b.3) Bell type grum _gauge.,

In this type of proasure gauge (£1g.2.26) the foroe
produced by the difference of pressures on the inside end
. outside of a bell is bhalanced against a weight or against the
forcs profuced by a compression sapring (fig.2 .23). ’

o) Pressure meaturement by balancing the force produced
on a known ares against stress in an elastic medium.

In this ocategory are inoluded the Bourdon tudes of the
1CY type, the apiral type, and the helicnl type. This is the
commnest type of pressure measuring device and is gpplied to
masuremsnt of pressurs above atmoshpere helow atmosphere and
differsntial pressure depeniing on the construotion. Usually
it mAasures pressure above atmosphere i1.e, from 1 t 70 dbar g.
when the joints ars soft soldersd or brased 3§ upto 350 bar g.
when the tube i# molid drawn heat treatsd bdor 1liam oopper
with drased joints, and upto 6000 bar g. when the tudbe is alloy
stesl with SCrewed gp welded jointa, '

Another typs of device im this catsgory is the diaphrags
type either stiff metallic dlaphragm or bellows, or slack
diaphrogm and 4rive plate.

{a) Other methode of puim stasurenent,

In this oategory of pressurs msasuring devices are included



2.8,2 Vasuume Gguges

{a) Thermal Conductivity Oauges

These are designsd primarily for operations delow
ataospherio pressure and are bassd on the principle that
thermal condnotivity of gases in the region whers the mean
fres path 18 not negligible compared with the distance detw
ween the heat scurce and simk. The Knudoon formula can be
written as

Vs = a1/ g @

where Q/t = heat transfer rave,
P = gap pressure
S msurface srea of the heat source,
T « ghbiont Seoperature
AR = tampsratye differenvce between heat source
and sink,
Y Oonltan'l
Transducers based on thisprinoiple ldse their sensitivity above
10 %0 cr when confuctivity decoxes independent of gas pressure,

(adt) ThOTmMOOOUDLE vascuum gauge
The thermocouple vaduum gouge consists of a hot surfaoce,
either a thén mets) strip or wire whose température may be
controlled by varying the current passing through it. For a
given heating current and gas, the ﬂmlrntuu assumssd by the
hot surface depends on pressure, This temperature is moasured

by s thermoaouple welded on ¢t the hot surfase, The glass
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the Pirani gauge. Instead of the awtallic resistance elemsnts
the temperature sensitive thermistors are used. These gauges have
a rangs of 10~ ¢ 1 vorr. |

(b)  Ionisation gauges &

When a high energy eleotron strikes a gas moleculs there
18 a definite probabdbility that it will drive an electron out
0f the molecule leaving it ss s positively oharged lon.

In the fonisation gangs a stream of electrons emittad
at the ocathode strike gas moleoules in its path of travel and
1iberate secondary electrons, leaving the geas molecules as posi-
tive ions. The mamber of positive ions thus formed is directly
proportionsl to the electron current ie and the gas pressure,
Having a fixed value of is the rate of production of ions is,
for & glven gas a 4ireot messure of ihe number of gas molecules
per unit volume and tlnia of pregsure,. 7he positive fons are
attracted to a negatively charged elsctrode, which varries the
ion ourrent. |

When ionisation occurs as a result of the electrons
emitted due to thermal ensrgy applied to the cathode 1t is rofe~
rred to as thermonis fonisation gauge. Their range is from 10
to 10”2 torr.

Instead of hot cathotde 1f a reiio awotive source emigting
¢ particles are used to ionise the gas in the gouge it results
the radiosotive ionipation gauge whieh is used in the range of
10° to 10™> torr.
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2.8.,2 Vasuume Gaugee

{a) Thermal Conductivity Gauges

These axe designed priasrily f£0or operations delow
ataospherio presasure and are bassd on ths principle that
therzmel conduotivity of geses in the region whers the rmwan
fres path 18 20t megiigible compared with the distance det
ween the ‘hut souros and sink. %The Knufloon formila can de
written as

vt = rspr/2 4q @

where Q/t = heat tranafer rate,
7 = gas pressure
S msurface area of the heat source,
T » ghbient sempersture
AT = tamparatize diffexrence between heat source
and sink,

A= onstant
Transduoars based on this prinoiple lose their sensisivity above
10 ¢orr when conlductivity devcoxes indepeandent of gas pressure,

(ast) THEIHOOOUDLS YAOUUS gauge
The thermocouple vasuum geuge consists 0f a hot surface,
either a thin metal strip or wire whose temperaturs may be
controlled by varying the current passing through it. Por a
given heating current and gas, the temperature assumd by the
hot surface depsnis on pressure. ZThis hnpeumc is measured

¥y a thermooouple welded on to the hot surface, The glass
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snvelops at room or other controlled temperature is the cold
surface constituting the ambient temperature. This type of
gengs is availadle to messure pressure in the range of 10™4
to 1 torr. (4ig:2-27) '

(a.2) Resistance thermometer geuge (Pirani gauge).
In this type of gaugs (£1g.2.28) the function of hsating
and umptrgm mensurement are conbined in a single element.

The resiatance elemant 1@ in the form of four coiled tungsten
wires conmected 1in parallel and eupﬁumd inssde n glass envele
ope to which the gas whoso pressure is 0 e moasured is admite
teds The cold or reforence teaperaturs surface is the glass tude,
Gonorally two Ldentical tubce are used, wherein one is highly
evacuated and gealod and 30 the othor gas is alimitted, The
senled tubs aocte es & reference ges tube, and compensates for
temperature changes and bridge excitation voltage changes on the
output resfing, Current flowing through tho weasuring elemsnt
heats 4¢ %0 a temperature depending on geas pressare, The
eleotrical resistance of the elsmant changes with temperature

| and this resistance chmgé causes & bridge unbalance., The bridge
18 initially balanced in & geven gae and ;3.‘8 very iow pressure,

A changé of pressure will unbelence the bridge and this unbalance
voltage 18 a measuye of the gas pressure, These geuges are
available in the Tange of 107> to 1 torr.

{a:3) Phermistor Veouum Gauges s

Thermistor wvacuum gauges operats on the ﬁmm principle asp
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the Pirani gauge. Instead of the sstallic resistance slemsnts
the temperaturs sensitive thernistors are used, These gauges have
e range of 1070 ¢o 1 torr. |

(b)  Ionisation ganges &

When a high energy eleotron strikes s gas moleculs there
15 a definite probability that it will drive an electron ous
of the molecule leaving £t as a positively oharged lon,

In the fonisation gauge a stroan of elecmm emitted
at the ocathode strike gan molecules in its path of travel and
liberate secondary elsctrons, leaving the gas molecules as posie
tive ijons. The mvber of positive ions thus formed Lis directly
proportional to the electron current ie and the gas pressure.
Having a fixed value of i, the rate of production of ions is,
for a given gas a direot measure of the mumber of gas molecules
per unit volume and thus of preasurs. The positive ions are
attrected to s negatively chargsd electrode, which aarries the
ion ourrent. |

When ionisstion occcurs as a result of the electrons
oenitted due to thermal ensrgy applied to the cathode 1t is refe~
rred to s thermonic ionisation gauge, Their rangs is from 10”>
to 10™° torr,

| Instesd of hot cathode if a redico aotive source emitting
¢ particles are used to ionise the gas in the gauge it results
the radioactive fonisation gauge whieh ie used in the range of
107 to 10™° torr,

1094 2
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‘ In another type the Philips Peaning ionisation gauge
high temperature filsment and the problems associated with
it are tackled by ueing a cold cathode tube and a high
accelerating potential. A superimposed of magnéticofield
cauegeg the slectrons objected from the cathode to travel in
long helical path to the ancde whioch results in more collisions
with gas moleoules and thus greater lonisation. This ¢ype of
- gauge is useful for measurement in the range of 10™2 to 10"5 torr.

2,8 COMPARISON |

In' this chapter 'varw;w types of &evices and teéhniques
used in flow measurement have been dealt with, These are invari-
ably the primary elemsnts as for example the deflecting vane, the
rotating vans, vortex meters, swirlmeter, eliding vane, weire
and notches eto., Thesc .ara in other words the flow sensors. The
| venturimeter by itself cannet give eny useful flow data.

Pressure measurﬁ.ng devioee such as meroury manome ters,
bourdon and diaphragm gauges, benowa and bell presaure ge.ugee
suitsble for ‘a wide range of pressurs or di:m‘eren_tial _prgasure
‘ were aleo cowered briefly, besides some of the electrical tech-
nlqu&g like strain gauge and cai:aoj.tanee type pressure trensducers
Vacuum measuring devices like Pirani gauge, thermoéoﬁplg gaugo'
etc. have also been dealt with briefly.

These mechanical ganges are being used extensively in
conjunction with differential pressure flow meters. It is time
that electrical/electronic transducers f£ind a mich wider appli-
cation with their fluxibility at aig’nai. processing,

The maehantcai devices mentioned are the time teéted and

proven devices, Devices such as the vortex me ter, swirlmeter,
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thermal seter are.. of comparitively reoent or!.gin undsrgoing
- furtheyr developments towards reliadility ruggednans and better
performancs

With mechanioal dsvices the distanoe to which informe
ation about the messuma®:  is transmitted i restricted. This
onnr be overcons by using slsotrical output transducers, in
plaoe of the usial Weroury manORetEr OF Prescure gauges, suoh
a ﬁf:a!.n genge ox L.V.D.Te type proscurs transducers and conps-
equently totalisation/integration can also be performed remo%ely.

The use of a device depends on the nature of fLlow
moasurement problem to bs tackled, When loss of head Oannot
be toleratsd and aggressive fiulds huve to Ds meteres the
- gonventional flow maters have essentially to yield plase to
the eleotrionmsgnetic or ultrasonio flow metsr or the vertex or
swiyr]l meters with their elsotrical detectors avoddimg moving
parts in the liquid, ‘

In most of the meters discussed other than those whdrein
mention has been nade, viscosity, density and oompressidility
affeot the meter asouracy, as sisp temperature which affeot all
these properties to some extent, | These provide an Ainoentive
to the development of a meter which is inselitive to the maxi-
mun muaber of undesired variazbles,

Thernal flow meters espotially thermistor flow msters
with no moving parts, least affeoting the flow pattern, due to
itn small sise, with the glass onoapmalation resisting ohemical
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aotion could posaidly sspire 40 De an 1deal flow meter:, This
ofcourse ssems to have g long way to go a8 yet by way of
development and application.

This ohapter oould not bs complete without a mention
of ons of the iatest advances in flow neasurenent technique.
ramely the lasor doppler velooity meter, a competitor par
exvellent of the conventional pitot tubs asd hot wire/film
zeasurensnt, In this case the 'wma%y measurenent is direct,
desides yequiring no physioal objeot to be placed in the flow
path coupled with low sensing volume ent high freguency response,
The cost and complexity is the vital question that hes contined
this method to the Ressarch and Developrent Laboratories - that
toco rich,



Yo THERMURLECTRIC SENSORE
FOR FIOW MEASUREYBHT

3.4 INPRODUCTION s

Blectrioal resistance of s conductor signifies that ourr~
ant fiov throngh the conductor resulting from s potential Aiffe-
rence applied across Lt is inhibited. This resistance to the
L£low 0f current csuses heat to de developed in the conductor
or the reaistor. Ia case the heat huilds up without being able
to be Alssipated quickly encugh into the surrouniings, a ries in
the tomperature of the resistor manifests,.

 his fnorcase in temperature brings intc Dlay interesting
phenomston. The resistance of the confuntor increases in sone
canes a8 in metale 1ike ocopper, aluminium, platimm, iron ete.
vwhereas the resiatance decreases in naterials like carbon,

fnsalating naterials and eemicondusting oxidesn,



The change in resistance conssquent with change in temp~
rotars per degres coentigrade 1o tormed tﬁe temperature coeffi-
ocient of resistance of a matorial, usually denoted by a. When
there is an inorease in resistance with inoreass of umcraﬁm
the material is said t0 have o positive tamperature cosffici-
ont (P.7.0.) of rosistance, When there L8 & decroase in resis-
tance with incresss in tomperaturs the material $s satd to have
negative temperature cosfficient of yesistanse (8.2.0.).

Temperature ssnsitive materials manifesting a changs in
their eleotrical charscteris$io or stats or more sppropriately
exhibdit thermo-eleotrio-effects are broodly grouped unier the
-generio nane tﬁormchctri# devices and indlude thermosouples,
matal theruo resistors, and ssmiconductor thermo resistors,

- Of thess the thermo ocouples are almost exclusively used for
tenperature and its other application, low pressure measurement
has alrsady besn cOvered.

3.2 THERMOBIBOTRIC IBVICES

2.2,% Metal resistors

Some of the comzon mm# used ap tempersture sennitive
| resistors inciude platimnm, COpper, smntnmm,' nickel, chrome
“alloys, tangeton ete, Of thess platimm and its alloys £ind
wide appizoation |8 texmpérature sensors; in nnid veloocity
measaremtntes, fturdilance msasurements as with hot wire anemometry
and mo on. '

The general expression giving the resistance temperature
relation for metal resistor is

Re oR, (1 +0,4%+8,0%° ¢ v a0 «.,.) (3.)
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where B! = Rgaistance at tempsratare 2

R‘- » EBesistance at & yeforencsd tasperature 2"

Sarbgr 7 , = Constants at reforence temperature T _
AT = Change or difference in temperature (=2, )

To a £ir»t spproximstion me&d gensrally in the rangs of
0 = 100°C whis squation mey be eimplified by onmitting higher
powers of T to

Bp » B, (V1 v0,0%) - o (3.2)

which 4ie, & lineer funotion.

Flatinun has a tesperaturs sosfficient of prosistance of
0.3 Z paxr dogres centigrate and tungston 0.4 7 per degree cent~
igrads, The thermal timc constant dspends on the Aimensions,
material used and the smbiant media and oonditions, aod range
from 2 ms to 60 seconds or more.

Y:2+2 Thermintor

From the atowic theory of antier 1t 4is well known that
with Suorease 1a temperature the lattics vibrations increase
atd more ewisstrons deoome svialable for conduction and hence
conductivity of eemtoonducting and insalatiog materiale 1no=
rOan0, - , - | .

In semiconluntors 4n addaition 3;!;, {8 possible by proper

choies of the alloying or &opant element and Lfaopurity eoncens
tration €0 obtain resistors with desixed valus of o in a given
| rangs . Sim resintance d«mmr with inorsase in temperature
G is negative, In some cases _it is posnidle to get a positive

Be



The resistance temperature relation of ssmi-conductor
thermo resistor otherwise known as thernistor is sxponential
in nature, In case of NI0 thermistors, under zer0 POWED CONw
ditions 1i.s, under the condition when current flow is amall
enough a8 not o cwise incremse &n  internal ummm of
the mm-m ite recistance oan be representsd by

Ry = B, eBCE wﬁ-) ' - (3,3)

Tho power dissipated 48 Pw VI = D(F -~ 7)) - (3.4)

nhézn D = g constant of proportionality termed dissipation
gonstant oy thermal confuotanas,

¥aterisl constant |

Voltage across the thernistor

Current through the thernistox

and € = Base of naterial logsrithm = 2,71683

" g W
58 & &

Vith & thermistor saterial having a heat cspaocity O, the
heat transfer egquation is,

¢ ..%p - nl}(‘!ﬂ&‘) - 609)

when powey dissipation in the thermistor ie apprecisble +the
more general squation is,

a7 _
C wee = P - DT - - 6

The temperature coafficiont of resistance of thernistors
renge froa =4 7 per’c o fso/p-r"omwunumu.
appitcation 40 measurenent aystems more attraotive, deosnse of
laxger cutput and reduced signal conditioning.



Thermistors are male from sintersd mixtures of metal
oxides or mixture of metal oxides such as cobals, cupper,
fron, megnesium, tin, wranium, bHoron stc. and come in vare
ious -hopfp and gonfigurations. The earliest theraistor was
of U0, follewed by FgnO,, Ag,S and lsading to transition
metal oxide; systems. Barius, boron, germantun and silicon
oxides exhibit ¥IC characteristic while doped Ba10g, B,
TXirium and gther rare sarth slexents 8b, W etc, exhidvit
PTC oharacteristic, The PTC exists only over a limised
tenperature range. | |

Theraistors find wids applications in the measurement
of texparature , uupmw sompensation in biasing circuit
of smplifiers, amplisuide 'M!,uwuon in osoillators,
distant or remote switehing ete, At pressnt thermimtors
are svailable to operate up to 300°C and work to develop
these for tempsratures upto 9000 are under way.

The thermal tine constant of thermistor which is a
funotion of the heat oapaoity O, the material, shaps and mess
range from 1 to 200 seconds for encapsulated ones, ¥With une
capmulated thermistors time constants of 0.01s have besn
realined, |

m theraistor characteristios

The V=1 oharsoteristic of the NTC thernistor is shown
in £ig. 3ste Poxr wery small surrvents through the thermistor,
the voliage ¢xop acrose it varies linearly (for a given tem-
peraturs) upto a certaln point. In this xegion the thermistor
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Bshaves as a linear resistance and odbeys ohms lsw, When the
ourrent is further fncreased the charactarictic bvends over
and begine to Arop. Fupther increass of current canses a
dsoreans in voliage whlch renaing almost a constant after
s certain currens. 7The gurrent at whioh the voltage juss
beginn to decrease 48 referred to as the fhreshold voltase,

The R~? cheracteristic is shown in fig (3.2). In the
esrly part of the exponential curve the thermistor is quite
ssnsitive $0 tsmporatuxe § GR/4T is larse, and as $omperatu-
e is further sinoreansd the change in reolstance alwost de~
oomes neglijitle after a cortailn temperature L.e. AR/4T - O,
For e.g. £0r a ocertain thermistor the change in resistance
from 180°0 to 190°0 18 approximately 1 ohm whereas in the
rangs of say 40° to 50%¢ 1t is about 150 ohm . In other words
GR/4T ie stesp and graduslly becoues almost flat, Like thre-
shold voltage 1t may D¢ sald thers is a $hreshold temperature
and may be definsd - at a cexrtain &R/AT whe n &R/4t tends to
beoums constant or in other words dR/8T begins €0 incresse
rapidly at less than this temperature,

Another sharscteristic whioh is of intérest but not usue
slly pressnted is the cuxrent time obarscteriotic'd shown in
218, (3.3). When the woltags appiied across a thersistor -
resistance oondination is varied, the current is d4etermined
by the xesistanos of the saries resistor and the resistance of
the theraistor. The current flowing in the thermistor csises
internal power dissipation and consagquent lowering of resistance



which further inocreases the curvent, %This proosss will gont-
fnue til) the thermistor reaches iis maximum tsmperature pos-
sidle for the smount of power svialadle at which & steady
state will Degin to exist. The time it takes Lor a thermipe
toxr to heat up to its maxinum temperature Loy s given power
is a funotlon of its mass, value of the sarics resistance
and the applied voltags.

3:2,3 Diodes 3

In germanium szd ﬁinmm the moat commonly used seumi
conductor saterials, thermal ensygy is suffiosent ;nn at axbe
fent tempersture to snable few slectrons to break the covalent
bond and camuse diffusion current, which is temperature Gspenie
snt, As & Pen, Junction is subjeosed to varying terperature
it is found that thic diffusion current iacienses exponentimlly
and almost doublss for avery 1070 rise in sempeyature for both
silicon and am. | |

. This temperature sensitivity of comnercial p-n Junction
(dsodes) have basn nafie use 51’15 0 measure temperature shanges
in the range of ~40°C %0 ¢ 100% inconJunction with & ntoro
saceter used am & nV mter, both with Ge and 54 Alodes, With
the configuration shown in £ig. 5.4 the output yoltage ranges
fyom 200 t0 450 aV for G¢ and 450 t0 730 oV Loxr 84, %Thes volts
outpus ~ teupsrature relation is utmist truly linear(fig.3.5).

The varisbdle temperature 1s that of the asbiest or that
‘of & bath 1in which the diode is immerved and temperature is



varied gradually and the cutpute are revorded., The relation
betwesn self heating at the Junction due %o dtods forward
curyent and attendent sooling in s flow stresm sppear not to
have Deen studied, Zhis study together with the frequency
response and time constant could prove ussful in 148 spplicat-
ion t0 Lflow messuresent prodlens,

Je2.4 Transistors i

Iike ddodes, traneintors compossd of p-n Junotions,
are also affectsd by temperature. The paremster affeotsd
thus are noted by, the bass ocurrsnt Iy, the collsctor cuxrent
Ige and the ourrsnt gain p or B

A siwple transistor thermomster sirouit is shown in
21g.(3+6) and the temperature ws volte output with the tra~
neistor 1tsslsl aoting as & single stage suplifier iw shown in
218+ (%.7)s For the oircult configuration shown (£1g.3.6) the
selation between cutput and tempsrature is linear from 20%
to +70°C approximately for O trassistors and =40 to + 100%0
for 54. The outputs Lor <these cascs yange from O t0 6 ¥ and
1.5 0 6 volts respeotively. For the cases shown time conse
taats of 1.5 seconds in uqum msdia and 30 segonds in air
have bnn reported.,

Transistors do not sesm to have found application as
tomperatuze asnsors yst, perheds on account of the more
competative thermtstor, not withetanding its own ability %o
amplify and regions of linearisy. A transistor thermonater is
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reported and experimental results made available17. To become

an effective temperature sensing device, the Itime_ccengtant
of the transistor needs to be reduced and packaging designed
foxr the purpose.

3«3 METHODOLOGY OF APPLICATIONS

Thermo resistive elements whether bf metal oraf semi-
conductor such as thermistors, are arranged in different
¢ircuit configuration depending upon the requirements. Then
include (a) constant curve cireuit ; (b) sonstant temperature
.eircuit $ (c) mixed operations., Each of these methods has its
own advantages and short comings. Each of these type of oper~
 ation is described in some detall and finally a comparison is
made of these ﬁiffereﬁz configurations,

%.3.1 Constant current method

The constant ourrent method 18-21

is the oldest and
most widely used method with anemometry . In this method the
current through the sensor is maintained, essentially cénstant
usually by connecting a large reslistance in series with the
sensor (£ig. 3.8), so that the current flow is controlled by
this series resistance. The change in current flow due to the
sengor resistance change is made of the order of 1/100th op
less as to be inconsequential. The operating temperature of
the sengor for a given condition is selected by the choice of

the series mesistor.



This condition of operation is applicéble to any
heated sensor more particularly to metallie wire sensore
as in hot wire anemometry wherein platinum or its alloys
of upto 0.15 mm dia and 1.5 mm log are used as sensors
with typically 5 ohms gensor resistance under operating
conditions..The sensor is heated by a constant current and
heat is developed. This heat is transferred to the surr-
ounding fluid as a funotion of the fluid flow velocity.
At the elevated sensor temperature iie resistance is
increased and with flow veloecity temperature reduces, so
that resistance reduces, and conaéqnenmly with constant
eurrent 'flowing through the sensor, the voltage developed
across the sensor reduces. This voltage ie related to flow
veloaity-by calibration for a given probde oonfigurafién and
flow media. . |

In plece of the wire sensor thih f£films of the pame
metals (now a days aluminium film is also used) are deposited
at the tip of speaially shaped quartz, silioca or other
insulating rods and are used in ligquid flow measurements,
with the main aim at turbulance measuremsnts.

The constant eurrent mode of operation is resorted
to in the case of thermistor sensors elso. In the design of
instruments, wherein heated thermistor afeanxaad, the chaxre
aoteristics of importance are the sensitivity to changes in
the fluid temperature and semditivity to relative veloeity<C,



The sensitivities are delined as ths fraotional rate of
vhangs of thermistor voltage with yeapect toc ome wariadle,
the other wariabdles renmaining constant,

The steady state heat transfer squation {3.6) for a
thermtetor can be writien as

42 8, BUAT = V/Ta) piv)[aerx] w0 (5.7)

where D(v) = velooity dependent dessipation constant
Tx = smblent temperature of the liguid

Considering T as & function of the parameter § and the varia-
ble Tx and v,

orfomx = [ 1/t 52/01%) ] . (3.8)

- anfov = [ «(0%/a%x) (2/0°) (ap/av) ) (3.9)

The voltage iamwmm are | )
By = (1/6)(08/0mx) = ~@®) [/ (1ae/®) ) (3.10)

8, ® (1/0)(3e/0w) = [ (8, 20%)(aD/av) ]  (3.19)

where 5'.! » gensitivity to temperastuge change
| Sy ®» eneitivity t0 velooity chenge

When the thermistor heating ourrent is small, the sensitivity
to tamparature variation is large, spprosching 4x as & tends
0 zero, At the same time the sensitivity to flutd woloelty



variation is small snd tends to serc with the ourrent sonde
ing to zex0,

¥ith Snorsaes in heating mnﬁ. ths temperature
| éenszuﬂw decreases monotonically, and approaches the linit

S5y % 1/f = D(P+ D) (3.12)

The sensitivity to speed varistions incresses with
gurrent spprosching the walue

Gy = 10 (aD/av ) | (3.13)

Thas by proper oholioe of the themmistor Dias ourrent,
1t 1s possidls to make it ssnsitive t¢o flow veloocity or to
aublent tesperature changes. This £oot 18 also olear frow
the R -« T curve 0f the thermistor. When the thermistor is
operatsd in fteregion et high memistanoe ohangs (£1g.3.2) 1t
is very sensitive to tempesraturs ohanges. In the low resis~
tance - changs region it is not senmiw to temperature. The -
particular xegion of opevation along the R ~ T ourve oan be

reslisel sither by extermal heating of the thermistor or py
intnrnn heating dus to power dissipated in the tmmm.
this being achieved through a propor biass resietor tox‘ & glven
supply voltage.

3.9.2 Constant temperature method

In this method the temperature of the ssnmnr is held
constast and ap & Gonsdquedss the resistance of the sensor
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renaiae gonstant. This method is othexrwise referred ¢o
aleo 2.tk constant resistance method,

Ia the oase Of metal sensor sithey the wire or the
£ln type an increase in fluid velocity casses a greater heat
dissipation into the £iuid medis as & rosult the temperature
of the ssncor trics %o fall inoyeasing the resistance. This
alters in faot, reduoes tho current thiough a meter conneoted
in series with ths sensor. Tho Deverce of this takes plese
when theye is & xeduotion in flusd welocity. Thus the current
through the meter is o pwaaure of tho‘ms valooity.

A typloal mchems for this type of operation’’ gs
shown (£12.3.9)s The sensox forme part of a bridge oireuit,
with a fixed ratic srm and the renaining arm has either a
resistor identical with the ssnsor or a control resistor,
The current through the sensor is adjusted to maintein the
required tsmperature. As Sthe flow welocity inoreases past
the sensor, it will tend 0 co00l, the yesistanos decressen,
oausing the voltage aoross the osensor to deoreass, which in
warn roduges the voltage inpus to the amplifier, The phase
of the anplifiey is suoh that this decrease in voltage will
cause n incressed putput from the nmplirier, to inorease
the sansor ourrent. A high gain amplifier will tend to
kesp its input wery clost to the balancet condition . Thus
any changs in the repistance of the sensorisimmediately sorree-
oted by an inorease or Gecrsase in the current through the
BONSOY,
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The ontput oould thus be «ithey the ourrent through
the gansor dotooted Dy & suitable ammitex or the voltage
output of the smplifiaxr £o send this current through the
ssnsor. With the fesd bLask control the resietances {n ths
Bridge oireuit an constant and ¥he voltage aoross the bridge
is directly proportionsl to the current through the sensor 4,
| ? = 2% | (3.15)
Therefore, the aquare of the volisge msasurad on top of the
bridge is direotly proporiional o the fastantanswus heat |
Sransfer betwsen the censoy m& its environment.

Thoralestors also con be oparated at ﬁomtm% hwm—-
ture and the va:&m suzpent thoough the shermiotor beling
used as an indication of fluid walooily or tonperature. As in
the cass of the wige or Tilm seasor muh aﬁamr response time
could dbe echicved with thie W of gperation. The pesponee
i 48 virtually wntmnea 'w the pervo a;mtem or amplunr
in the fead back, thut @anm.‘l the WWWr am’cnt.

Convidering T a8 & paremetsy, Lo aguation (3.7) the
constant emperature yeslistivities are defined as

Iy =1/4 . 83/l = 1/2(DTx) (3.16)

Iv = /4 . 43/0v = 1/2D . Dfdv (3.17)
whers I, = current ﬁm%&v&w to tempergture

Iy » current sensitivity to £low voloolty. |



Se3.3 Mixed mods of operation

in this nethod of opsration neither the ourrent nor
the tsmperature 0f the sensor 18 malnteined constant, The
~sensor resistance is one jeg of & d.c. Whaat Stone bridge,
The unbalanced bridge woltsge ¢, 18 a measure of the flow
velooity v.

Two sxms of ﬁiﬁ bridge have repistance of value R
and the third arm has a decals resistance box, to balance the
bridge, The balanced value a, of this arm is the resistancs
of the thermistor subjected to fiuid flow veloecity,.

In operation thn bridge is balanced under no flow
conditions, Then a £0W velocolty v omuses & bridge unbalance
voltage «e,s D(v) 1s obtained as a funotion e, f.e, D now

becomes & function of Llow wveloolty v.

The relationship between v and o 16 shown (£1g.3.10)
for thersistor type TX1647, with the glase encapsulation remowved
to obtain superior thermal time constant, and having a resistance
of 3500 ohns at 273°K., The flow during celibration was linear
with Rn  will below 1200 and for the £1u14 CC1, held st 0%,

Power dissipation at v = 0 48 16.6 =¥,

3«  Comparison |

Matal wire and film snenometry, espscially the former
18 well sstablished for flow meosuremsnt, pwucnmly‘ tardul-
ance acasiremnt, {n atr or gases. 7The wire with modifications



and f£ilm with quarte coating are avallable for ligquid flow

measurements,

Thermistor has not found wide spread applications

on account of 1ts large time constant, thermal inertia and
its irreproducible characteristic even for a given type
leading to replacement diffioulties entailing <the whole

range of readjustments and eallbration, This defeot has to

a very large extent heen over50me in present day <+thermistors,
but time constants have not yet been reduced éomparably. As
such thermistora are suitable for low velocity, sfeaﬁy state
flcw measurements and hsve been applied to blood flow measure-
m.enf23 the nature of whidéh 1s pulsatile ,satisfactorily.

mhé qnéstion of the advantage of using one or the
other type.twhether constant current, constant temperature or
mixed mode, therefore is pertinent more to the wire and film
type rather thaﬁ'the thermistor. But the arguments are applie
cable to thermistor measuring systems es well.

The constant o@rrent system although the oldemt of
fhe systems employed has the disadvangage that metehing of
the frequency characteristiocs of the amplifier to that of
gensor 18 required to obtain a flat freguency response. With
this matching the frequency response ° extends to several
hundred KHz, Another major draw baolk ls that the fregquency
response of the sensor depends not only on the sensor charact—-
eristics but also on the flow characteristics. This leads to the
necoessity of adjuatment of the frequency compensation when ever

the mean flow changes. This limits the use of the constant



ourrent system to situation whers the fluctuations in wvelo=-
city are sma)l comparsd with the mesn velocity.

The feed back loop 4in she constant temperature
method eliminates or overcomes the sbove Aifficulty. Further
4t has the sdvantages of reduced sensor burn out and teppe~
rature compensation - possiblity, the output is dixect
4.0, and 1is suitadle for large fluctustions in velooity.

In the cases of the thermistor applications cited,
the maximin velocity attained is about 0.5 w in water. In
these cases the thermistor at the tip of a bent glass rod
" has Deen rotated insids a dewar Jar-C containing the liquid,
with the assumption that the temperature gratient 4Tx/ds
romains constant., In the other the theruistor probe is
introduced inte w pyrex tube in whioh €01, or methenol vas
 the medium kept at 0°0. Both these methods obviated the

need for hmnﬁwo coupensation,

In praotice howevepy, in the process of prolonged
measurensnts it is gquire possible the fluid anbient tempere
atiare ohanges and mﬁm compensation becomes eesential
inviting changes to the system of experimental messuremsnt,
tnoreasing the complexity although not in surmountable, ‘
Theas Mpomseo’az have male svailadle data for further work

than providing a flow measurenent sysiem as such.

Data on response time of a thermistor fliow meter using

CENTRAL Lpagagy
iERS Y
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boron bead thermistor fabrioatsd for the purpose is reported~?,
Numerical solution of the nonlinesr differentisl squation

{3.6) is presentad and a relationship bdetwesn the response
time and thermal time constant is attempted , It has been
found convenient to bims the thermistor at high current to
ashieve gool ssnpitivity ani Semponse €0 velooity,



4. LISEARISATION
TECHENIQUES,

RODUCTION »

‘he gutput of most of the transducers ave non linear,
wlie, the 4,0, dridge output, semi condnctor Strain
shermistor, and hot wire dbridge outputs etc. In many
ms A% 48 desiradls or even ssssntisl that the L£inal
indioation be & linsar function of the input varisble.

\ physioal aystem is saié to be linear if the relation
the forcing funotion and its output responss oan dbe
14 by a linsar differential equation. If the foroing
} 48 x and the xesponse to this, of the aystam is8 ¥

ro say be mmlated Dy an equation of the type



¥y s qy® e+ byt sy » 4x' ¢ gx
whexre a; b, 6, &, g are constants,

Farther, if the foroing funotion x, causes response ¥4
and @ foroing x, causes s Yespouss y,, then a foreing funstion
aX, *+ DX, CWiNOB & YEAPONNS &y, * DY,, Whers & and b are
constants. Thus linearity also implios that the principle of
superposition is wvalid, |

linearisation peans approximation of a given charact-
oristic by a straightline over the range of expsotsd variation
of the variable or over given elemantal ranges.

4.1.1 CQClesees of linearisation

Linsarisation csn de divided iato four classes
4) wll bdalence bridges with senping devices to pro=
vife a condtant rate of change of slope of the set point |
resistanoe,
11) funotion generation teohnique, which use paseive
devices to gensrate the required curvs,

111) degfleotion methods whioch m non nulled bridges,
which gombine the curve of the output ourrent of a bridge
with the curve of a sensing wlement (plus on eccasions curves
of other variadbles) to provide gonstant ocutput slopes,

iv) nonlinear 4fiel 4isplays which set. vpminé of the
dial to give correct reafout.

The main feature of a good linearisation mesuods ave



i) provision of some minimum req#ired worst case
tracking error, depending on the application. .
11) DYe physically realisable implying economy, ease
of maintainence, etc. -
| 111) bYe applicable in a wvariety of situations, .
iv) ability to lend itself to simple calibratdonand
adjustments.

4.1.2 Linearisability

Suppose a resistance transducer responds to a physical
‘quantity such as displacement or temperature or pressure etc.,
of value say x either divectly or indirectly, it is shown>!
that the relationship of the transducer output y° to the input
x can be linearised by linear methods if and only if both the
resistance and 6ondu0tanee of the transducer are concave up-
ward functions of the variable x (113.4.1). This result applies
o leither deflection output or mull balance output.By the
linear methods it is possible tollinearise thermistors and
linear metals ( e.g. copper), in terms of the phyeical quantity
say temperaéure, but not platinum. '

Platinum and other sensors can on the other hand be
linearised in terms of the reciprocal of the absolute tempera-
ture,

Linearisation is often a convenience for readout rather

than an absolute necessity for making measurements.,
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4.2 LINEARISATION OF SENSOR

4.2.1 Metal resistor

The resistance~temperature relation of pure metallic
elements can be represented by an equation (3.1)

2

i.e. RT = Ra (1 + aaAQ + ﬁaAT + YQAT ) ‘

Usually as a first approximation these elements are considered

like linear and represented by
- 1 ) ‘
Rp = Ra( +aaAT)
over a limited range of temperature.

'Invariabily these élements.are used in bridge circuits
for temperature measurements. By suitable choice of the bridge
conmponents and configuration limited linearity could be achieved,
A common tefhnique of linearisation also known as hybrid linear-
isation, is to suppress the negative second term nonlinearity
$(Pp==~5.08 x 10*7) by connecting the platinum sensor in
series with a nickel sensor ( B = 6.535 x 10-6) + This way with
a ratio of Pt/Ni of about 19, a limear 100 ohm sensor with a
sensitivity of 0.4056 ohm K~' can be achieved®®, Where the
fluctuation in temperature is large, the greater nonlinearity
is smothered by using other techniqnes.as linearising circuits
using diodes or transistors ( valves in older eircuits) to
generate a nonlinear function, the resultant of these together
giving a linear output. Such techniques are described in

subsequent sections.



#:2,2  Therntators

Thermistors as alresdy mentionsd are used to a very

| urp extant fn the messurement of tsmperature, bdecause of

its large tempsrature cmttieitnt of resistance, Where other
guantities such as preosure, velooity sto. are to be measured
using thermistors, its change of resistance dus to a ohange

in its mmratuﬁ, bxought adbout as a resuls of mm:»::
of heat transfer to or from ths surrounding medium Oor variate
ion of its dissipation conatant, or its 'v ~ I charscteristiocs
are zade use of. *

In the ssasurement of flow (flow weloeity), for
instance the thermistor im either directly heated (self heated),
or indirecotly heatad ( 1.9, scperately hsated through s heat-
ing elemsnt whioch is in thermal sontact, tut slectrically
insulated fyom !.t), to a cortain texperature oxr .ts obtain a
certain value of resistance, The Llow of the fluid ocarries
avay a part Of the heat thus veducing the texperature and inope
sasing the resistance. Basically, this means the theramlstor is
tenperature dependent.

Mathods of linearisation have consequently been devel~ |
oped to & large extent as spplisd to temperature messurement.
These methods could however Bs applied squally well t0 measure-
meant of other variabdbles, with slight modiffoations to suit the
particular operating conditions, Technigque of linsarisation
thus becomes dspendent upon the variadle deing measured and the



law connsoting the variadble | to the thermistor parameter.

In linearising thernistors the common technique has
besn, to asmmag ¢ &8 a starting point the relation
R = A ea/! ‘

Next the oimm fron the network containing the device
is expandsd in terms of asconding powers, and the condition
under which the first of the nonlinear expansion term vanishes
is determined, From this condi.tion the deslign walues of the
- oircuit parameters are obtalned,

1

Pinally the error is estimated by determining the
' valus of the remainder terns.

The basic draw back with the method is the initiel
assumption of the resistance temperature relation gm! its
ability ¢o £it well  the experimentsl curve, The other
drav back ie omimsion of the higher order terms in the series
 expansions. | o " |

The earliest method of compensation or the nonlinear

| R.? cmaaterlauc waé by meangs of a passive® shuntae, By

means of lovw parallel or high seiies resistance with ths there .
mintor & point af inflection ie developsd sbout whioh near

lincar effects are possible over a reasonable range of operatio »

This method was improved upon t0 achieve greater
14{nearity and ease of sotupﬂ ( which wap not eo with previous

rp M



one). Here the thermistor is used in a bridge with an easily
varied extérnsl resistance whioh is used to set the bridge
yoltage for s particulsr temperature. When the resiativities
at both ends of the scale are made equal it is found that the
linearity requirements are fairly well eatisfied. The bridge
cutput voltage eqmtton is expama in series as usual after
imﬂlng the qesu,md thermietor characterietic,

§

A network o:t N thermiotors in series with fixed resis-
tnxrs B,. 32“"*9‘3 have been sable to meet the reguirvements for
. & linear characterinstic, maintalning still sufficient cengitivity
over intervals . excesding 100%¢c (£1g.4.2).

Idaparisntion has aleo heen ashisved dy balanoing the
non linoar effects of the sensor outpnt against a gemratea none
linearity rather than by simply redusing 4t°°, Here a R ~T

relation of typs

. _ A _
RE - E.‘ [1 * ;—:E;-Z-; (4:1)

which is proved toive: linear, is aspumed, This equation is fitted
to three of experimental points from the charaoteristic of the
device and the error between the assumed equation and the expere
imental curves of the sensing device is est_imated; The noniinear
output terms ( of the dridge output equation ) are eguated to zero,
and from this the desired valuss of the cirqn;&t paraseters are
obtained involving no spproximation.



4.% LIMEARISATION OF MEASURING OXRCUIT OUTRUD

L]

Sensors Dy themsolves tannot give measuradls output,
They nesd to be used in a network ocomprising of other gcompo=-
nents as resistors, inductors, capacitors and sotive cirouit
slements. In linearising 1t becomes mecesanry that the satirze
wtwork be linearised, The aost conmon network used is a
bridge oircuit, the output of which L2 intrinsicslly nonlinsar.
Dy configuring and ohoioe of componsut values properly, such
as for example having a high rotio batween the fixed sud varie
able arms of magnitude greatsr than ten, the ohange in the
sensor itsslf Being mmxll, the dridge output oan be axde linsar,
Other technigues of lincerisution fncluds generation of a non=-
lisear funation, and compunsating with ﬁ the sensor notwork
output, placinz ths sentor in en envivonissnd aiestlar €0 gnd
simulating the ochangs in variable as requived 4in e sepsurenent
systens ponverseion of the network output woltege or current
into other parametsr as time, frecquensy or phoss in m lineaxr
mannsr and eo on. Some of these techniques ave examined in
some detall hersunder. |

$.3.1 DBridge cirouits

Ziw most common fora of bridge ciroult fe the 4,0,
Whsat Stone bridge olroult (fig. 4e3) Ry, Boy Ry are etendard
resistances, B." is the thermoresistive sensor, The tridge
could be of mxll bHalance type in which cess ons of the resistor
say Ry 16 made variabde (1,0, a decede resistor box or s malsi



-~ 8o

turn linsar poteatiometer), The bridge is balancod sach time
R‘ changes either nanmally in simple oases, or bs means of
sexvo control in cases where continuous and fast responses
are requived,

The other mode  of bridge operation is to initially
obtain bridge bolance under standard condition and allow the
- bridge unbalance voliags tc develop. This unbalance bridge
~ woltage 8, is . @ fumotion of R, change i.e. a funciion of
the ohange in the measupand " T

" The firat method is oalled the ml) method and the
second one the defiection method. 1In the mull mathod a Cali~
brated variable resistor Ry is raquired and error due to change
in bridge cupply voliage V i not intyxovduoed, whoreas in the
deflection mtma ohange 1a V introduces an error,

Jn the msamiremesnt of non eleatrical quantities by ele«~
otriosl msthods the defleotion method has been finfing greater
application en- mocount of 1ts simpicity although at the smori-
fice of mocuragy of an order of megnitude of that of the mull
method., In MMis osse linearity is existent when changs in the
pensor resistasce say R, <C R,, 80 that i, the ourrent through
the deteotor can be mmsumed proportional to the change.

The uwnbalance or measuning mnt pay be weitien as

sg = R2Bo.ll8 (4:2)
Q.AR‘ +» ’

whete s, b are constaats tor' & given bri.m and is & funotion of



Ryy Ryy Ry R, and R 80 that &) = £ (AR,) end is a none
linear function,

With a NTC thermistor the R-T relation being exponen-
tial it ie possible that the bridge can supply nonlinear out-
put to cencel the sensor noﬁlinearitysas A variation of this
method ﬁaes pengors in two adjacent bridge arms.

changes by + R, and R, by = R, +then the bridge output
current i is given by, |

{ = 'Vo 'AR4/R4

n ) : o (4‘o3)
Ry 201 +n)_-(A..R~4/;R4)/2

£

~ The relative nonlineerity of the detector suele is given by

4 Ry

2(1 +n) R, (4.4)

From thiseguation it 18 evident that higher the value of n

the lesser the nonlinearity; i.e. by having a high ratio of
Ro/R,  the bridge output monlinearity can be reduced to inco-

sequence if not ellminated.

4.3.2 Piecewise linearisation

(a) Function generation using diodes

Linearisation of output through a linearising funotion
matching an actual calibration curve for a specific type of

sensor and system, is finding greater usage because of the



inherent high accurscy as compared 4o linsarisation bawed on
sapiriocal laws oonnecting input-ontput relation of a system of
measurensnt,

Linearising funotion is generatsd using active and pa-
ssive devices, In early linearising oircuits diode valvas were
being used, These gave way %o semiconductor dliodes, being more
reliadle and requiring low voltsages.

The V-1 charactsristic both the 1deal and the practioal,
of a semiconductor 4iods is shown 4in £ig. 4.4. A little above
the out in voltage in the region & - b the characteristic ie
linear, If the length of the segment ins reduced the linearity
is moye proncunced, mbaw are used to generate limsar segoents
of = nonlinear funotion >F the slope of the eegment being deol-
ded by resistor networks. ‘ '

| The basio prindiple of diode wave shaping is illustra-
ted in 2ig. 4.5 where there 1s & biwsed G30Ge and the otrcuit
oharactersatic 1s shown in £ig. 4.6 Hore the dlode connection
determines the permissible current flow and 4irection, and the
battexy voltage only sets the dbreak point location. ZThe comb=
insd cirpuit response of the elsments is found direotly from
Kirchoffs voltage and current law. For the cireult of fig.4.6,

Vo Vyrv, eV | 0o
\ Tl V*i.‘n twiubo‘nrv‘»v : e

'12'? V""c tor.t'do owv‘&v (et



2he pagnitide of ¥ determines the point at whioh the diode
starts %o wnﬂueto

a'm sdvent of operational smplifier hes simplified the
wave sheping cirouitry, The closel loop gain of an operatione
al aaplifier for the . inverting moée of operation is given by

3
R

H

The inverting input is also referred to as a summtion point
in that e output is a s of ths Lfaputs a‘? this point.

The spproximation of nonlinear fanctions is schieved
with operational axplifisrs by the use of wp_mpriau nonlinear
feed baok network, The most genkzal way of gensrating such
mm & through the use of pilece wise linesr approximate
ion a8 shown in £ig 4.7« The acourany of the spproximation
depends upon the munber of segnents used, huing greateyr, the
greater m mber of segusnte., The complets gurve is nbtdma
by mmmn of the individual line segments, whose breskpoiny
voltagu and slopes are muma ssperatsly for each segment,

Pigs 448 shovs a gesral ofircult diagrom of a function
gemerator which bae three liaiter networks™® plus a direct Luput
rosiotor R,. Bach of the four paths to iis sumalng Junotion.
~Bas a partionlar short cirouit transfsr conduotance as shown
in the Dblook diagram of £ig.4.9. The upper thres paths oreste
the break points V¥, Vg, Vo (£1g.4.10) with three associated
components of output siope. The total transfer charscteristic
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is proportional to the total short oiroult transfer charactexr-
istic or trannfer condustance formed hetween v and the surming
Junction, FPig. 4.10 shows the resulting over all transfer
characteristic, VWith reference to fig. 4.8, the resistor R,.
rge With the dlode Dy provides the break polat,
Vel ,

‘ o :
o 3
Loy " <V :05 is ON, Dy and Da are OFF,

s = = Rj <--—~*-~) -85 - B (4.6)-

Ry Ry '_ R,

Here tht slope is established by both a, and R,

In the interval when V, < v, < Vg the elope is determe
ined only by R, ( all the ailodes ave off) § hence

Sp = - Rl/&‘ ' © {4eT)
The next bresk point Vg ooours when D, comes ON when

Vo
Vy = TR (4.8)
o ‘
and in the interval Vp < v, < Vg
| - 1.1 B
. ‘ oy ‘, V.R.|
The last dreak point is Va - (4.10)
_ 1
snd for Vo < v, Woth D, and D, are on
slo " - ( m nuln -:-Lo g R,
pe 8, a, + bo) ® By w TP (4.11)

R, R, Ry R,



A general purpose diode tunotiozi igezvxera;tor, with édjuata’ble
slopes and break points is shown in fig., 4.11. The transistor
’emitjter followers prevent loading the breakpoint ae.'bting RN
potentiometers R,, Rg For Ry =R, = 12K, and R.,V = Rg the
break poihts are merely 2V, and 2?‘2. It is possible to have
slopes of both +ve and ~ve polarities,

Diode function gensrators are used to deal with a wide
olass of functions including muli variate function337.

(b) Punction generator using transistors

Fig., 4.13 shows a cirouit diasgram in which transistora.
are v_uaed to generate nonlinear functions., The base of each |
trensistor Q is connected to the inmput while each emitter is
connected through a bias resistor Ry o a potential Vp produced

by the resistor chain rB, 1‘1.gt«. Oﬁer,O . ..'.r « The bias voltages

N

?1 » vz.._‘?. VK,.\.... VK are formed by passing a. constant current

:Lo through the resistor chain. The output is esseﬁtially the
Yotal current i, The voltage drop i.B.L across RL is used for
convenience,

In designing the oirocuit two asaumptiozis are made38

1) The resistors x4, r2,.‘.;x;K,a..,rN that produce
~ the bias voltages are small a8 compared to the emitter series
registances Ry Eé......,RN or that ( i/iO) << 1,

ii) The transistor base-emitter voltege is independent

of the collector current and a ¢olleotor emitter ocurrent ratdo.

« = 1.

=
=

"
)
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Semiconductors being inherently temperature senéitive
temperature stabilisation or compensation meds to be provided,
In the function generator referred two temperature compensating
elements are provided, one to take care of temperature dependent’
collector leakage current under cut-off eonditions, and the
other the base emitter voltage VﬁE although assumed constant
is temperature dependent, which has the effect of shifting the
input voltage ®_the entire chain.

4.3.3 Linearising amplifier

Thermal flow meter used in physiological and pharmaco=-
logical research are based on heat convection, which means that
the temperature difference between the measuring and compensa-
ting device is related hyperbolically to the flow velocity>-. -
In this case linearisation will bé necessary to obtain a direct
reading instrument. |

To measure “the _tgmgeratuz;e differenae befween the heat
‘convecting element of the flow meter and passing blood two
matched thermistors are mounted as adjacent arms of a bridge
change in temperature of the oonvecting element produces a
directly proportional variation of the output of the bridge
éepené;ing on 'éhe sensitivity of the thermometery. This is
approximately 4 7, resistance change per degree centigrade.

The bridge is fed by a pulse generator so that heat
production in the thermistor is considerably reduced. The out-
put of the bridge is amplified and 1inearised by an antilog



operator followed by a peak detsotor,

The log and antilog sxplifier mmke use of the spproxie
~ mately logarithmio relation between current and woltage in a
senicontuctor p n Junotion®® whioh s given by

_ v/
i = l’-a » 4 I° (4»12)

Ic » tamperature dependent torm related to revorse bias
ourrent.

v = temperature squivalent of voltage = K2/Gy » %/11,600

9 w is sn enpirical parametsr related to device composi-

tion having & value o= 1 for Ge and 2 for 8i.

~ Such a Junstion either of & diode, or of a transistor Q,

. with its base olirouit grounded is used in the Loed baock path

of an operational amplifier A, to get a 10k function. To
provide tepsratuxe compensation the output of this smplifier is
connepted through another siailar transistor Q, %o the input

of a second operational amplifier A, with & bdass Diased through
a temperature ocozpensating resistor. In the sntilog oirouit the
position of Qy and G, are interchanged Q, now is in the feed
back part of A, and the grounded bDass transistor Q4 is connsoted
to the input of A,. %he output voltage

v « 0log”' @ v/ Ye)

for the antilog opsrator. Vhexe v, is the output of Ay
#e ».::'. n "» “" 1n
D = Ainput divider frastion



A

Y g ® Vemperature variation term appearing in the input
voltage V‘in.

The antilog operator used in the flov meter referred ¢o
i» Phildbric Jexus 4350 type.

4.3.4 Bimple operational smplifier oircuit

Fig. 4.14 shovs s single operations) aaplifier used
with e differentisl input and & common reference voltage. Ry
is the thermistor used to measure teuperature. With thie
mnmmnt“ one side of th- thermistor csn b grounded and
oleotrically insulated from the heat source being measured,
The output voltage e, is given by |

o = E(1 ..E%:_,; /O Ry (a8
whege X = Mq
or e, = B (1R, &/ A™FE)/(1 ¢ p/ APE) (4415)
e, = E (1~ (xe1). ceP%) 7 (1 « e™F) (4.16)

Equating the sscond derivative of €80T/ 1+ gePT
which is independent of X to sexo

€% - /0 (4.17)
indtoating that a given BT fixes the valus of O, Purther this

funotion oan be made linear over s range of walues of I, and
the output voltage squation (4,15) will be linear with wispest
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to T over this raoge of B%. By this way linear temperature
10410ation has been obtained over s rangs of 10 to %0%

4:3.5 J.PE.2. Linearising oireuit
The outpus of A transducer of the form
B, = ot ow? (4.18)
oan be 1inearised? 17 voltags controlled resistor (VGR's)
are used in the feed baok amplifier cirouit when the output

6, = Y% {4.19)

for the input given by eqn (¢.18), fbﬁ avcessary conditions
for this is

Rg/Ry » [ 1 e(b/av)e,] | (4.20(
when b/a 18 positive ( b, & deing constants ), sad |

Re/fRy = [V = (b/av) e] C (4e29)
when b/a is negative,
p ~ chanmel J.F.E.I's are used 20r +b/a and n-channel J.F.E.T18
are ussd for -b/a.

4.5.6 Amtable lﬁ“!:-]_'_';t[ vitrator bridge

The use of maltividrator bridge for measuremsnt of
tomperatiure of temparature differences has sdvantages over
the conventional methods in that sennitivity and linser range
‘of operations can be increased constdersbly®’

In the usual astable mmlitivibrator oirouit ths pulee-



dupation o interval can be combined by a change in either
RqsCys By or G, . If Ry = Ryy €y = O, the pulse time is given
by -

8y = ROy 108 g2 = $, = R0, logy? (4.28)

where a emall chenge ocours in avy of these components RyRy, €
op Gy ¥4 will aiffer from ¢, by At. A high impedance d.o., =~
voltmeter conneoted between voints A and B gin indieate a

small out of balance voltage ¢o. IfE. isthe amplitude of the
square puloe

0, = ‘S( t2 A) Bt - EAt (4.23)
2¢ + At 2t + 0t

t being ﬁapenﬂenﬁ on AR oxr AQ

L “E AR EAGC. | » ‘
°  “oRaR T 26+ 00 (4.24)

If R, or R, 15 substituted by a non-lincar resistor, it was
found to introduce a curvature into the calibration of opposite
asrection to that due to the natural nonlinearity of the bridge.
iteelf. As a resull the output of ¢the bridge is proportional to
temperature over a much wider range than a linsar vepistance of
similar zesiauvﬂy.‘ |

| P.7.C. sonsiStor, 541icon transistor and Germsnium tran-
sistor have each been substituted for Ry or Ros the tramistm;
in the open base oonfiguration, Sensitivities of 73 mv/%¢ for
P.T,0. resistors and 83 mv/°C for silioon transistor (2N3638)
from 15 to 40°C and 650 mv/°C for Go transistor over an 18°¢C
have been reportsd (fig.4.16).
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The disadvanteges of the transistor are their
bulk and the large time constants of 20 s or more, whioh
lioits their applioation to slowly varying tempsrature and
for zesmarenments of tamperaturs gradients,

As xiveady stoted, linearity is achieved over a
1linited range of temperature., G(reater linearity has bdeen
obtalinsd by linearising ths astable multividrator around the
point of its iaflsotion, the oondition being®t

ROy « OgRy (8= 2%,) / (84 21,)
This gives for output voltage at inflection point

Vo * Vp( 2%o/B) .
At the point of inflection, the a.m.v bridge is unbalanced
having output voltage independent of bridge element relations.
At the iaflsction point the sensitivity of the a.m,v bridge
is twice that of the wheat stone bridge and thers are only
twvo adjustable parameter Ry G4 and R, C,, the two time constants
s &2 An this onst, compartd to four elements in the Wheat
1stone bridge,. |

4.3.T Fonostadle mlti-vidbrator dridge

The monostaoble sultividrator bridge (mmbd) with constant
triggering pulse frequenoy has s linsar resiatance voitégc
charaoteriatio, Pecause of this roason a Mosar tsmperature to
voltage oharacteristic could be obtained if thermistor with
linearised taxperature resistance charactsristic is used
{parallel oonnection of passive rasistor with thermistor).



The thermistor m.sm.D with constant triggering pulse mﬁn‘mf
represents o simple linear temperature to time convertsr.

If the triggering pulse for ths m.m.b are cupplied by
a linsarised np‘: f.¢, by a linearissd tsmperature %20 freque
enny converter still higher sonsitivities could be odtained,

The mmd iinearly measures frequenay deviations of the
triggering pulses Xt's sensitivity is higher than the aud ent
the mnd with counstant trigegering pulse , The temperatare-
voltage: oharactsristios of thease bridges are ghown in f£ig. 4,17,

4.%.8 Complemsntary multividrator

- By using thormictor in plase of the resistanve determ~
ining frequency of the complementary multiwidrator’® temperas
ture and temperature 4ifferences oould u' oonvertsd 4irscsly
into frequency or time, |

Fige 4418 zhows a complemsntary astadle mltividrator
_the frequenoy of which is oontrollsd by the hm::ntmv sensi-
tive ocurrent generator consisting of transistor Qy and thermis=
tor network Rg(%) o The thermistor is linsariscd by the nete
worits The conversion of temperature (T) to frequeney (f)
snobles digital resdout Lfoaollity which is slowly dut steadily
displacing the analogue readout. |
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4.4 COMPARIGON

Various techniques of linsarisation of the sensoy
Ateelt invariably of she semiconductor thermorssistor -
thernistor has been dealt with., IXa certain situations where
. the opsration is reatricted to a limited rangs of tenpersture
thess teohniques could essily be applied with the ooncemt-
tant simplicity in oirouitry and economy. VWhere the range of
operation 1o wide, greater acourmocy and sensitivity are
dwamq& the other teshnique, funotion generator to satch the
total output charactsristic oould be applied, This sppears
to be the most versatile method ap far as analogue signal
conditioning is concerned. The logerithmic end antilogarithuic
operatiors: pould in this light be oonsifered as a speoial
or m&fic form of funotion geaerators. All thens techniques
becoms perhaps absolete in the charisma of the Mgud techw
nolngy which is fast replacing analogus teohniques of display
largely dus to computer facility and eane of interfacing with
it bemidss the moxe psychologioal satisfaction of dessling
&iﬁeeﬂy with mimbers rather than positions or lines. In this
context the multivibrator bridges oould find greater applicas
%ion a8 the output could be obtained in the form of pulses
and the mqsxa'uoy ocan bs countsd by an tlcctrthn&o ‘eountsr, or
aigital display for the specific purposs could be bullt in
dmc;t:w with out going through the prooess of A/D conversions,
In spite of e&u it appears the analogus system could not be

thrown oyer bBoard as s$ll the utm of permanent recording



in easily recognisable and direct access form is the strip
ohart recording may be '/i1. ink or inkiess type. Although
other system of recording such as tape or nioro film is

possible the sawe oycle of conversion back has to be gons

through to make the data available again, with agoidental
ioms deing p?r-hnpa & salisnt faature, |

mmﬁy the ochoice of ttu partioular inearising
technique 4s dictated Dy the reguirements of the mssamuring
eysten and for all that may neséis not to de resorwd to.



5, IEVBIOPEESRT O
THERMISTOR FLOYIGETER

5.1 INTRODUCRION

Basic vorko 0 faocilitate ¢ho dovolopment of thormiotor
flovmetoy have bdeen avallable, A thermietor Llovmator dovelopod
for the meesuromont of blood flov and cardias outrut hao boon
- peportsd, Hore a silver tudo 48 hoated Dy msane of a heating
coil snd tha Shormistors constituting ﬁ\m arms of o byidge
'oirous.t méanre the temperatuxre difforence betwoen the heated
Dody and ¢he passing bloofi. The thermivtors aot as Gigforentiel
 ¢temperature  thormexotor, The brifge is sﬁppued with pulped
voltege of fixed amplitude end the curvont through tho thermioce
tors 1e 1linmited so that celf heating is nsgngiileo Tho povce
ﬁies&paﬁc&, in other words 1o limitod to o Low miorowadio,

In other cares the ambient fluid tomporature fiuneduation 4o



eliminated by establishing the relative fluid velocity by
rotating the thermistor probe in a dewar bDottle containing
the 11quia®0 or by passing the 1iquid at constent temperature??
through a pips wherein the thermistor prode is situated. These
ohviate the mved for sslf compensation Gue to ambient tempera=~
ture variasions,.

In other thermal flow metor also it appears compensation
for tempcratun changes of the fluld is not provided, Yor
example, in the capee of velocity measuvement fin air using hot
wire anemomster, the probe meagures the stresm velocity and
the tomperaturs at the stagnation point is seperately measured
anﬁ corrections applied or welooity is obtained from gmpha
or tsbles for given temerawm changes,

The probdlem of eelf compensation becomes more acced -
matée‘wben theratators cre used in the aself heated mode |
compered to the i.mii.rmtly heated or non self heated :ﬁo&ea
(es in thormmtry).

If2 a thermistor flow metexr is o operate successfully
ani én a contingous dbasie, 1,0, if iV is to become an effective
competitor to the conventional flownmeters, it ie important
that $ts infication be true under m:mﬁaal conditions of |
operations, This ifimplies in other woris that'rexoranée to
graphs and charts or periodiocal oalidration benct muomﬁ too
oftsn, JYor this xoqnm“jnt self compenmation for £l
tenperature fluotuation is necessary. PMurther the fiow rats



D
~2

has to be direct on an indicating meter and be susceptidle.
to  recording and or time integration for purposes of flow
totalisation.

The wiqcltxqé encountered in practice are rather
large 5:4 flow 18 invarisbly turbulant especially in pipe
or pressure 110ws where Reynolds mumber is of order 5::_105,
ox gria.tér'. Laminar flow is ravely encountered { Reynold
mumber < 2400). The data sofar aveilable has been in addition
to the reatriotiona on ’bﬂptraturé, been 11m1t-ed to a max~
$mam nqum veloeity of 75 oma/aec.

‘In this chapter an attempt is being made to furthy
extond the operating range of thermistor flowmeter and
Lincarise it to give output directly inm terms of wvelooity.

5.2 ERINCIPIE: USED:,

A -bead thimhtoz-. is ‘self haaied by the passage of
current through it to a temperature higher than that of
the nquu media, in which ‘the velooity cr flovw measurement
is to be mgde. Due to the flow velocity the heat from the
therma.stbr is renmoved, its temperature reduces,therefore 1ta
resistance inoresses, This increase of resistance changes
the current through the thermistor and the voltage aoross it.
By measuring one of theee and calibrating the probe for a
met of eonditions it is possible to measure flow velocities
in other similar situations. ” ' |



The heat from a heated body, placed across the flow,
(thermistor) is mainly removed by forced convectiont! and
the amount of heat removed depends on the difference in
temperature between the thermistor (or its encapsulation : -
surface) and the flowing liquid, the thermsl conductivity of -
the fluid, and certain nondimensional pmmure@ as
Reynolds mumber (R, ),the Prondtl mumber (P.), end the Nusselt
mumber (N;). A theoretical caloulgtions of the flow velooity
and heat transport relation is quite complicated and there-

fore it has not been attempted here.

- The thermisitor probe ie oalidbrated instead , under
different fiow conditions and emblent temperature variations,
to evaluate its performance. Bamid on these results signal
conditioning is attempted to provide an indication of flow
velooity directly. The objeot is ¢0 achieve flow measurement
as simply as possible. Further the measurement is limited to
average flow velocities, Rapidly fluotuating or instantaneous
turbulant flow velooities are not considered Deceuse of the

- relatively large time constants of practiocally all thermistors.
Ewen for this it is advantageous to have thermistors with
short time constant g0 as %o respond to slow vsriations,

The 1iquid that flows over the velooity sensing probe
aleso flows over a temperatuvre gompensating thermistor around
whioh a stagnation chamber is created so that it is not
subjected to flow velocity, thus providing compensation to
fluid ambient temperature change ,



' 5,3 FLOWMETER SCEMATICI,

Pig. 5.1 shows the dliook sohematic of the Llowmetsy.
A thernistor probs introduced into the flowing fluid unbala-
noe @ bridge snd its cutput e, &8 given to an amplifier which
raises the voltage level suitadle to feed in the linearising
axplifier, The linearising oircuit alss amplifies the imput
signal v, and its ocutput 1is fed to & wmoving coil voltmeter,
whioh resds directly the welooity. It can be soaled ¢o
read flow directly provided the aresn of crossssction of flow
and s ssotion is created where at velooity distribution is
uniform.

5.4 SENSOR!.
5:4+1 Thermistor Selection,

The thermistor is self heated and plsced in flowing
water to measure its velocidy. Due %0 velooity of flow the
heat is carried away by the iiquid, The quantity of heat
generatsd should be such as to dsvelop the thermistor temp-
srature to a particular value for a particular velocity. In
other words emperatare drop mast b a funvsion of welooity.
The heat developed in the thermistor due to flov of ocurrent
is given Yy

q, = 4%, vatts 5.4

= 0 1%, heat unite N 5.2
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where R& is the themistoxr resistance at oumnt  §

aq is a conversion factor for electrical powexr to

heat unit.

The heat transferred from the heatsd thermistor, the thermi-
stor being considered as a oylinder of diameter (D)) and
length (L) is dependent on Nusselt mumber, Prandtl mumber
of £1u1d P_, and Reynold's mumber Ry, where suffix D here
stans for diameter of the thermistor outer moet heat con-
veoting surface. ‘ |

Thene factors are related by the equatﬁ.cﬁ%

D , : :

~+§£-~ - x’ Rmm - Pﬁn 5.3
R _

where ﬁc = heat transfer coefficient.

K, = thermal conductivity of the fluid at mean film

temperm.m L

Prf = Pranitl minber for the fluid at T‘n

X, m, n have values given in the table delow «

R@'x B m a

041 =50 | 0.9 0.385 0.51

1 50 = 10,000 | 0.60 0.5 0.3
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From this relation the heat transfer coefficient as a function
of velooity can be obtained. Caloulate the quantity of heat
required as a funotion of velooity and thereby determine the
range of current for the given velooity rangs of interees
from equation 5.2 and 5.4, Thus

@ = 0 v/Zm Ve 5.4
Cor q = dﬁ' | | 55

| From 5.4 1t is evident that the oylindrical surfaoce Dol’a
proportionately effects the guantity of heat or power. To
. 1imit this within reasonsble limits and thermistor ratings
DL hogs to be reduced to the minimum. This is also a function
of Ry and smaller R ., the smaller is the quantity of heat
required and power dissipated. As a rough indication for
bead thermistor of dlemeter 1 mm and length 1 nm the power
required 18 210 ¥ for a velocity of 0 = 05 m/s as shown
at A 3,

As thermistor of the roquived dimensions could not be
procured, experiments were condncted with an available glases
encapsulated bead thermistor

5.4.2 Thexrmistor Specifioations

Type = Glass encapsvlated type BA21XS
Material constant « B = 3000
~ Powsyr 4issipation = 0,06 ¥
| Tsmperature = 200%
Resietance Ry = 1500 & 207,



1r2

Resistance in ohme st 0% s0%  100°% 150

3156 6% 200 36

Dissipstion constant « 0.3 nw/°0
Time constent . 5 8008,
Current % P, . = 40 mA,
Threchold voltage at 25°C = 2,2 v

- Thesa thermictors are of the axial lead type. The over-
all length of the glass encepmulation 18 32 mm and dizmeter
2.5 mm with the thermistor bead situated at sbout the middle .
of the glass tube (fig. 5.2).

5.4:.% Frobe Construction

Two types of probes were fedricated, In type A the
thermistor is mounted suoh that it is parallel o the flow
(£1g. 5-3).‘In type B the thermistor is mounted 80 28 to be
- perpendicular to the axis of flow (£ig. 5.4).

| Probe A is of bent dDrass tube of inside diameter of 4 mm
and outelde dlameter of 5 mm, It has an suxiliary tube of

1.5 mm 1D, by 2,5 mm 0.D. With a tip tube of 3 mm I.D. actiws
a8 a mechanical support for the glass tube and carrying the
llnd. This tube is soldered on to the main brass tube through
~the inside of which both the leads are taken out. A small
piece of wery thin brass tube (2.5 wm I.D, x 3 mn 0.D, ) 48
inserted with a cembric sleeve to make 1% £it tight info the
main tube and limit heat conduction. leads are taken out
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through the main tube and the support tube, the thermistor
lesds are soldered to this and carefully pushed in and its
boldy meated in, Wax is melted and poared over the open end of ¢
the support tube ané over the cambric sleeve to form s water
sealant and lead insulation. |

Probe B is also like wipe made. Here the thermistor is
pezpaxiﬁicﬁlnr to flow or along the axis of the main support
tube. Three supports are provided, two of steel rods and the
other a emall brass tube through whioh lesd is taken as in
type A. The supports are spaced 120° apart on the tude éurtace.

5:4.4 Preliminary Studies on the Bensor

Preiininary experiments were conduotsd to de toermine the
thermistor characteristios and chcose the opsrating point. The
thernistor V-I choracteristics is piottad for ambient tempera-
ture in water and in air (fig. 5.5). From this plot a curve of
ourrent Ve Resistance of the tkermistor was derived. From the
resistance tomperature curve of the thermistor its resistance
at a given teuperature is used. From the I Ve R curve at this
recistance value the ourrent is kmown, Thus for any Gemiied
temperature the current to be passed through the thermistor is known
or the thermistor blas current can thus be decided to produce a
certain temperature at the thermistor surface. From the data,

. the over heat ratio, that is the ratio of the thermistor tempe-
rature to the woter temperature can be ‘deotded. The heat

transfor from the thermistor to the water depends on the difference
in tempcrawre betvednthese two and heénoe ihe velooity measurement
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rangs.

A bridge cizouit is assemdlied consting of Wwo thermietors
in sdjecent arms. The texperatures oz' these thermistors are
varied by using a constant tsmperature dath, Por various
difference in temperature the bridge ocutpnt Le shown in £1g.5.6.
The peximum tempsrature to whioh the thermistor have deen
 exposed 1w 740, For the same Gifferences in temperature but
different saference temperatures, the bridge outputs agreed
010861y with the ourve #i:5.6 42 not cotnoided.

548 LISSARISATION

The actusl velooity Ve bridge output curve could not be
obtained for reasons alrealy nentionsd, Hence for the purpose
of completing the flowmeter, a curve of the typs shown in
2igs 5.7 is asmumed for the welooity Ve bDridge output voltage
réelation on the basis of the previous 'workl: and the ourve is
inearised.

The prinoiple of the diode funotion genarator has been
desorided sariier in section 4.3. Hire a five segment diode
function gemsyrator is designed ¢to give the inverse curve of
that shown in £ig. 5.7 and dsnnhﬁ, assuned linsarising curve
fn £ig. 5.8, Ia the region O = 1 w/s in £1g 5.7 the slope of
the curve dep/8v is large and in.» linearising curve this
slope mist D8 smoll 80 that the resultant of the Wwo is mid~
vay betwasn these two curves, In the same mauner the alope
required at other points are deternined and fixed dy the resistor
network. |
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5.6 OOMPIETE CIRCUIT OF THE FLOW METER

The complete flow meter oiroult comprises of a Wheat
Stone bridge cirouit employing thermistor in one arm (£ig.5.9)
or two thermistors in aijacent arm {(£ig.5.10) incorporating
temperature compensation , a bridge supply, bridge amplifier
and linearising amplifier (£1g.5.11).

5.6.1 Bridge Supply

The thermistor dridge used is tha‘é shown in £1g.5.,10
1.6, the two thermistor temperatuve compensating type. The
bridge is supplied through a conetant ourrent source.

This constant current source (fig. 5.11) consists of a
transistor Qi, an emitter resistance comprising a fixed value
resistors R4 to 1imit the maxizum current in series with a
variable resistance R{2, s0 that ourrent in the range of 5
0 S0 mA could be supplied to the bridge. This transistor
base is bissed through Ryp and zener diode Dy, so that the
base bias remains constant for small changes in the supply
voltago.

5.6.2  Bridge amplifier

The bridge emplifier consiste of an operational amplifier
A4 operated in the differentianl mode, to which the bridge
unbalance ¥oltage is conneoted, The gain of this emplifier
is wet . decided by R, 4 and R.". This amplifiexr output is thus

Ry | |
( oy~e;) ?é- ® ¥,» This is tho voltage applied to the

1inearising amplifiers . The dridge output for temperature
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difference has been obtained as shown in £1g.5.6

5.6¢3 linearising amplifier

The baeic linearieing circuit has been deseribed |
earlier. This linearising ampliffer is a network of diodes,
diode biasing resistore and slope deciding resistors. The
diodes start bonﬁuctﬁzg in succesgsion when vy excludes the
diodes reverse bias, The linearising cirouit is a five peg=~
ment diode function generator.

The linearising curve mecessary for the assumed veloocity
Vs output relation is shown in fig. 5.8. Points 1.2...5 denote
the position at which slope for the linearising cirouit are
determined. In the oircuit the slope is determined by the
ratho of 315. E:}%.... %0 Rz'fs’ﬁi and the corresponding’ hroék
- points to these positions are decided dy the chain of
resistors Rycy Rygeee. B.24. These are in all 5 dicdes, 5
break point resistors and 5 alope resistors in this 5 segment
funotion generator.

For the output me‘bar 8 milliammater oconverted to x'ead
0 - 5 volte :mll soale is ussd.

' §.7. TEST RESUL?

Some of these results have already been pmaenﬁd.tn
tzg?S.B is shown the V.I. characteristics of the thermistor’

In fig. 5.8 is chown the curve obtained for known inputs
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at the linearising amplifier 3.nput. The ourves differ
slightly because of the deviation in component values, The
curve is smooth and without sharp corners that are prﬁeant
due to eegmentisation on account of the cut in part of the
diodes being not sharp and well defined as in the ideslised
diode chapaetexiatia, which is all the more better for this

purpose.
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6. CONCLUSION

© i
avag

In the preceeding chapters, a surwy of various types
of conventional flow msters some preéssure messuring devices
and some not s unconventional flow measuring deviose, their
range and spplications have been dealit. The muzber and types
of thess devices deslt with are quite large but is not likely
to be complets '

The thermal flow meter of ths hot £ilm end hot wire
Aype and the grid or foi) type®® wvhich is an mlternative to
the hot £iim type of devios deing more rugged and less
susaptible to burn outs have deen mainly Antsnded for ges
or air flow studies, The film and the foil type have beaen
tried on 1iquid flow measurement But not found satisfactory.
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The scnsi:tivity of theraistor 10 flov velocity and
fluid temperature fluctuations and their limiting values
have been drought outs Linsarisation of the nonlinear oute
put oharastsristics have besn considered.

A flow probe using thsralietor was constructed and
assuming hyperbolic velooity output relation this 'ch-mp'ur—
$8tic hed been limearised bLased on piecewise linsarisstion
through funstion generation using diodes, It is pomeible to
sdjust the slops and cut-in points by introduoing presents
in seriss with the resistors determining the break point (r's)
and with siops deciding resistors (R) (fig.43), and aleo
have sither positive or negative slopes. Thus thés technique
of linearisation could be applied prmttenly to any typo ot
output curve to obtain linearity.

Theraistors have been used to méasure low welocities in
‘the laminar region. The aim hers has been to extend this to
higher velocities and also to turbulant conditions of coures
not minding the low fregquency response of the %Mswr

: In the 1iterature citeld, wlooity measurement appoars
not to have been the prime purposs, but measurement of teap-
srature at various levels as the probs was lowered at a
certain speed into the ooean in ocosanographic studies,

It 48 fLelt i'f thermistor are to be successfully applied
to velocity measuremsnts, other techniques have €0 be' triéd,
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In this ocontext it is poswsidle, nncomﬁng oxide f£4ilm
deposited on a ceramio subatrate, 1like ths hot £ilm prode,
and glass coatsd, may b in a position t0 measure fluctu-
ating fluid welooities more succemafully. 7The dinensions
have t0 be quite small in order that R, is small and the
power requirements are with-in the thermistor ratings.

~ If only commercial thermistor are to be used, the mallest
available should be examinsd from the point of limiting
B.p for the values | of ﬂlo#“iu t0 e em&nhred,

For temperature conpensation it is not nscesmary to
~use an identical thernistor as the welocity measuring one,
‘but one having similer temperature coefficient of resistance
~ as the velooity seasing thermistor in ite opsrating range,
‘which need not be small unless the teuperature fluctuation
of the 1iquid also axe xapid Which An prectice 1s not likely.

The future course of work, henoe, profitslly could
be Gevotsd to thin Film thermiator dsposition on ceranisc
substyrate and temperature compensation through a comeeroial
therntstor. After sll innovatlon ie the oald of times,
If the time constant could be effictively reduced to a few
ailliseconds or :.uj. this could prove Ltmels to be a very
useful flow study device. Direotional mensitivity could also
be achieved Dy depositing the thermistor on a ceramio
substrate. These meamires it is feli could reduce if nod
eliminats the short falls of the thermistors in fluid flow
applications, Further by anicytng one 62 the multividbrator
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bridge circuits and freguency counting or voltage to
frequency conversion of the bridge cutput voltage e,
and frequency counting the current trend towards
digli.ization and 4igitel readont can also hHe met with,
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APFENDIX

A

APFENDIX w» A1

FLUID PROVERTIES/ SERMIRCIOOY

Some of the teyms and noxnmhtxu used in conneotion

with £luld flow are given below :

1. Mass density is the mass per unit volume and is

geaerally denotesd by
Yoes

€ - Volume

24 Weight Gensity or me&ﬂc weight 18 the weight of

fluid mass per unit volume and is denoted by or

Weight of fluid »

- ' o SRS,

Volume of the fAuid v

- where g = aoceleration due to gravity

|
c—a—b.‘
i
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- 1Y Viscosity is that propexrty of a fiuid which resists
relative motion of its alijacent layers. The relative velooity
between adjacent fluid layers introduces shear stress £,
which is proportional to the welocity gradient, dv/dy

The shear stress = 2, u,a,%;".

Hexre 4 As called cosfficient of viscosity or simply viscosity.

4.  Kinematic viscosity is the Yatioc of the sbeolute visco-
sity to the mass density and imw denoted Ly

- Y. «
v ¢ w/lg

Both 4 ») vary with temperatuxe

5.  Reynolds mimber R is the raiio of inertia forces to
vigcous forces, It is en izportant non-dimensional mamber

R e Xl
n =

where v = wlocity of the fiuid

4 = significant digensions

7 = nmﬁtzo viscosity
The dimensions of importance in case of thermistor in fluid
path 4is its diameter and the Reynolds nmumber 4o RnD"

6. Laninar or viscous flow is on® in which fluid particles
BOvS in layers or lsminse and there i8 no exchange of particles
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vVetwesn adjacens laysrs. The flow of finids in pipe when
R, 18 less than 2100 is laninar,

7. Turtnlant £low is ons wherein the veloocity varies
from point to point in the flow path in both direction and
magnitude and from instant to instant. The flow of fiuid in
pipe vhen R a ¢ grenter than 3000 is turdulant,

8. Bernoulli's theoren §

The total sanergy of a flowing liquid comprising of
kinetic energy, potential energy and elevation ensrgy remains
constant, e

.,

Considering two points 1, 2 in a flow path, where P,
v, & denots yespectively the pressure, wmozty and slevation
the Bernoulli's squation is

Py vy® 73 v
. + : + 3 = gt g e oy O
v Py " %e 2+ hy

where hyp 48 the loss o2 hesd Detwesn points 1 ad 2,
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HEAT TRANSFER

Tiow msasurement using thermsl techniques depend on
the heat transfer from the heatsd sensor, eithsr wire, filn
or the thermistor to the surrouniing body. This heat transfer
the met important being conveotive heat transfer as far as
liquids are congerned is governed Dy the heat transfer coe~
fricient batween the heatsd dody and the surrounding fluid,
Some non-dimensional moders of ifmportance in this xegard are
given below |

Basselt magder (M) is the ratio of the temperature

gradisnt in the fluid jmmediataly in ocontact with the surface
to a yeforence temperature gradient

LR Y
wvhore L is a significant dength
Le 4o the conductivity of the fluid at mean £ilw
tomporature,
Prandtl mmder (Fp) is a funotion of fiuid properties,

It ie defined as the ratio of Kinematic viscosity of the fiuid
t0 the thermal 4iffusivity of the fliuid

?xu » 1)

L

)
where g is the thiraal diffusivity of the fiuid or the molecular

diffusivity of huf = Rg/op
where ®p is the specific heat at constant pressure

M = f(nnnlrz)
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THERMISTOR SELECXION QUNSIDERATION

Considering a mcmtstm; bYoad of diameter (Do) 1 mm,
length (L) 1 ma with glass encapsulation and uniform surface
tepparature, neglibidble conductive and radiant heat transfer,

uw -&iv;& - Ee nhnat Pﬂn A Yot

Further sssuning Rnn in the range of 50 to_ 10000,
n=05 ns= 0,531 and X » 0.6

Let the fluid temperatizre = Tx = 30%

Let the bead surface terp, » Ty = 60°C

Zhe Adifference ia teup = T = %0°

Zhe mean £ilm temp, = 30+ 80 | o
g w45°C

At this oean temporatare X, » 37

q ® ho , 4, T, hest units/hir A 3.2
Bo e Ko Ke /2, 3)‘»1/'2

—— , o3
Dy V72 et
- E. Kf rﬂ&ﬂ

¢ - — ) ( Ty2
v /2 Do ! A 3.3

at a given texperatuye Koo Pﬁ, 17 are oonstaat so that

ko = 9 ('%;)1/2 A 3.4
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1/2 ,
and q = 02(33") 8 D,.L. 4T or

a = o o 1/2 DOW L ar, A 3.5

here 03 includes a conversion factor to the electrical power
in watts required. It is clear q 1s direotly proportional
to D, 4 2L for a given veloelity..

Hence the conolusion that D and L should be as small as
possible to 1imit thermistor power dissipation

- For the: example consideéred

g = 308 {v watts

For a velocity of say .5 m/e power required is

q = 0308 VQS e ¢21 _or 210 mW.
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