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SYNOFGLS

This dissertation deals wvith the 'd'uign of various
types of electriesl pressure transducers (Resistive,capacitive
induetive and plezo-cleetrie) for above atmospheric pressures
end the design of the associated alectronic instrumentation
system,

Three types of electrical presmre transducers
(strain gange, capacitive and LVDT types) have besn designed
and developed for measurement of very low wind presmres
(range s O to 70 cms, of wmtor), A4 measuring instrument has
also been developed for uss with the sabéve transducers,

‘The special featurs of strain gauge typs 1s use of
four active strain gauges in the arms of the bridga cireuit
in pushepull mode, These gguges are cemented to secnse maximm
bending stress, It is shown thls method improves sensitivity,

Capacitive typs 1s comined with strain gauge type
by fixing two additionsl clectrode platesx one on osch side of
the same & aphragm on which the strain gauges are cemented,

‘Tha special features of LVDT type is dovelopment of
mifinture LVDT ymit wvith null compensating arrangement,

A1), three types of transdicers wore axperimentsglly
tested and found that the response were linear, Performance
ofLWT type was found to be better than the strain gauge and
capacitive type transducers,
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CHAPIER - 3

LNTRODUCTION

A transducer 18 defined as a sensing device that
converts physical phenonena and chamiesl composition into
electrie, pheumatic or hydraulic output signsls for the purpose
of measurement (1), In the present work clectrical pressure
transducers are understood to mean devices which convert input
pressure into eleotriesl output signals, thelr output/input
and output/time relationships belng predictolle to a nowm
degree of accuracy ab specified operating conditions,

Electricsl pressure transducers consist of mochanieal
sensing elomont and electricsl transduction elemonts(2), This
feature calls for expertise both in the mechanical and eleotri-
cal flelds for the design and development, Electrical measure-
ments offer the adventages of simple indicating, recor:
telemetering as well as informgtion processing and als::;‘ramug
to the computer, ,

For very low wind pressure measurcment (in the order
of 0 to 70 ems of water) in moat casos mpnometers are used,
Eleotrical signal in proportion to pressure is needed in many
instances., Thus there 1s necessity for cheap, accurate and
reliable pressure transducers in order to clectrically measurse
pressure, In this work wind pressure measurement was kept in
mind, The design methods given in this work can be applied to
other flulds also with suitable modifications.
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The working principles of most of the ¢leotrical
pressure transducers are wall known, but the design and
fabrieation presents enommous difficulties especially where
precision and severe environmental conditions are involved,

In the present work design and fsbrication of commonly used

eleotrieal pressure traunsducers (resistive, inductive, capa.

oitive and pslmo-electric) are disoussed in detsil as per the
following proecedure:

{(a) To present the design and fabrication dotails in a convene
ient form to enable the design of clectrical pressure
transducers most commonly used for varions aprliestions,

(b) To design and fabricate the followlng preszure transducers
with the associgted instrumentation for wind pressure meas-
urement in the range 0 to VO cmx, of water s

(1) Strain gage type
(41) LVDT type
{1131) Capacitive type

(¢) To test and calibrate the sbdve three types of transducers
experimentally,

(d) To give some typical examples to show the various applice
tion posgitdlities,

Tis work is divided into five chapters, The second
chapter deals with the design of pressure sensing clements
(bourdon tubes, membpanes, thin plates, capsules and bellows)
and trensduction elements (resiative, inductive, capacitive
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and plego-gloctrio 4including thelr sub.types), A number of
design aquations are developed and some fabrication detalls
are also included., The measuring cirecuit dotalls for sclsct-
ion and dnsign;\i} also discussed,

Thé third shapter desls with the desipn, fahrieation
and experimental testing of straingauge, LVDT, and capacitive
pressure transducers developed for wind prossure neasurement
(range ¢ 0 to 70 cms, of wator), Details of tho measuring
instrument developed for the aiwve purposé are glso given,
The special features of the transfucor and tho measuring inst.
runent sre oxplained. Results of the experimental test are
disoussed, | |

Considorations for various applications and some
typleal examples of applications asre included 4in chapter four
vith a view of showving the various application possibilities,

P42th and the last chapter contains the conclusions
and seope for further work, It is concluded that the LVDT
transducer performmence was observed to bs beotter than the
strain gauge and aapaoitive transducers,



PREGSURE EENSINO ELEMENTS | |
Pressure sensing elements are made of metals, Elastic
stresses appearing as a Mt of elenent strains balance the
external pressures. The most frequently used pressure sensdng
clements avre (3) s
1, Pourdon Tubes
2. Membranes
3., Tiin plates
4, Capsules
Bourdon tubgs are fubes of non-siveular oross seotion
coiled into a circle or spirel. The differonce bdotween the intexw
nal and external presmres cause a deflection of the closed end
of the tube constituting a messure of that difference.
A membrane is a flgt or corrugated shest metal (usually
& disc) fixed around the periphery, The deflection of the memby.
ane 13 a measure of the differsence of pressures acting upon both
membrane sides, Its atiffmess to bending forces is neglected,
Thin plate 1s asimilar to membrane bHut has thickness
which modifies the properties as compared to membrone. Stiffness
in bending is considered,
Two membranes joined along their edges coietitnte a
¢apsule, Menmbrenes and capsules are very sensitive slastie
neasuring elements used mainliy for the measuromsnt of low pressures,
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Ballows are thin wvallsd tubes with corrugation rings
perpsundioular to the generating line, Ballows deflection depends
upon the difference betwesn intemal and external prescures., The
range of application depends upon corrugstion ring numberymaterial
and dimensions of the element, |

Figure 2,1 (a)-(h) shows a selection of presgure und.ng?
elements schomstic diagram (2).

1 Separal Features : Figure 2,2 shows the relstionsidp of effect.
ive pressure p and the deflection £ of a selected point of the
eleoment (3), In bourdon tubes this point 1s situated on the tude
free end and in meubranes, thinplate, capsules and bellows on
the axis of symnetry,

Sensitivity of the ciement is defined es the ratio
s =45 « tan o ', Bourdon tubes and bellows have s recti-linear
chargetoristic and therefore 8 = constant. Membrane and ¢apsule
eharacteristies are mostly curvi-iinear sdth variable s.

Thc phencmena of hysterisis and elastice retardation
océnr in pressure sensing elemonts a8 in springs. In measuring

characteriatic for rising pressurw snd that for the felling pree-
sgure and thus different defletion values correspond to a given
value of pressure. The result of these phenomena will be the
instrument indication orror, c¢alled the error of hysterisis,
To redice it elastic measuring elements are subjected to a stae
bilisation process, Hysterisis index isgiven as

aﬁzloeﬁwhem £, is the maximm value of
% T fh i imms value of hysterisis



and £ .15 the maxdism deflection of the element, Fressure
sensing elements show a hysterisis index of 0.3 to 2%,
| The temperature effect on the pressure sensing element

mist be taken into account, The defloction of the clement is &
funotion of pressurs asting upon the slement, youngs modiles of
the material and coeffielents depending upon the geomatric shape
and dimensions of the alement. The effoct of tomperature is to
vary the youngs modulus, It may be assumed thst with in the
range of practically cccuring tmpmm ‘varmtzoup wnngi nod.
lus varies according to the linesr relationsitp (3)

By = B, (1 +Y21)

where By ~ youngs modulus at temperature T9C, B, w youngs
modulus at refercuce temperature (20°C), ¥ = thermal co~effi.
cient of younge modulus variation, AT .. temperature variation
-4n relation to referance temperature,

Agditional deflection Afp of the olastic element
caussd by variation of youngs modulus E in conssquence of tempe-
rature varliation results in thermal error of the instrument,
Assuming at temperature T, the deflection f, is rolated dy

2, * %ﬂl while at temperature T, the deflection fp is related

‘byﬂn'fr o %p)_ we have

& ™ h ti‘ YT u;ai; {2.1)
Tp By



P
e for bd tO {-g:) Y Y | 'q'oo (2.2)

substituting By = B, (L +227) 11 oq, (2,2) we have

rr » fﬂ { T +¥o ) qq;; “ee ses (203)
Atfr = 'fat - fo Qn; s 'poo (2-4)
substituting the value of fp from . (2,3) in eq.(2.4) ve get

—¥a
A? T L tﬁ { Y +7ra4 ) saw bew e (2.5)

The relationship in eq.(2,5) is valid for recti-linear
characteristic of an elastic dlement, For the curvi.linear chara-
cteristio, £fp 18 foumd as followss

A curvi-linesr echarsoteristic may be expressed by the
relation ‘

f = ¢ { % )n at"Q 0'0:9 foq:_b ‘3«-6)

¢ and n are constants, OSimilar to above procedure we have -

B o . .
f:r = fu ‘# )n aee sen  ese (2.1

and Afm = fo ((1 '* )‘Jz‘mﬂ """1] sew ese (2.8)

it 18 seen that in eq.(2,8) 42 n = 1, 1t reduces to eq.(2.5).
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Boupdon Tube ¢ 4 bourdon tube 1s colled into a circle and has

an oval or flat - sided m:useaﬁm as shown in Mg.z.s. Some-
times tubes of other cross-sections as shown in Fig,2.3, are also
used, The tube is attachad to & base whlch has a hole connecting
the tube interior with the space where pressurs is to be gauged.,
The free end of the tube is closed by one end plece vhose defle-
ctions ave utilised for trsnsduction,

The ealoulation of bourdon tube consists in detemine.
ing the tube dimensions, its oross-section, wall thicimess, tubde
chargoteristio (1,0, the relationship between effective pressure
end free end displacement) and the acting force, ' The principle
of caloulation of burdon tubes is given below:(Fig,2.4) (3).

The effective pressurs p which causes the aisplacemont
of the free end i» the dMfference between tho prescure py inside
the tube and the anldent pressure p,.

PPy~ Py
After the tube 1s loaded by presgure p, the iniltial colling
angle ¥, decreaszes to ¥ {radian). The tube deflection is
A? » ?0 - v
Displacament of ths tube end may also be axpressed dy movenent
The squation for the bourdon tube characteristic is
approximate but satisfaectory in practieal applications,

Two cases are categorised as followss
Thin wvall tubes - ratto{‘l- 0.8 to 0,7 and

Thick vall tubes — ratlo § > 036 to 0,7

A 2
For thin wall tubunl" P Loy %-(1- ese (2:9)




-

For tidok wall tubes r" =D 1?—-’ (M ) see (2010)

-é--§+x
2P

: ) h t” by N
whare x = ) ¢ x and X are constant paramoters,

Values of X and 3 are given in tatle 2,1. The relationsiip
betweenn x and X 43 graphieally represented in Fig, 2,56, The
analytical expression relating x and X is

x = 1 -—M-—M :‘:"i’b' “ne (gﬂm

C Qosh ¢ 6inh ¢ + Cos ¢ sin ¢

vhamc”vn‘/s‘

x
- | Ay 4
Equations (2,9) and {(2,10) enable caleunlation of V;- ,

The movement of point A of the fres end of the tube
in the radial and tangential directions is given by

Ay ‘ ‘
f” » "w;" RQ (l-c08 ,0) see .ee 'Y {2.12)
IN' 2 | | .
ft o "V;" Hﬂ { ?0 ~ 8n vﬂ) ses e a4» {2.13)
Resultant movement £ =/ £.2 + 1,2 aee ves  €2.34)

For ¥, = 270°%, a value most frequently encountered in practice is

' = 5.8%'?0"

Maximum deflection ocours in the direotion A « Ao This
angle & is given by
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V - a&n? _
. m e - slewosialnonie 0T0O> . ‘leﬁ)
Vg, - amv )2 + (1-‘%:?)2
If the angle §, = 270°, the angle g = 20°,

The forkes acting in radial and tangmmaz. dimﬁans

at the free end of the tube are as mllm ]
For thin wall tubes s

| ...h.. 488 7..’;;_.?."% oo (2.16)

Cos ¢ =

Py = pad Q- 8 ) esd 8 V. aﬁ reey 'F{, " m% Son T (2.17)
For thick wall tubes:
5 8 m (1 X) wx&n“m ees ‘ #9.1} ‘2018)
¥ ¥, - &n vo Cos ¥,
- 8 _
P *8peb (2 -0 i 2 Yo can (2,19)

3%*4@-“%;“3»5% ﬁ'oavo

vhere & and & are numerical ccefficients given in table 2,1,

A bourdon tube characteristic 1s 1inear mtil the
proportionality limit and the corresponding pressure p term are
attained, The mrld.ng range of the tube should be shorter than
the proportionality range so that coeffecient K = i—i:%ﬂm
p max is the maximm working pra#ssure, The value of X 1s talkmn
ag K = 2 in the case of «low pressure variations, £ = 2,5 at
rapldly varying pressures and X = 3 for tubes working at tanpers«

tures exceeding + m%., Increasing the vazua‘ot K reduces tube
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Teble - 2,1 3 Fmerical Values of Coeff}? Bourdon Tubes.
Tube Cross Seetion| £ 1 1.5 2 :l 8 9 T
ELLIPTICAL ‘ | '

Hajor axis = 7a
Hinor axis = 2b}

FLAT SIDED
longer axis® 23
Short axls = 2
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hysterisis., The proportionality 1imit of ths tube rises vhen
axis ratio § of the sross-section is decreased, wall thickness ¢ -
inorsased and coliling radius R, reduced, The proportionality
range can be considerably increased by hast treatment and stabi.
l1isation of the tube,

Bourdon tubes are generally used for measuring press-
ures not below 0.6 k/en®, The upper 1imit of thoir measumng
range dopends upon the material and shape of the tube, Bour.
don tubes are generally made of bdrase, phosphor bronze or steel.
Membrane # Flat membrane has small deflections and sharply curved
sharaoteristics, Corrugated membranes have Xarger deflections,
The shape of the radidl cross section of a menbrane is called
1ts profile and plays a decisive role in determining its charace
toxistios. Introduction of the corrugation causes & reduction
of stresses resulting fmn menbrane tension. The possibility
of obtaining any desired characteristic is a very important
featurs of corrugated membranes, M §.2.6 shows tho merbrene

- charactertstic (3,4),

Commonly used membrane profiles are shown in the Mig,.2,7,
Compound profiles are sometimas used inorder to get the desirad
characteristle, the profile shape in such osses is detsrmined
experimentally,

Hembrane calcoulation consists in salecting the profile,
sheet metul thdckmess, matarial and in establishing oharacteris-
tio £ = £(P) while daflections are computed for the center point
of the membrane,
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hysterisis, The proportionality 1imit of the tube rises vhen
axis ratio § of the cross-section 1s decreased, wall thickness t -
inoreased and colling radius R, reduced, The proportionality
range can be considerably increased by heat treatment and staMi.
lisation of the tube,

Bourdon tubes are generally used for measuring press-
ures not below 0.5 k/em>, The upper 1imit of their measuring
range dopends upon the materiel and shape of the tuba., Bour.

_ don tubes are generally made of brass, phospior bronze or steel.

%,1.3 Meubrane 3 Flat membrane has smsll deflections and sharply curved

charscteristics. Corrugated membranes hsve Rarger deflections,
The shape of the radial cross section of & membrane is callaed
its profile and plays a declsive role in dotermining its charace
teristios, Introduction of the corrugation causes & reduction
of stresses resulting from mewbrene tension. The possibility
of obtaining any desired characteristic is a very important
featurs of corrugated membranes, PFig,2,8 sbhows the menbrene
characteristioc (3,4), | |

Commonly used menbrane profiles are shown in the FMig.2.7,
Compound profiles are sometimes uged inordor to get the desived
characteristic, the profile shape in such esses is determined
experimentally,

Hembrane calculation consists in salecting the profile,
shest metal thickness, material and in estahlishing characteris-
tio £ = £(F) while deflections are computed for the center point
of the merxbrane,
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2,1,8

« 1B

Hembrane characteristic calculated utilising the theo-
retical equations yield ocnly approximate results decause of the
canplicated nature of the prodlem, The deviation from theoreti.
¢al elaculation to experimental values will de with in 10% and
genarally serve for detemining the shape of a prototype membrae-
ne, The final shape of the profile is estadblished experimentally
by modifying the profile and sheet metal thickness,

Table 2.2 gives the design equations for membranes,
Membranes are made of phosphor bronge, beryllium copper,steel,
gornan silver (3,4). They are generally shaped by hydraulic
pressing, Mambranes are stetflised to reducs hysterisis,

THin Flate + The details of thin plates are similar to membranes
excopt the modfication of the charscteristics due to consideration
of stifimess to bending forms, The desipgn equations for thin
plates are given in Table 2.2 (4). Thin plates will not de
having corrugations generally. A diameter/thicliness ratioc of
100 18 prodably the practical limit (4),

Capsule t The capsule Mﬁt joining of two membranes along
their edges by soldering, resistance welding, or curling and
erinping. 7The deflection of the capsule is the sum of the
deflection of the component membranes, Capsules are often
Joined into sets inorder to increass deflection,

Capsules intended for messuring the i ffeprence botw-
gen pressures inside and out side the capsules are called diff.
erential or open capsules, Those intended for measuring abso-
lute pressure have alr resoved from thelr interior, so that the
Teference pressure is close to gzero, and are called closed
gapsules or aneoroids,
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Materlels most commonly used in the mamufscture of
corrugated diaphragms and capsules are brass, phosphor < bronzs,
nickel - silver, berryllium coppeyr, monel and stainless stesl(3),
In the fedrieation of sapsules slectron.boam.welding is now
quite common,

Ballowa ¢ Bellows are used where consideradbls deflections and
rectilinear characteristios are requirved, Bellows senxi¥ivity
8, =% 1 constant vith in the proportionality range (Fig.2.9).
Bellows deflootion caused by force F is given by (3)

B R B Rl E%

vhere £ = defleotion in mm, F = force in Kgy = polssons
ratio, © = youngs modulus of the naterial-in Kg/mz, t = wall
thickness in mm, % = corrugation wave slape in radions
n = no, of full waves, An*‘;"a*”a are numerical coefficients
graphically represented in Fig,2,10 as a function of constant
parameters m = g;:-‘- and K .-% ‘where Rg = external radius in
mm, R, = internal radius in mm, R = corrugation radius,

Ballows are usuglly shaped hydraulically fyrom & ocup
obtained by deep draving, DBellows are someiimes provided vAth
helical corrugation. In suoh oases rotation of bellows around
1ts axis occurs as well as the deflection.

Bellows are usually made of brass, brongze or steel
and are subjected to staMlisation (3),




2' 2’1

i L

2,2, URE TRANGDUCER

Variable resistance pressure transducars may be
divided into two olasses (4) @
(1) Transducers operating on large shanges of resistance,
euploying mainly potenticmeter ciroulits,
(14) Transducers operating on mmall changes of resistance,
mploying nadnly bridge circuits, e
Potentiometer pressure transducers m‘;mow comonly
used trm«gucurs in the first category and strain gauge transe
duoers m’mnt commonly used pressure transducers in the
second eategory. |

Potenticmeter Tvpe » _ ]

Generw] considerstions s The pressure seusing element (bellows,
capsile ete,.) 1ia essentially a spring subjected to deflections

during the application of pressure. The element must de desi

gned to athieve the maximum possible force for a given deflect.
ion in order to overcome spring. forces within the mechanism,

The elements performance doteriorates in terms of
hysterisis, ropsataMlity and linearity as the spring material
approaches the elastic limit, end for this reason deflections
should 1deally be kept to the minimum (5),

To improve resolution the swept Length must de as
large as possible, The premsure sensor is generally manufacte
ured from beryllimm copper or stainless stesl, ocan be an encle
osed daphrage or a capsule or a helieal, spiral or c-shaped
bourdon tubs (6), Contact material and potentiometer wire are
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selected varefully for optimum wear resistance and resolution,

Temperature errors osn be compensated by salection
of materials of chosen coefficients of thermal expansion, Fosi.
tive temperature cosfficient of the resistors are used to elec-
trically compensate the variaticns in the modulus of alasticity
of the pressure sensor material, The fact that the temperature
errors are esgentially those of a mechanicsal nature ensures that
precise temperature compensation can be achloved, Absolute 60C~
uracy of £ 0,358 indluding all errors due to non-linearity hys-
terisis and repsataMiity in the temperature band 0° to 40°C 1s
typlcal on transducers intonded for general industrial use,

The basie design utilised in any pressure transducer
is obviously directed at reducing the fundamentsl errors due %o
hysterisis, non-linearity and repsatabdlity in the pressure
sensor and meechanism,
Wiper-Wire radius » A szall wiper diamoter favours the early
development of flats, A large wiper reduces the precision of
the potentiometer, In fine-wire potentiometers of standard
design a viper-wire radius of 10 vill normally give satisfactory
results (4),
Noiset Themal noise due to random motion of fres electrons is
normally small, ?mczd noise valuss for fixed carbon resistors
are

0.06 v per wolt for 1000 olm resistor
0.086 av per volt for 1 ¥ olm resistop,
Wire wound rexistors are iree from this type of noise,
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Contact noise generated in the viper wire ¢ontact
area is caused by varistion of contact resistance, Contribu.
tors are contact ares variation snd pressure fluotuation espo-
¢lally in the presence of foreign particles on the track,

Noise due to the eontact detween aissimilar metsls
of wiper and treck may be reduced to about 100 to 300 nv by
suitable combinations of materigsls for wiper and wire potentioe
meters wiieh are given in Table 2.3 (4)s

Table 2.3 - Wam and ’hﬁ.m Hateﬂall

Wipesr mtex:m. w.nd!.ns mtari-u
2 to 68 graphite in silver ; | r Hi&hmm
108 grapiile in copper i . Constantan
40% m.ckel, 60% siiver . Manganin
Gold i - _555' copper 46% nickel
Gold-silver {Constantan)

- e o
Finally there is vibrationsl noiss, which is ¢aused

by Jjumping or bouncing movement of the wiper, The noise is

due %o temporary disengagement of wiper and track, For a given
viper-track combination there is a mazimm wiper speed which
must not be exceeded.

Sensiti t The sensitivity of en unloaded potentiometer is
given in volts for the full scele mechanieal travel of the
wviper., This woltage is ideally equal to the input voltage
across the total potentiometer winding, The input voltage is
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set by the wattage dissipated and inturmn depends upon the ther-
mal characteristics of matertals used, In general the current
density in the winding wire should not exeed § Amp mm™2 (4),
Linearity + The linearity 1s affected by mitdmm resolution,
mechani¢al inaccuracies in the wiper movement, irregularities I
in vinding yateh, variations in vire and former dimensions, ~
noise ate, In addition to these with loaded potentiometers
there is nom-linearity due to ths eircult, The Linearity can
be improved in two different ways (4)s
(a) By a nonelinear potentiometer of suitable shape to
compensate the non-linearity,
(b) By introduction of variable resistance R' of sultahle
characteristic in series with the load Ry (Fig,2,11),
P1g.2.,12(a) shows schematieally the first method
applied to a potentiometer cireult of given non-linearity.The
required non<linear resistance funotion san be realised by &
cand-wound potentiometer of a variable winding hoight h as
shown in the Fig, 2,12(b),
Fig,2,18 shows o practical arrangenent of a potentio- |
meter with a variable series resistance for linearisation,
3 F fometers ¢ '_Impméd parfornance up to

& point vhere potentiometric resolution is virtuslly infinite
with the related improvement in hysterisis and repeatabdlity
can be obtained by introduction of conduetive plastic (5), The
conduetive plastie potentiometer provides a continuous high
quslity surface finish vithout the step contours, tymdeal of
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wvire wound potentiocmeter and this feature together with carefu.
1ly developed contact technology, combines to produce contact.
ing surfaces which maintain performance under operating condi.
tions in excess of 60 x 10° cycies. The conductive track off-
ars the facility of non.linearity correction. Correction tech.
niques consist simply of increasing resistance in local sections
of the potentiometer by removing the resistive filn with a sharp
hand tool or by controlled machiming operation, The techirique
baecones extremely valuable in applications requiring output s
non-linsar with vressure,

Fotentiometer pressure transducers ave restricted to
stationary infustrigl installations intended for monttoring and
process control (6), The required long wiper travel of about
2,5 mm 13 obtained from cspsules or bourdon tubes, Trandducers
of this type provide a larpge voltage swing but resolution is
not better than 1%, In addition progressive year ganerates

increasingly noisy output, /
2.,2,2 Straingauge Type $
(a) G 1 Desi Conﬂdaﬁaﬁiona for Stvalr es ¢
Strain gaupe t Strain gange consists of a fino resistance wire

of adbout 0,025 mm &ameter vhich 4s arranged in the fomm of a
grid, The grid is bonded to the structure under test &s shown
in the Fig,2,14. The bonding layer trensmits the surface str-
ain in the structure to the wire, thus producing a ¢hange of
resistance in the wire, which 1s proportional to strain, Also
since the strain gauge grid has s finite width, ths gauge has

a sensitivity to transverse strain whioch may amwount o 0,5 to 2
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percent of the longitudinal ssusitiwity (4). The gauge factor
quoted by the memfacturer is normally obtained on test rod
under tension and is thus related to unlaxial stress involving
both lougitudinal and trensverss strain,

Sensitivity of the Strain geuget When the strain gauge is oxe

posed to strain with in the elastie limit, two meshanisns with
canse & change of its resistance; Sts geometric form will vary
and. change of electrical resistivity will ocour, The equation
relating these effects 1s (7,8),

% =Y + 2 4‘% | "'u.; o eee (202,10
wvhare V= Pdt@‘s ratio = - % | |
% x Froctional change of resistance
Q » Fractional change of length |

ﬁrf- = Fractional change of resistivity,
The term (1 + 2v) danotes the geometrie sffect and the term
% @enote physieal effect as resistivity £ 4is related to
physioal quantities by the equation
o m;l- es. s e {2.2:2)

§ o
whers o = no, of electrons, e = charge of electrons

T = relaxation time m = masg of electron,

The tem % is ealled gauge factor or sensitivity
faotor of the strain gauge, Its value for most commereial strain
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gauges is adbout 2 and for semiconductor strain gauges about 20
‘to 200 (9).
Current Capscity s The smount of current that may safely be
used in a strain gauge is a function of the wire resistivity,
the grid design, backing material, bending cement, and heat
sink to which they are attached, Gauges bonded to aluminium
or steal parts can tolerate more current thak those mounted
on insulating materials., Paper gauges bonded to metals are
11mited %o 0,025A viile backelite types are rated as Mgh s
0,054, OQurrents of 0,006 to 0,008 A are recammended on poor
conductors such as plasties (8),
Sonstruetion and bonding ¢ The following factors must be consi-
dered in the construstion of resistance strain gouges (4) ¢+
{4) gauge wire material,
(11) shape of gauges and guage manufasture
{414) gauge bdacking
{1v) cements
(v) connecting leads
(vi) protection of gauges,
| From the mamifacturing point of view 1% is desirable
to employ materials wideh can be handled with ease as a fine
vire, Materials for foll gauges must respond to the appropri-
ate etohing process., In both caun' tha gonge material met
veld to sultable lead materisl without danger of electrolyte
corrosion, Copper-Niokel alloys such as constantan, ferry and
advance are most comonly used,
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Flat grid type of construction is nomally preferred
to wrap sround type. In the former type, the grid vill be closer
to the surface of the strusturs under strain compared to latter
type, Etched foll gauges can ba made of yery small size,

The gauge backing must provide a styong bond betwesn
structure and grid, Its cholse depends largely on the cenent
wvhich must suit both the meterial of the structure and the gauge
material, Table 4 glves sumnary of application techniques for
bonded strain gauges (4)t«

Table 2,4 3 Sommary of application technlques for
| bonded strain gauges. |

-

gauge backing  Adhesive gauge material
Raper Cellulosew Copperwni ckel Useful up to
acetone 60%°C up to
100°C vith
increased
aritt,
Paper or Copper-nickel ussful up to
epoxy type Polyester or 0 |
g‘u'cﬂ.ng ggfg 1imd tted
ePOXY. *
Phenolie or Heat; potting Copper-nickel Usetul up to
epoxy type m;’? | 180°C up to
Hvaly 250°C gor
ehort perlods

TR

The choice of suitable lead materizl depends upon the
resistivity, atdlity to produce relialle soldered or welded
Joints and upon corrosion resistanoce,
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Strain gauges must be protected at nomal temperato.
res from th¢ moisture by suitable material., Arranged in rough
order of permissible ambient temperatures, thay are wax, bitumen,
natural, synthetic and silicone rubber, thloccl polyester,
epoxy and ceramie cements, |
Sem] -eonductor Strein OUsuges ¢ The mapor advantages of seni.
Conductor strain gmuges as compared with metal gauges, are
their vastly higher gauge factor and their small size, Their
disadvantages are non-linearity and temperature instability both
requiring sophisticated compensation technique (4,6,10,11).

The current carrying capacity and nolse generation
do not substantislly differ from thoss of conventional ganges,
but semi-conductor materisl is photo sensitive and gamuges must
be protected from strong fluctuating light,

As to future trends in strain gauge development gene.
rally, the fleld of semi.conductors is still vide open while
conventional ganges have perhaps reached thelr level of parfac.
tion, |

Silicon is used almost exclusively as & sezd-conductor
material, lead materials of somi.conductor gauges are gold,
gopper, silver or nickel,

By aiffusing sultable impurities into sclected areas
of monolithic pieess of silicon Estras.n' sensitive cantilovors
and diaphregms can de produced, These sensors may even be inte-
grated vith diffused electronic components providing signal
nodifieation,
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Thin Fils Strain Gauges s Thin film techniques have been applied
to the mamfacture of strain gauges applied directly to a meas-
ured surface such as the diaphrsgm, Ouch gauges can de made
substatially smaller than other equivalent metsl strain gauges,
A thin insulation substrate is provided to the disphrags upon
videh the thin film gauge patem is deposited and finished Dy a
protective laysr (4). Beesuse of the close contact between the
thin film sensor and the pressure sensitive diaphregm, creep is
virtually eliminated and heat transfor is improved, thus permi.
tting highsr current deunsities, 1.,e, higher outputs than with
cemented ganges. The use of thin film semi-conductor gauges

hes slso Deen investigated with promising results.

e Qtoupert typas of sAvaln genge rosmAYe tPennd.

oors ave given in Whe folloving |

' Various types of strain gauge pressure transducers
using strain gauges are discussed below (4)s _
Cantilever Typs s A number of pressure.summing elements in
comtingtion with strain ganged cantilevers 1s shown in the
F1g.2.15 ( ). Ideally the centilever stiffness should be high
in comparison with the stiffmess of the pressure-summing elee
nent in order to suppress the effects of instatdlity and hyste
erisis inherent in the pressure~mummng element, Differsntial
brume tyre can be derived from the bdasic types shown in
Fig.2.15 by adding & second pressure chamber with pressurs
sensing element vhich 1s to oppose the movenents of the first,
In this arrangement the strain geuges nesd not be in contact
with the pressure medius,
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'2,2,(d) Diaphragm Type s Strain gauges can be directly cemented to a
pressure sensing disphragn to one sids or both sides of the
diaphragm and vheat stone bridge connection 1s made, In a
tyrdeal configuration a complete dridge ciremit 18 formed by
using two tensile ganges positioned in a radtal direction near
the cirounfarence and two compressive gauges in o tangential
M rection near the centre of the &laphragn, thus taking the
advantage of push-pull strains at these locations, Etched fop
gmuges are commercially avallable which are designed to cover
the vhole area of the dlaphragm, The strain lovels tum out
to be disappolntingly low 1f the stratneprossure relationshiy
is to remain linear and the dlaphragn stresses o be kept with
in safe limits, At smsl1 deflections, say less than half tha
thiciness of a thin clwmped Maphragn as shown in the Fig.2,16
vhose radius a ond thiolmess t at pressure difference p betwe.
en the two sides has 1ts maxtmm radisl stress near the odges
and 1s given by (4)

- g P (?8 P “"Q 00 (8!2&3’

At higher loads the stress increases non-linearly, For the
pirpose of practical application table 2.5 1s caloulated ustiy
the equation (2,2,3).

Table 2,5t Pressur ysi-:mln and Strgss of Cireular Steel
‘ Duphra;’na wvith Wnear Pressure.strain Relationship,

Maxiznm Pressure D virnne | ' ’,"’ﬂ"“ |

Ratio & Py — -
10 10 2,6 x 10"2 80 x 10
100 1 2.6 x 10" 20 x10?

~4 2,6 x 10°° 80

1000 »
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Diaphragn aspect ratios of $ =~ 100 are commonly used.
In thicker diaphragns (§ —> 10) the sensitivity (strain versus
pressure) declines and in thinner afaphragms (3 =->1000) the
measuratle atrudn Vemaa zmﬁ hence mt:putl are msaas.vely small,
Semd ~conductor ltrain gauges offer a better solution :lt thelr
shortecmmings (non-linearity and themal instaldlity) ave com-
pensated, Advantages of dlaphragn type pressure transducers
are thelr simplicity, high natural frequency and therefore low
-sen:itivity to acceleration, , :

 The msma-aansitim ®llcon dlaphrogms vith 4iff.

- used strain gsuges.also have the shortcommings; nonwlinearity
and thermal instaMdlity, The concept of integrating diaphragm
and strain ganges with temperature compensating and signal
conditioning elements on one plece of single crystal silieon
has recantly been achieved,

Thin £ilm strain sensor deposited on to a pressure-
sensitive metal diaphrags is free from the prodlens arlsing
from imperfectly bonded gsuges. The gauges are in good thermal
contact with the diaphragn end if made of suitatile alloys, have
low thermal instatdlities,

242,2,(e) Tude (barrel) type s Figure 2,17 stows & cylindrical tube with
one ¢losed and, The MMuid pressure p 43 applied to 1ts ingide.
In a faimly long tube the end restraints can be neglected and
ve have at the inside of the tube (radius ry) a tangential
stress (4),
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g =P :ﬁﬁ oo Y (2.2.4)

and at the outside of the tube {radius "'o) 2 smeller
tangential strass

= cm“ "" "'}* ‘2.305)
“o* T2
n = 1
r
vhere n is the ratioc of outer to inner radius (;.:‘)._ In combie
nation with an axial stress of half the value, due to prassure
on the ends of the tube the tangential strain in the outside
of the tube is “ 4
<t Poad) eve (2,2,0)
¢ = .(1“&0),...&2.&4 ey tye \iwcy
o Eﬁ 2 3(!12 - 1) :
B and YV dbeing young's modulus and poissons ratic of the mater-
isl respectively. In tubes with thin wall (thiclness 5”0”1’
wo have

gO - % (1 '&")) PP tc.tv tta(&ebv)

The strain €, obtainable on the outer surface of the barrel is
thus inveraly proportional to the wall thickness, In practice
a wall thickness of 0,0075 inch is probably the miallest roks-
cnable value which ¢an be achieved vith a §* bore. Assuming &
working strain of 102 the lowest pressure rangoes possible
will bs approximately 1000 psi for steel tubes and 300 psi for
duralumdn tubes, A% the other end of the range, instruments
of this type have been made for pressures up to 20,000 psi and
higher (12),
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The arrangement of strain gauges consists of two well
insulated and perfectly secured hellocal windings of strain-gauge
wire around the barrel part of the tube, representing the two
active ams of the bridgs, Tio tdentical compensating windings
are bonded to the solid part at the imner end of ths tuba, Ins-
tead of holical windings strain gauges ¢an be dbonded to the oute
#ide of the tube with compensating gauges on the tall, Trans-
dueors of the barrel types are used for both static and dynamic

- measuremonts, Thig type of transducer is not suitable for the
measurement of differentlal pressures due to inequality of in-
side and cutside areas and therefore the differential calibrae-
tion would exhidit different #lopes depending on vhether the
higher pressure is applied to the inside or ocutside of the
barrel,

A sorious Aisadvantage of the barrel.type strain
gouge transducer is its small overioad margin, Tubes with
¢lliptical cross sections have better over load ratios and

 lowest range of about 2 psi.

22,3 Bridgmen Type ¢ If a motal wire is subjected to pressure exer-
ted from all directions, its resistance will change, This
prinmple has been utilised in Bridgman type pressure transdu.
cers, The change of resistance at a pressure p con be shown
to be (4,13) |

B - EQ- 2v) + %f. e oa's (2.28)
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The first temm in o7, (2,2,8) represents the geometriéal cont-
ribution and the second term the charge 3.n'réustivity due to
pressure, The pressure sensitivity is (4,13)

Sp ‘m - %" (1« 2v) *‘é (ch.) see ‘von (ﬂ‘oﬁi’g)
values of Sp for a mmber of wive materials are listed in the

Table 2.6,
Tadle 2,6 3 Some Pressure Sensitive Resistance Materials

Reststivity Youngs Mydulus Bulk o
Matertal 10 ommm P Hao?  modOus 41231

e ]

-

Constantan 0,48 O 0 195 0.3 7.0

Mangenin 0.43 Y- 192 0,33 +23,8
Bismuth 1.17 23,5 30 0,37 4158

SIARP N ]

Bridgman type pressure transducers are suitsble for
very large pressures up to 20,000 Kg/cm® (350,000 psi),

Manganin 4s the most commonly used materisl sinee it
condines hMgh pressure sensitivity with high temperature stabl.
1ity. The very high pressure sensitivity of the seri.metal ble-
mith has been exploited 4n small seasors for the measurement of
dynamie pressures, Even carbon compound resistors (eg: 100 ohm
0.1 watt) suspendsd by fine wires inside a ocavity filled with
grease, has deen used to measure pressurs with falr linearity
snd negligible hysterisis, However, the thermal noise equiva-
lent to about 10 KNn'2 gets a lower 1mit to its useful press-
ure range. Carbon resistors have also beed employed to meastu.
e pressure vaves, The thermal stghdlity of sll ecarbon eompo-
und sensors is rather doudtful,
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Bridgnan type transducer is the only direct acting
preasure transducer in existence, Its advantages over any
mechanical gauge are simplicity and ruggedness (13),

Measuying Circuits s In case of potentiometor pressure trans.

ducer, the output can be made sufficiently highor o that an
indicator can bde directly connected without ths use of ampli-
fier, In case of strain gauge pressure transducers the strain
gauges are connected in hridge fomation and output aignal 1s
amplifiod., The consideration for salsction of bridge cireult
are magnitude of signal output nseded, temperature compsnsation
and linearity of output, Commercially available strain indica.
tors or recorders om de used for indicating or recording,
Bridge Connaction s+ Sumary of properties of various bridge
eonnection are given in Tadle 2,7 (14) to whieh refsrence may
be made in ordor to select the suitable bridge cireult oconnect-
ion, |

Bridge Supply 3 Besides d,c, enorgised bridge with ahopper
amplifier a.¢, snergised bridges vith o,¢, amplifiers are beco-
mdng comen in recent years, The mgin reasons for superiority
of 8,0, over d,c, energisation is fresdom from contact potenti.
als and thermal voltage errors, simpler e.d, anplifiers as well
as cheaper and more reliable than d.¢, suriifiers. The dlsad.
vantages of a.¢, bridges over d.¢, dridges are more complexity,
the a.¢s resistance is aifferent from its 4,¢, value, a.c, drid-
ges require dalancing of inphase and quadratire components (4),
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- Mgure 2,18 stovs a schome for 2,0, excdited system,
Exxitation fraquency is typically 100 Hz providing frequency
response up to about 100 Hy (). Since the nomdnal frequency
response 1s about 10% of the carrier frequency, problems requi~
ring better response will necessitate higher carrier frequemc-
les,

Bridge Balancing 1 Thare are two methods of bilancing strein
gauge bridge circults (16) ¢ .

(1) Series balancing method (Fig,2,20(a))

(2) Parallel balancing method (Fig,2,20(b)),

Series balancing is less frequently used to obtain
initial) balance because of the difficulty in obtalning the small
and precise variations in resistance required, The parallel
balaning method 1s often used to obtain initisl bridge balance
beouse, by using a large value for Ry, very smill changes in
resistance between points ad and de can bs produced by moving
the centre tap 4',

Temperature Errop ¢+ Temperature variation causes the change in
AR due to the following roasons ¥
(1) Specific resistanse of the gauge alement chenges with
tinporahm henss gavge twm’-' changes vith temperature.
(11) A & fference in coefficient of linesr expansion of the
gauge and the surface to which the gauge is bdonded
causes a change in grid length which produces the same
AR as would be produeed by stress induced change of
gauge length,
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The following are the most frequently used methods
to compensate the temperature effects (13)s
(1) Select the proper dridge cirocuit for self compenseting
the temperature error (Refer Table 2.7).
(44) Durmy gauge systems The Gmy gauge must bo identieal
to the active gauge and mounted in identical mamer 20
that the temperature effect is ssme in both gauges, A
suitable bridge connection using active and dumny gauges
enable concaliation of temperature errors, & variation
of this method iz also appriicadle to semi-conductor
strain gauges; & p-type silicon gauge (positive gauge
factor) is applied in one bridge am of vheat stone
bridge and n-type gauge (negative gaugo' factor) in the
othar arm, Both gauges are exposed to the same test
sznple and both gauges have positive temperature m.m..
cients, 30 that the stress sensitivity is increased
vhile the influence of teaperature variation is nearly
cancelled, |
(444) Pulse O ont If the temperature variation in a strain
gauge is caused by the current passing i:hmugh the strain
gaugs, the temperature of the gauges and tims the tempe-
rature error will increass vith the square of the avarege
current passing through the gauge, However, the higher
tha current widoh ean be sent through the gauge, the
higher will be the output signel from the gauge, A high
output signal vith & minimam of heating can ds obtalned
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by pulse operation, Strsin gauges normslly operated W th
potentials between 3,6 V and 14 V da have been operated
satisfactorily with pulses of different durations and
amplitudes, Output signals up to 60 times greater than
with de operation have besn obtalned.

ing these gauges caunot be ignored, With ono active strain
gange of initial resistance R connscted in a bridge cireuit with
three similar resistances the dutput-input voltage ratio is (4)

% - .é.g (1 _,‘.-g—& YT ) .;‘ .,. (202110)

on the other hand the non-linear calibdration curve of p-type
silicon gauges follows the general pattem

'%"n = & (ci + 32 8+ Lessee ) ses eee  (2.2,110)

fdnce the two non~linear terms in .q’.(e.a._m) and (2,2,11) have
opposite signs, compensation can be athieved by making the two
ratic arms either smaller or larger than R, thus matching the
bridge non-linearity to that of the strain gauge,

Two or four semi-conductor strain gauges operating in
push-pull (compressionetension) fashion result in fairly good
thyough not perfect lincarity. For semt-conductor strain gauges
constant current supply is desirabls to get linear output
(Table 2.7).
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The accuracy of the transducer using sest-conduetor
strain ganges depends on the delicate balance of individually
non-linear and temperature sensitive gauge and cirouit charec.
teristics, In this case bridge balancing can de obtained by
using & second dridge in parallel with conventional dslancing
elements and giving an opposing output voltm which just ean-
cels the zero-signal output of the strain.gauge bridge,



In majority of cases the change of inductanae 4n an
4 pductive pressure transduoer 13 oarried out in two stagesy
Firat the pressure 18 arranged to csuss & deflection and thea
this dsfleetion is used %o change scme parameter of a coll,
tims changing its inductance (17). The codl inductance change
1s used to control electronie cireunits to give 8 voltage outpat
airestly proportional to the QWW“-—
the transducer. Por converting the aprliad pressure into dis~
plocement, any of the pressurs pensing elements in Chapter 2.1
e be used with suitshle fixtures. Normally ferromagnetic
core 1s used 10 inductive pressure transducers to obtain the
sdvantages (1) large values of induetsnce compared to air core |
(44) less uuzber of turns are needsd to get the sane nagni tude
of inductance as in the alf (443) lesear nugber of turns gl 8o
help to reduce the self-capacitance of the coll (2.

The comnonly used types of inductive pressure trang-

ducers are
{(4) Alrgep type
(44) Plunger type
(134) Transformer (LVDT) &ype.
In types (1) and (1) veriation of reluctance 1s utilised and
4n type (141) varistion of mutugl inductance 1s utilised,
2,3,1, Atrgep type* Pig, 2,21 shovs schematic repres ntation of aivre
gap type transducer, The veriable reluctance transducers



(airgap type and plunger type) may de considered as the fore

tunners of the modern LVDT (9), The dasic design is given In

the following (4) _
The inductance L of a coil of n tums with a felroe

magnatie core of length £ (Cns) and cross section A (Cn®) and a
small airgap of g{Cms) is given by the equation

2 | ‘
L= 4—”;‘—“ x 307 Harles .. vee (2,30

where 11 18 the effective pemenbility of the gapped core, The
vslue of 1 is

. - (23,2
n =5 e ‘ [ 2 X ) L 2] 5 ) WP
1+ (%) ns ‘
wvhere us 15 the incremental permeaddlity of a ring samplo of
the core material without alrgap,
Combining equations ¢2.3,1) and {2,3.2) we got

2
L = g‘—::ig;v&' X ;—;m#,- ees s (2;303)
If the airgap deereases by 63, the induetanees correspondingly
increases by 61'

L+ &a = w x -—-z;-nt eoe ees  (2.3,4)
w? gl ek |

Dividing equation (2.3,4) by (2,3.3) we get



s % ] s -1 wne ‘otoai (2,3,8)

Similarly for increase in alrgop we hava decrease in inductance
and the expmession for sensitivity is

o e k.
gul;.;'g e , sen vos {2,3,86)
oL
5f&*p-_

Equations (2,3,5) end (2,3,6) enazbles calculation of sensitivity,
Also 1t is seen by these equations that the change of coll indu.
ctance ageinst airgap is non.linsarity in the relationsidy bdet-
weell bridge output compares with pressure, Most transducers of
this form would be & compromise detween output level and linea-
rity, DBut the worst case one would expect from this type of
transducers is around 2% linearity (17),

The effect of coil resistance R, is to cause copper
loss. R, can de coleulated by using the equation

4fus |
Ry * yag omm Yea wue (2.2,7)

vhere n = no, of turms, s = Length of mean tum
d= AQlgmeter of the wvire [ = resistivity of wire
material.,
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The equivalent eircuit of the coll is shown in Mg.2,22
R, represents eddy current loss resistance wiich comes in shumt
with L . C represents the self capacitance of the coil winding,
The magnitude of R, is caloulated by using the equation
Oonh(ﬁ) - Gou(ﬁ)

R = _ — WL oes ;n (2,3.8)
. % stan(fH o sant

vhere P = % (&) x 20%% o = depth of penetration.
t » thdckness of core laminations (Cms)
PL = sﬁéca.ﬁa resiiféma ‘of the core materinal
o = Pormeability of anrb material
At lov frequencies, 1.e, ¥ values not greater than about 2 the
squation (2,3,8) simplifies to

5 .
R. ~ 6 . WYL = m “nn ese  $2,3.9)
€§> z | 182

The effect of slunt capacitance ¢ is to increass the
sensitivity according to the aprroach of resonmnce conditions
in such a cireuit (4), _

Gome further advantages in terms of performance can
be achieved by using push.pull) arrangement, i.o, one coil indu.
ctance increases vhile the other decreases, Ths resultant out.
put vill be as shown in Fig,2,93. By ths way linearity of
vresponse is improved, Fig,2,24 shows a practical schematioc
draving of & pressure transducer using this ides, Here a singls
armature 1 used and a coil is mounted on cither side(9)\The
Pressure is applied to onhe side of the dlaphragm via sn appro-
Priate port and if so desired one ean apply & varying reference
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%o the other side., The advantages of a system such as this are
gh output and detter linearity. To obtaln good linearity the
fractional changs of gap length must be kept small, This leads
to low sensitivity and it is the designer's task to strike a
compromlise between the two conflicting requirements, As & rough
guide the designer should ainm at a fractional change of induct.
anee of about 0,1 to 0.2, In such a transducer, assuming push-
pull action, the non-linearity will be about 1 to 3 percent ab
full scale deflection, The hysterisis loss can be safely neg~
lected 1f very low flux densities ave used, Residusl lowses
are also negligible in laminated cores compared with eddy curpe
ent losges, but msy be of somo importance in ferrite cores at
higher frequencies,

The 1deal design of pressure transdusers would de
insensitive to any external effects, such as temperaturs, exte
ermnal nagnetic fields, vidration or shock and compactness, - If
we consider the dlffovential prossurs transducer explained above
we find that the magnetic circult is extremcly close coupled,
80 leading to high sensitivity and efficlency. The magnetic
eircudit itself form the shield and symmetry of the arrangement
ensures self esncallation of temperatuve effeets by proper
matching,

Plunger type 1 In this type of transduscer variation of reluct.
ance in the leakage paths of s coll by movement of a plunger
is ¥ utilised for transguoction, The inductance of the cof}
depends upon the length of that part of the ferromagnetic core
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which has penctrated &nto the coll, PFig.2,25 shows the plunger
typs transducer with single coil arrangement and the ocorrespond.
ing distribution of magnetie field strength slong the axiw,
Fig.2,26 shows push-pil coil arrangement and the commnm
distribution of magnetic field strength along the axis.
The fractional change of inductance in coll I (Fig.2?)

vhen the core is pushed into codl I can be shown to be

- -

- B (!;)(%)W

vhere i, is the effective permeabiifty of the ferromegnetic

core in tils errangement (4), In a similar way coil II suffers

an 1dentical ehsnge of inductance of opposite sign, It 1s seen

from the equation (2,3,10) that the maximmm sensitivity is obe

talned by maling the ratio §- and £~ to approach unity and u,

should bo as large as possible,

| | Performance of plunger type transducers are inferior

ﬁ; airgap type for nost applications dus to the following rea.

sons (4) 3

(a) Because of the large alr path, i.e. the high reluetance of
the magnetic path, the sensitivity to a given mechanieal
movenent is lower than the airgap type.

(d) long air p_ai:h in plunger type needs large murber of tums
in order to raise the inductance value to that of air gap
type. This increases the self capacitance of the ooil which

.".' 2 A (aﬂaﬁm)
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-a% Mgher frequencies may bring the inductance and capaels

tance conbdnstion to resonance. The cable length connected

to the plunger type transdueer mist also be 1lind tted in oxder
to reduce the eapacitive effect,

(c) Since the dlameter of the plunger has to be quite small, in
the majority of the transducers it is usually made of solid
w14 steel. Tiis results in large losses,

(4) Because large portions of the magnetic path sre in alr 4t
has an appreciable stray f£icld and is therefors open to plck
up from external fields,

(e} The shape of the eotl or coil halves must be identical anmd
should be geometrically stable for linecarity and stabijity
of the cglibration curve, The a:l.r gsp typey since 1% does
not operate on the lonkage flux distribution, is to a great
extent independent of tha shape of the coil,

- .. Improved performance of illunger type inductance trens.
ducers osn be obtained by using B.ghaped laminsted cores as shown
in Mig.2,27,. In this case the leskage flux is considerably redu-
ced and thus plek up from extornal flelds is small.  This type
is a compromise between a plungar and alvgap type,

The main advantage of the plwnger-typs indvstance
transducer 1s its longer linesr raiige conpared with the more
sensitive alrgap type. At lover frequencies the plunger type
can be used with sdvantage, However LVDT type also provides
longer 1inear range and is of superior design.
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Transto LVDT) type ¢ These transducers consist of primgry
and secondary coils, the coupling of wiieh 13 sltered in proper.
tion to the nmeasurand, With one secondary coil, there will be
large induced voltage in the secondary in the no-signal position,
With tho coils in secondary and comneating them in opposition
goro (negligidly small) voltage can be obtained in the no-signal
position., This arrsngement forms the dbasie idea of the LVDT,

Fig.2,28(a) shows the LVDT coil and core arrengement
and Fig.2,28(b) shows the 1dead leakage fiux dstribution vhen
the core 1s in null position, The leakage flux dmsity can be
caloulated by using the equations(4)

“5-»..,3.....3'*” 2XEIP L md ee eee (2300
1 7 . (Sﬁ)
107 7y loggly,

29 +d 2wnp Ip

- - *ee ene (2;3.12)
g ® YT

7 oy
107 v, log (~™
. X Bfi

When the two secondaries are connected in opposition, the Aiff.
erentisl voltage e devaloped for the ermature displacement x ean
be caloulated using the equation

en '3 Prwgz g (1« éé') ves ver (2,8,13)
7 X T 2
10° 10g (,&)
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vhere f = Fremiency of the input supply
Ip = Primary current
Primary no, of tuwmns
Sscondary no, of turns
Length of primary
Length of secondary
T Outer radius of the coil
¥y = Inner radius of the coil

e s
" W

& 8 W

~ The following relations are used for designing the
LWT (144,91
{1) Length of primary (b) ¢

h » h "". L XX ‘-l#(zoaolé)
\/ o !
where X, = maximm displacensnt of the armature
€ = tolerated error of non-linearity in %,
(2) Length of secondary(m) »

R = b+ xnx "’8 PPN ¥ew {2.3.,15)
whers 3 = 8 small frection of arsatures dlameter added to
avold emorgence of the armature from the coils at maximm
displacement.

(3) Length of ammature (Ia) 3
Io‘ =3b + 84 e *ee (2.3,18)

(4) Amature radius (ry) may be chosen as a reasonable fraction
r
of armature length, say ;t * 0.06



(8) Codl radius (r,)

® g
;;"' rafio 13 selcoted gonerally betweenn 2 and 8,

(8) Primary number of turms n, is selected by considering avai.-
lable space for winding and supply frequency {(self capaci-
tance). Primary current I, depends on primary voltage and
ooll impedance, Lower values of current is desirshle,

(7) The mmber of secondary tums mist be as large as possible
vhen feeding into s high impedance or made to match the load
{npedance, -

(8) Output voltage 1s ealculated using equation (2,3.13),5ensi~
tivity & can then be claculated, At low frequencies say
below S00 Hertz the computed and measursd sensitivities are
in good agreement when solld 4ron cores are used, At higher
fraquencies the sensitivity drops appreciadly and at about
2000 Hertz 41t may be little more than half of the theorelizal
value, This 1s due to eddy current losses in the core and
stator viich is ignored while deriving equation (2,3.13),
Therefore at higher fraquencies corss made up of thin lami.
nations or of magnetic materisls of high pormeability such
as ferrites which have negligible eddy currsnt losses are
used, The rated sensitivity of an LVDT 4s usuglly stated
interns of milli volts of output per 0,001 inch core dis-
placement per volt of primary excitation,

Fi1g.2,29(a) shows the typleal frequency versus output
characteristic and Fig,2,20(b) shows the displacement versus
output characteristic of LWL,
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Fhase Chargeteristics: The phase angle of ths output woltage

with respect to input voltage has two values differing by 180°,
dcpcndinz on whether the core is on one side of null or the other.
To calculate the phase angle of ths primary current vith respet
to the input voltage, the following approximate relation is useds

ont
mg ﬂ,—’ﬁ

vhere L, = primary inductanco and % = primary resistance, the
negative sign indicates that the current lags the voltage. The
phase of the output woltage can be calenlated if secondary re-
sistance and inductance and the load impedance are known (1).
il voltage ¢ The mil voltage is composed of three componentss
quadrature voltage, hamonics and noise, Minimom null results
when the mplitwiu of the two scoondaries ars equal (Magnttude
balancs). The differcnce in phase angle betwoen the output
voltages of the two secondaries should be sero (phase balance).
Bowever, non symetrifel windings, non unifors wiring and mey-
maetrical magnetic circuits canse slight phase angle diffarences.
Losses in the magnetic materials in the LVDT are the basic source
of harmonics, The third harmonic is the major component of the
harmohies present &n the output, The null position of the har.
monlics 18 located at a different point from that of the funda~
mental (harmonic balance)(9).

For magnitude balance, the two secondaries mst be
having identieal number of turms, A practical solution to
correct the phass sngle difforendd is to place a potentiometer
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and a varisble capacdtor across one of the windings and adjust
it until the phase shift is zero. The effect of third hammonies
can be eliminated by putiing a low pass filter in the output
circuit, By putiing a capacitive load across the output the
noise can be reduced (1), To sum up, the following design oon.-
sideration should be taken into account for odbtaining minimm
null voltage(4)

(1) The two coAl halves and the core rmust be as symetrie
as possible, ‘

(2) Operate the LVDT at low leveél primary current and low
losg and Mgh saturation value magnetic material is ¢o
be used to reduce generation of harmonics,

(3) Proper matching of transducer and load 1s glso advisable,
for the residual voltage will increase at frequencies
belov as wall as above the flat part of the frequency
response curve of the LVDT,

(4) Residual woltages of the fundamental can be corrected
by the addition of resistive and/or capacitive balance
controls, but residusls due to harmonics cannot be redu-
ced by these means, Hovever as in the came of a.c.
bridge teciniques, they can be aliminated by using phase
sensitive disorimination 4in the indieator cipoult,

T rature Characteristics 1 Chango in resistance due to tempe-
rature alters the current and flux semmtcd and results in
change of sensitivity, At high frequencies, inductive reactance
(whieh 1s unarfected by temperature) becomes the predominant
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part of the impedance, and resistance varistions have less
effect, Tymdcally the change in sensitivity at low frequencies
s sbout 10 to 1% for a temperature increase of 100°F, Dus

to temperature variation the phase angle shift also ocours
vidch result in shift of mll position, For every LVOT on op-
timm excitation frequency exists whares losses and gains bala.
nos and produce no change in sensitivity due to thewmal effects,
Full shif% has very little effect on the sensitivity, Manganin
vire may bde substituted for copper wire if the temperature
effects are to be reduced, but the sensitivity drops to sbout
% th of copper coils Auo to higher resistivity of maonganin, At
Mgher frequencies when inductive reactance decomes dominent

- mggganin mey be used more efficlently (1,9,18),

. etion of Cores and Coils s The dasic requirements for a
good core mateﬁ.n are lngh permeability and low losses to obtain
Mgh sensitivity and less space, The core materlal must also
pereit operation at reasonably high flux densities without ex-

' cessive 'mqrat:inn of harmonics, BSecondary requirements are
low costy good avallaidlity and the ease with which a core san
be shaped and assesmhled,

Indquetive transducers mostly have long alr path, there
by the reluctance of the iron path becomes almost negligidle in
comparison vith that of the air path, This also results in
reduced cove losses,

Ferrites are nov widely used in transducer work even
at relatively low sarrier frequencies (4). They have high




50w

permeability, and thelr specifie resistance is sbout 195 timos

higher than that of othar ferromagnetic materiadls hence eddy

current losses are negligidle, Hysterisis losses are also
small, The unidual?&sn: (capacat;vo losses due to stray)

- may becoge prominent at higher frequencies, For transducer
vork the most commonly used ferrite is Perrox cube A (manganese-
zina ferrites), Maximm temperature is limitted by curie
temperature.

The advantages of the LVDT are as follows(9)

(1) Infinite resolution - the chenge of voltage is stepless,

(2) High sensitivity .- as high as 1V/0,001 inch,

(3) Good 1linearity - 0,058 1incarity is commerelally available.

(4) Ruggedness -~ usunlly can tolerate a high degree of shock
and vibration ithout degradstion of performsnce,

(5) Low hysterisis — repeatability 4s exseilent wnder all
conditions, ‘

23,4  Measuring Circuits s There are seversl basic circuits sultable
for use with inductive transduoer. The selection of the parti-
cular circuit depends on various factors such as consideration
for amplication, null indication etc, &ome of the basis cireu.
its are briefly discussed below (4)

(1) A,C, potentiometer cirendt s Mg.2.30 shows the wartahle
inductance coil whose inductance is L and resistance is Ry
connected with a series resistance R, Z is the coll) impe~
dence., Output voltaga across the transducer coll E, 1s

R . z % Y Y _ ane (203.17)

109¢94
(ENTRAL LIBRARY UNIVERSTIY OF ROORKCE
ROORKEER
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It Z changes to Z + 82 then Eo changes to Bo + &Bo ‘Hence

® .;.SE : - B sy s {2.3.18)
0" %" Rezedz *

Sabtracting equstion (2.3.17) by (2.3,18) and rearranging

after sinplification we got

.F.P. (&3.
o™ 31 W?z +1 )

R/z » %8 4 3
Equation (2,3.19) shows output voltage is non-linear.

Also for high sensitivity g-ﬂ y % must be small and for
good Linearity 3 mst de 1650, xn other words the effect
of increass in R is to improve linearity and to decrease
sensitivity and there fore proper value of R i3 to be care-
fully selected, Output voltage E, is normally fed into Migh
input impedance amplifler. o

(2) Series aircuit » Fig.2.31 shows the cireult of induotance
transduser in series with the meter, This ciromit is use-
ful 4f a current output is required to operate a current
seter or galvanometer recorder without amplification, The
effact of ths shimting capacitor ¢ is to compnsate the
non-linearity in indictance change for alr gap changes,

(3) A0, dridgs cirveuits + Mgjority of inductsnce trensducers
are used vith a.¢, bridges. The dasie configuration norme.-
1ly eaployed with induetance transducer is shown in the
Fig. 2,32, The main advantage of a.c, dridge is push-pull
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inductance transducer can be connected into adjacent arnms
of the dbridge and any equal changes in the two colls are
cancelled out in the output, %This is an obvicus advantage
if the transducor is used at variable temperatures. If the
resistive changos are ignored for a first spproximation the
cutpt voltage 5 } ,16% . The indtoator can be made

to aiscrimingte between & +Ve and « Ve gignal by using phase
sensitive denodulator before fesding to the indicator,
Carrier frequency must be about 10 times the signal frequency
in order to cope with the highest signal frequency the trens-
ducer is designed to respond to,

A typieal acheme comsonly used for straln gauges,
inductsnce transducers and LVDT's is shown in the block
alsgram of F1g,2,3,3, Typloally carrier oscilletor frequ-
ency is 5 Kig, and amplitude 0,1 to 5 Volts me (7).
Ogoiidator Cireuity 3 The inductance change is utilised to
eauss proportionate frequency change of an oscillator by
econnecting the inductance transfuicer in the tanic cirewd t
of the oscillator, Formmslly single soil transducers are
used, Therefore thelr celidbration cuxrve (inductance versus
airgap) 4is non-linear ut sinee the frequency is proportional
to ‘/E.: y ths frequency versus alrgap curve is of dbettsr

linearity and may de satisfactory if moderate changes of
inductance are rejuired, 5ince the single coll transducer
13 not tesperature compensated, push-pull arrangements in
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which each transducer coll frequency modnlstes s Mgh fregquency
oscillator and the beat frequency of both oscillators ¢an thus

bs obtained festuring better linourlty' im& temperatﬁu conpad~
sation,



In capacitive pressure transtucers the defleotion of
the pressure sensing slement 1s converted to change of eapaci-
tance., This change of capacitsnoce is indicative of the magni-
tude of pressure acting on the pressurs sensing ¢lement, The
variasble distance type of arrangement 4is used in most of the
pressure transducer as this method is conveniant to detect small
Aisplacensnts, The formulae for ealceulating eapecitance and
snsitivity are given in the following (4) ¢
(1) Two parallel plates of area 4 square cms, in air (8= 1)

separated by a distance 4 cms, (Mg.2,34) will have eapaci-
tance ¢ {pico~farads) given by

L R 0;&885 Q | o ren sss (2n4¢ 1)

If the distance betwaen the plates decreases by 54,then the
capacitance inercases by &:, Hence wa have

e + de = 0,088 m voe  wee (2.4,2)

Subtracting equation (2.4.1) by (2.4.2) and simplification
gives

8@ = 00,0885 éx "'ﬂ%- LR .. ‘2&4.3)
a7 a.de

The fractional change of capacitance (sensitivity) is obtal.

b . . ves (20449
¢ 4 - 84
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EBquation (2,4.4) shows that the fractional change of capa.
citance is non-linear. To improve lingarity 4 st be very
large compared to 8&, tut thls reduses sensitivity (T%).
Hegnoe a good compromige 33 to be made,

(2) Two parallel plates in sir (€ = 1) separated by aistance 4

(cus) vith a solid dlelectric of thickness d,(cms) and dlo-
lectric constant € is inmerted, The sir gap thickness is
& (cas) vhere 4, = a-d, (Fig,2.35)

| ﬁho'capacitmcc of the MMnaﬁou is

= PP, .4 eoe  (2,4.5)
(4 +

If the sirgap is decreased by 84, ,the capacttance vill
increass by &a -Henice

.G * 80 = W——nﬁn—-—- sy "nE (3&4416)
(o - oo gD

Subtracting eq.(2.4.5) by (2,4,6) and sinplifying

¢ = 0,0885

- : ","_‘%‘ : s (2.4
T Pt - by )

The frectional change in capacitance is given by

_8% - _—hﬁ -u _ ;u (2,4.8)
o = doy +

In this case also for linearity d,‘ ;ﬁ mist be large
compared to &h but the same increase in & *3«&“’”
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sensitivity, Also sensitivity and non-linesrity incrsases with
inereasing ¢ .
By connecting two variable capacitances in pushepnll
linearity can be improved,
The following types of capacitive pressure transducars
are most comonly used (4)s
(1) Membrane type
(2) Thin plate type.
Membrane type ¢ Fig.2.3,6 shows the schematic dlagram of this
typs of pressure transducer (4), When acted by pressure, ths
deflection profile will bs sphericsl as shown in the Mg, 2,3.6,

Por mall defloction (B)2/< 1 the deflection ¥ of a point at
s dstance r is given by

y = % (‘2 “ !8) [ X X ] ;Q‘ ..»(2.44.9)
The fractionsl change in capacitanos is

6% m o‘m !# oo ' *en “42,4.10)

For saall deflections the ssnsitivity §§ of a capacitive pre-
ssure transducer vith s membrane is directiy proportional to
the applied fiuld pressure p and to the square of the Maphregs
radius a and inversliy propirtional to the tension s in the die~
phrags and to the initial airgap 4 between undeflected nevbrans
and the fixed alsotrode.

If ve assume piston-like movement then the deflection
vill be uniform and the sensitivity csn be shown to be



.y 8

o ‘ap

é% - 0’.%-&—- woe sse ...(2.4-"11)

Bquation (2,4.11) shows that sensitivity ealculation mmde on
the assmption of piston type movement produces twice the act
usl value as calculated by equation (2,4.10),showing that the
assmption is leading to erroneous value of sensitivity,

The above results are applieable only to statie defe
lections sinee the custioning effeet of thin layer of air belind
the M aphrags has been negleoted, This alir cushion incresses
the stiffmess and thus reduces the sensitivity to dmamie pres-
sures, Also the mass of the alr layer which is in contact with
the aphragn may be of the sane order as that of the dlaphraga
itself, Its effact on the dmamic sensitivity and frequency
response is also ignored,

2.4,2 Thin plate type s Transducers using thin plate clamped around
 the edge 1s also commonly used., Fig. 2,37 shows the schematic
dlagram of clamped thin plate transducsr. The deflection y at
any radius r 1s (4)

y=gxo %;325- a2 eBHE |, eee (2.4,19)
vhere p = fluid pressure (Ks/m‘?)
& = radius of circular dlaphragn (em)
¢t = thickness of dlaphraga (nlatn) {om)

B = Young's modiius CK‘/we) |
v = polssons ratio
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The fractional change of capacitance is
: 4 | , }
éﬂv » 00,0825 ﬁ:.l).i-&- P cne sae ‘2;4a13)

Equation (2,4,13) shows that the sensitivity of a transducer
using thin clamped plate at small deflections is directly proe
portional to the fluid pressure p and to the fourth power of
the thinplate radius a, It is aleo inversly proportional to
the cibe of the Mlarhragam thickness €, to a material ratio
f-m and to the initial alrgsp 4 Botwesn the undeflected

dtaphragm and the fixed electrode, If we mﬁm this sensiti.
vity to the fictitious sensitivity assuming piston 1ike movement,
the actusl sensitivity is only &- of the fictitious sensitivity.
The diserepancy 1s here even greater than in the case of mesb.
rane,

Constructional detsils for eapacitive trsnsducers s Since the
slectrodes, although insulated from each other, rmust be come.
cted mechanically, &olid supports made out of insulation mat.
erials must be used. The insulation matorial must have suffi.
cient mechanioal strength and high form stability, Its thermal
coefficient of sxpansion should be a3 low as possidle. In some
cases its thormal coefficient of expansion should matech with
that of other structural parts of the transducer so as to come
pensate the thermal effects, Ceramic insulation materials are
generally a better choise than plastics or organic materials,
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The metal parts, diaphragm, clesctrodss and supports
also require a high degree of form atability, Low expansion
and Mgh temperature slloys of ths niekel-iron type ean be
considered, though they are dlfficult to msthine. 7The fuces
of the variable condenser plates inside the transducer cannot
nomally be cleaned in uss. The airgap must therefors be pro.
tected from hmddity and condensation as well as from corrosion
and dust, Rhodium plating has proved useful and is a necessity
for electrodes immersed in liquid, Motal and alloy eombinations
used in the design of the transducer must be chosen to svoid
electrolytie corrosion, especially if the transducer cannot be
effhetively sealed against the atmosphere. The transducer
housing must be made absolutely rigid to avoid any distortion
vhen mounted on vneven surfaces, or the sensitive condenser
unit inside the housing must de mechanically insilated from the
housing.

Electrostatic screening of capacitance transducer
leads is essentisl and should be scresued up to the transducer
housing, For this purpose a convenient length of cable is us-
ually made an integral part of the transducer,

Heasuring Circuits s The following basic¢ circuits are commonly
used in connection vith capacitive transducers i

(1) A.C, bridge cireuit

(2) Twin 2" cdrewit

(3) Oscillator circults,
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(1) A.C, dridge cireuit s+ Maxwell's capacitance bridge ean be
used, F1g.,2.38 shows the basie bdridge cireuit, Output of the
bridge for differential capacitor arvangement ¢, and ¢, vill be
1linear (18). Balancing may be difficult 1f the magnitude of
stray oapacitances 1s large. Use of transformsr ratio dridge
sluplifies soreening and earthing prodlems snd stray capacitance
sffect ¢an be aliminated, thereby sero-stability of the cireult
1s grestly improved, The circult is now widely used in capaci.
tance transducer work and it is aleo useful 1in a,c¢, bDridges

for inductance and resistance transducers especially at higher
carrier frequencies (4).

(2) Twin *T' ciroult + Mg, 2.39 shows the twin *T' network,
Iids circuit solves phase shift and grounding problem of Mawwells
bridge, The twin 'T' network transforms capacitance changes

due to pressure differentials into an output woltage (1,13,22),
s 1s source c, and ¢y are the transducer capacitors. Capacitor
Y 48 charged during one-half e¢yele of the applied ac through
dtode Dy, 1t disecharges during the subsequent half cycls through
the resistances Ry and Ry to a common side or ground, G&imlarly,
¢y becomes eharged and discharges 180 aelectrical degrees out

of phase with ¢,. The d.c, output wiltage across Ry 1s a remlt
of the difference of the average currents flowing through B,.

snd By, When Gy, Dy mnd By ave fdentical to Cpy D, and R, the

average curront through Ry is zsro. This is the zero pressure
condition for the transducer. A change in the position of the
@aphrage vill produde & net current through Ry proportional %o
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the change betwsen G, and C,, The sensitivity of the system
reaches maximum 1€ the time oonstants GRy and CR, are of the
same order of magnitude as the period of the source volitage 33.’
The cireuit has further advantage that tho source, the transdu.
cer capacitor, the balancing capacitor; and the output meter
are all connected to ground,
(3) Ogatliator cireuits + The change in capacitance can dbe
neasured by conneeting it in the tank circult of the oselllator.
Fig.2.,40 shows a cirouit diagrzm of astadble miltividbrator with
the indicator connected as shown, The transducsr may be comne-
cted in plage of G, or C,, The output woltage to the meter m
can be shown to be (20)
-v:v“% vhen R, =R, =Rand G = C, = C
1+ 53

This shows the response is non-linear. Better linearity and
sensitivity can be obtalned by using monostable mitivibrator,

A,C, bridge eircuits amplitude modulatas the signal,
Other forms of modulation such as frequency and pulse modulation
have also besn used (21).
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2,5, PIEZD.ELECTRIC PRESSURE TRANSDUCERS

Hiw—nwtﬂc transducers ars force sensitive-devieces,
They are essentially force measurdng instruments of negligitle
doformation under 1oad, Thelr mechanical stiffness is very high
end has high natural frequency. They ¢an be made very small in
dimensions, The main draw backs of plegzoelectric transdusers
are their lack of steady-stats response and their Mgh eleotri- )
cal output impedance, coupled with the need for low-nolise cables
of low capacitance value, The maximm working temperatures of /
nost plezoclestrie materials are in the neighbourhvod of 200 to
250°C and above tiis value of temperature loss of insulation
resistance sets a practical limit,

The equivalent circuit for plezo-clectric crystal is
shown in Fig,.2,41a). Cp and Ry represent the capacitanes and
shunt resistance (losses and leakage resistance) of the trans.
ducer elament, Oy and Ry are the capacitance and resistanee of
the 1oad (eathode follower) and Cp is the capacitande of the
cable between transducer and load (4), For all prectieal purp-
oses the resistances and the eapacitances can be lumped into
the total parallel resistance R and the total parallel capaci.
tence C as shown in Mig,2.41(b). Typieal values for R and ©
are R =2 x 107 oms and € = 5 x 10"} farea,

Plego-electric pressure transducers measure dynamic
pressures only, They donot raspond to steady state pressures,
Commeroial applications eomprise miorophones, hydrophonss,blast
pressure gauges and engine indicators (1), Plezo-electric material
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used extensively are quartz (natural) and Lesdziroonsts titanate
(synthetic). The most commonly used ylezo-electrie pressure
transducer is pre-loaded orystal pile type. Detalls of the samw

Pre-loaded crystal t The sensing alement consiats of &
pair or & pdle of palrs of quartz dlscs as shown schemationlly
in the Fig.2,42. The optically flat fnoes of the quarty crystals
are held betwesn similarly flst metal faces of the load plate
and the transducer body by way of a pre-loading spring of stiff.
ness K, X, being the stiffness of the crystal pile. It has
been shown that high natursl frequencies are aclieved only if
residual air between the fuces is removed by a Migh pre-load
(say 50 < 300 K, for disks of 6 to 10 mn dlaneter), Bending
of tho loading plate or the housing would have similar detri.
mentsl effects ou the natural frequency and nay also Calse NONe
1inearity of oalibration,

The forcs p produced by the exterbal prnm is split
into the force in the erystal ple P, and a force in the preload.
ing spring p, with a plle deflection 8:: we have

P = Pl + ?Q | QQ’#‘ Q"Q ;QQ (2‘5;1)
- K)_s: + Kéx |
) 4
- &8:(1 + é)

X
= Pl(l » @
“n w e
» —Lr- [ X Y "en ALY LAl 4
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Bquaﬁ.x‘ou (2.5.2) gives seusitivity vhioh increasss vith decrea-
sing -gf 1.6, at & given pile stiffmess it increasss with the
flexibility of the loading springs. Linearity is odbtained only

K .
- § 4 ﬁ remains constant over the pressure rangey 1.6, at high

pre-loads vhen air ecushioning 18 eliminated and dending stresses
are swemped. The natural frequency Will be about 30 to 80 K,

In the earlier designs the pre-losd vag obtained from a relatively
stiff alaphragn vidoh also served as gas seal (FMig,2,43(a)),

The main disadvantages were temperature sensitivity, due to
variable pre-losd with temperature, and nom«linearity even at

high values of pre-loads. A bettor arrangemsnt is shown in
F1g,2.43(b) where pre-load is provided by & thin.walled tude
under tension, the sealing deing provided by a very thin dlaph.
ragn of flexible material,

Teshniques and transdusers for the seasurement of air-
blast pressures and for under water pressure transients are usu.
ally classified, In these tho trensducers should be non-direct.
dona), viich could be achigved by a spherical sensing slment,of
small size compared to the wave loagth of the pressure wave.

For prectical purposes & small cylinder 1s the next dest choise,

Piezo-alettrie pressure transducors can be designed
for pressures ranging from about 0,5 pei to the order of 10,000
psi, Sensitivities of 0,15 FF/pst to 1 PF/pai has boen obtained(l)
Measuring circuits s Caventionsl voltage suplifiers are normelly
unsuitadle to use with plezo-electric transducers dbecauss of
their relatively low input impedances, In tha past electromgter-

‘Vt
W
AN
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valve input stages and cathode~follower circutts have been emplo-
yed. They offer Mgh input fmpedances, but voltage mmplifiers
are limitad in thelr frequeney responss, particularly at the low-
frequency end, &ince the cutput voltage also depends on eable
capacd tance ydegoweleotric mearuring systems using voltage ampli.
fiers mist be recalidbrated when changing the transducer cable,
Charge smplifiers are now in almost exclusive use with plezo-
alectric transducers (4), |

The equivalent cirodt of plezo-alectric transducer
with charge smplifior is. shown in the Fig,2.4 4(a), Battery of
voltage E“ eapacitors G and 4 G, oomprises the plezo-eledtric
crystal squivalent eiradt (23)., The charge amplifier employs
-capacitance feodback, As the capacitance & Cy varies, the charge
~ also changes according to the equation.

rq = AGIE one ane {4.56.9)

This charge flows into the feedbmeck capacitor Cp
through the inverting input terminal. The resultant change in
charge Cp generates an ocutput woltage

pﬂ = .‘ A% % . ' T (3.5“"

Gince the operational eampilifier mquirel 8 d.¢, path in the
feedback circult it 1is necessary to insert resistance Ry, In
the absence of this resistor the oapadtpru will bulld up a

d.0. charge untll the output voltage reaches saturation, This
resistor limits the lower cut off frequency of the charge
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anplifier, For stabdlisation purposes and sometimes for prote-
etion of the amplifior input stage, it is also desirable to
insert the series resistor Rf‘ This resistor limits the upper
response frequensy as shown in the Fig, 2,4,4(b). From the
squation (2,5.4) we sse gain of the amplifier is

ook
and can be varied only by changes in Cp, It 1s usually desire.
ble to use & mnall value of Cp consistent wvith the desired fre-
quency response and & ressonable velue of Rg & The output volt-
age 1s substantially independent of éablo length,

Temperature variations affect charge sensitivity, of
pleso-electric materials, ALl plezo-clectrie materials suffer
from loss of insulation resistanco when water vapour is allowed
to condense on thelr faces, Plezo-electric materials having a
volume-expander mode produce spurious signals if exposed to high
' intensity sir-bome noise, Oable noise can be caused by the
slectrostriative properties of teflon and pve, Also changes
may be generated by friction and elestrostatic induction due to
wiipping and twisting the eadble during calidretion and measure-
ment., Specisl low noise cables must be used (4).
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CHAPTER 3

PRESURE_TRANSDUCERS DEIGNED, FABRICATED AND TESTED FOR VERY

LOW RANUE WIND PRESSURE MBASUREMENT

Pressure transducers using the digphragm as sensing
clenent are the most convenient to design and febricate, For
transduetion strain gauges, LYDT or capacitive gslement can be
used, For hMgher pressure ranges, design of preasure transducer
utilising the above sensing and transduction elements is more
reliadle as compared with design of thea sgme for very low prese
sure ranges at wilch diaphragn deflections will be very small
and corresponding signal level also will de small, In the
following pages dsecussion of the above threc types of pressure
transducers designed and fadbricated for measurement of very low
wind pressures (range O to 70 cms, of wvater) is given.

3,1 SIRAXN GAUGE TYPE

Strain gauge pressure transducers using bonded wire
strain gauges have been designed for low pressure ranges of the
order of 0 to 10 psi (17). In s typdieal transducer of this rnge
tour active straln gauges cemanted on one side of the diaphragm
such that the two strain gauges cemented at the center will sense
the maximm imn stress and the other two cemented at the edges
will sense the maximum Dending stress, Fluld to bs measured may
be alloved to one side of the &laphragm so that 1t will not come
in contact with the strain gauges, featuring the use of the trans-
dueer for liquids also.
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We can show that by fixing four strain gauges two on
each side of the diaphragm to senss maximum bending stresses,
the sensitivity can be improved, As the strain gauges will bave
to come in contact wvith the measured fluid, this arrangement is
satisfactory for alr only, The detalls of the transducers desig-
ned and fabrigated dwegiven in the following
Design and febrication :
place at which the strain gauge is to be cenented is dassd on the
consideration of the strain that the gauge is expected to sense,
Wo gan derive an expression ralating the change of resistance
(AR‘) of the strain gauge and presmire (p) acting on the clamped
diaphragm as follows: -

Fig.3.1. showe the draving of the transducer. When
the digphragn is subjetted to uniform pressure p, the shape of
the deflection curve is as shown in the Fig.2,8(b), The radial
and tangential stresses (Br and &, respactively) et any point on
the low pressure surfuce of the clamped dlaphragm is given by the
squstions - -

a3 PR2+)

rom Gencdo@? L e
3 Pﬁzv _ | '
By ™ 2 “?I +1D 2B L (302

where r is the radius of any point at which Sr and 8‘,‘ are
considered (7),



From equations (3.1.1) and (8.1.2) vhen » = 0, 1.0, at the centre

Br = St ' t‘ [L' + 1] *Ee {Saloa)
snd when » = R, 4,e, at the edge, ve have
| 2 oe e (3,1.4)
Br B - %% L 4 XX} b ’
3 miv "
st » e 4 ta see “ Y X (3.1.5)
strdm at any point on the diaphraps are given dy
‘ S, =V 8
Radial strain = G’ = "‘r"r‘t' s ene (3.1.6)
S » :
‘ Tmmﬁ_al strain = Gt = ..L—z-f‘ res (3.1‘7)

By substi tuting equation (3.1.3) n (5.1.8) we get strain at the
centre of the dlaphragm, vhich is

g,%’ (1 o0 oo ore (3.1.8)

and by substituting squation (3.1,4) and (3,1.5) in (3.1,6) and
(3,1.7) we find that .
Radial strain at the edge = %% ( va - 1) ve'o (3.,1.9)

Tangential strain at the adge = 0

It the gauge factor of the strain gauge used is G.F,
and its nominal resistance is R‘, the change in resistance
ARg in the gauge cexented at the centre

PR2 2 o
= 0rx R‘ xiﬂtz (1 - ) olms ove (aolom)
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ad in gauges cemented at the edge
, PR2 o
= 0.F xR x 3 o8 (V2= 1) oms e (3,111

mparing equations (%,1.30) and (3,1,11) we find that the strain
rage fixed at the edge undergoes twiece the change of resistance
mpared to the gauge fixsd at the centre, Therefore it is better
5 fix the strain gauges at the odge to obtain higher sensitiv .

The summary of the characteristios of the possible
hest stone bridge connections using single, two or four active
train gauges is given in the table 2.7, Referring to this table
® find that the four active strain gauges in the arms of the

heat stone bridge clroulit as shown in the Fig.2,19(e). Possess
he followving advantages 3
{1) Output woltage is maximm among sll) other bdridge circults
in Table 2.7. |
(11) Output voltage is linear.
{111) Errors due to temperaturs variations are self-compensat-
ing.
Hence this ciroult is meleeted for witeh output
oltage - AR
E,~ B x ""R;
ubstituting the value of Aas‘ from equation (3.1.11) we have

(el L LIPRARY UMIVERSHY OF OORYEE

TN
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1 -ﬂﬁg(vﬁ- 1) x OF x {(3,1.12)
0 4 t% Bin "ee ' ¢ o

(e) Seleotion of bridge supply voltage and froquenay : A,C,
excitation vas used, The advantages of s,c, excitation over

d.c, exxditation are
(1) elimination of themo-oloctric potentials generated at
the junctions of dissimilar metals in the transducer oy
its leads, '
(11) a,c, anplifiers are more stable comparsd to 4,0, emplifi-
ers and 1t 1s desiradble to have a.c, excitation for using
8.¢, smplifiers divectly to smplify the bridge output(9).
The frequency of the supply must be about 10 times
the signal frequenocy for good dynamie response. Frequensy sale-
eted was 600 Hy theredby giving the dynamie response of about
60 Hg,

The supply voltage should be selected on the conside-
ration of current that can be safely used with the strain gauge
wvire, which is a function of the vire resistivity, the grid
design, backing material, bonding cement, and heat sink to which
they are attached, For pgper gauges current is limitted to about
0,05 ampers, Gauge resistance is 120 olms, Therefore we can
use maximum of 6 volts, Considering these factor the bridge
voltage selected was 3,5 volts,

(4) Bridge balsncing » Due to s1ight differences in the resis.

tances of the strain gauges the bridge will not de perfectly
balanced, Hence balancing arrangsment is necessary, Parsallel
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balancing method has been selected (Mg,2,20 (b)) as this method
is convenient for dalancing(i6), °

(e) Belsction of thickness(t) and radius (R) of the &iaphrapms

Referring to article 2,2,2(d) and Tadble 2, we ean
galect R gnd ¢, Thiekness of the &laphragn uhom was 0,53 mm,
8 = 100, Hence R = 53 m, The radius selected vas 60,65 mm,
Acoording to Table 2, for linearity the centrs deflection must
be vithin 0,265 mm, Thig sets the upper J.im:lt of pressure range
as 70 cms of water, | o

F4g,3,1, shows the details of transducer, housing,
diaphragm, strsin gouge positions and comnections, and pressure
leads details., The volume of the pressure chamber on either
side of the dlaphragm was selocted as trial., The main conside-
rations taken into account 4n the design of the transducer hous-
ing was leak proof joints snd simple fixtures. Two pressure
ports are provided for differential pressure leads. In the
design of the transducer, air flow property wvas not considered,
The sumary of theoretical calceulations are given in the Tadle
3.1,
(£) Fabrication s The two differential pressure chambers were
made out of mid steel plate and ring, The diaphragn was made
out of utensil stainless steel, Pressure port conneectors are
screved on to the housing for aiffcrential pressure tubs conne-
ction, Strain gauges were cemented at the positions shown in
Fg.3.1. using cold setting cement supplied by the strain gauge
manufacturers, A thin layer of wax was coated on the strain
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Table 3.1, Theorotical Values

Pressure Centre deflect- Brldgt output

cms of water ilon mm Remarks
0 0 0 Dlaphragn tidckness

14 0.,0456 10.8 is 0,53 om,
o8 0.,0902 | 4.6 Hence for linear
42 0,1358 324 output,centre
56 0.1824 43,2 deflection should
7 0, 2280 54,0 be witiin 2232 =
84 0.2740 : 64,8 04955 mm,

o

gauges for protection from moisture, The spmﬁoaﬁoﬁ of the
strain gauges used is as follows 3 '

Paper base bonded vire strain gauge (Rohits)

Type s SA 12

Rasistance ¢+ 120,2 £ 0,2 olms

Gauge factor s 2,08

Gaugo length s 12 mx

3.1.2, Measuring Instrument + The main consideration in constructing

the measuring instrument was that it should be useful for meas.
uring the outputs of strain gauge, LVDT, and capacitive trans.
ducers, The signsl conditioning circuitry was desired to be of
ICs in order to minimise the number of discrate components,The
outputs of all the three types of transducer are essentislly
differential 4in nature. The output impedance of strain gauge
type vas 120 olms, LYDT type about 100 olms and that of capacie
tive type may be more than about 20 Kolm, Therefore wo need
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Meh input impedance for the measuring instrument., Also adjuste

able gain vas preferred to select the desired gain, Differsntial

amplifier vith single IC vas not sultable due to 1ts draw backs

as follows (34)

(1) Its input impedance is quite lov
(11) High values of differential gain require a 1arx¢ fosd-

back x-e:iwor which causes axcess d,¢, #utput offset
due to tho opanp input offset ourrent, If both high gain
and high input resistance are raquired, the input resistor
mist be very large and the feed back resistor mst be
mueh larger than the dnput resistor, ince 1t is atfes-
cult to mateh high meg om resistors, the CMRR due to
resistor msmatohing will suffer, Considering the high
input dmpedance (100 oims typtoslly), variatle gain
vith single resistor adjustment, differential to single
ended output and common mode signal rejection, we find
1C instrumentation amplifier is ideally suited for our
purpose,

The meesuring instrument fabricated consists of D,C,
regulated power supplies for ICs and emitter follower, &.c, power
supply for bridge and LVDT excitation, IC instrumentation ampli-
fier with gain selector switch and various other comnecting
terminals on the front panel and the indicating meter. The
block &agram of the system is shown in the fg.3,2 and the
complete cdrcuit is shown in the Fig,3,3, The design of the
various hlocks ave as follows
(a) Regnlated D.C, power suprly s We need throe regulated D.C,
power supplies, two for ICS (1 12 V) and one for the emitter
follover (12 V), The regulated power supply designed consists
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of a 220 V/12 V step down transformer, full wveve silicon recti.
fiers, filters snd regulators. Output woltage of 12 volts 1s
meintained constant for fnput wltage variations from 190 V to
240 V. MMMMMh‘WM&ﬂa
 ram of DERESR,

" (b) Ogeillator s IC vienbridge oscillator with emitter follower

stage was used to supply 3,6 wolts a,c, at 600 Hertz, as this
gives good output waveform and needs minimm number of components.
Figure shows the wienbridge oscillator (35), Amplitude stabi-
1isstion 1s obtained from back to back diodes D, and D, which
are connaoted in parallel with the resistor 33.‘ Ra is in the
negative feed back path in series with the 10 X olm distortion
control resistor R,. The component vslues eslculated are as
shown 4n the figure, The frequency of oaoulaw.on was adjusted
to 600 Herts using presets, |

(o) Instrumentation emplifier s+ Fig,3,3 shows the IC instrumen-
tation amplifier, The ocutput woltage from 4, is V, and the out.
put voltage m Aa 1s '!'4.

- L/ \/

Vo 18 the output of A4, ) ¥ o Ay 8tage 1s perfectly balanced 1.0,
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e T, = 5 (7, - T,

34 is the input impedance for the stage Ay, Ve have selected
Ry = 56 K olms, For symetry let us select all resistors of

56 K_o}m (except Ky). The 1imittation for highest value of R,
is 4.c, offset voltage that can be tolerated, Using the numerie.
eal value we have

ﬂunt-v;;&q - 1,,2%@2..' ‘

By variation of R, gain can be controlled, 4 range selector

svitch was provided to varyﬂl in steps giving gain of 1000,750,
125 and 20, ' _
CMRR depends on theQGMER of A, and how perfectly

R \
g% = :15 « A mismatch of Ry, Ra or R, merely affacts the diffe-
v .
rential gain (A, = V;’!{’ and not the common mode gain
v ‘ '
(A = g)
0" Ve
(4) Ipdicator : Multineter was usad as indicator by connecting
the same to tho respective terminals on the measuring wnit,The
range switches ware set to read A,C, voltages from O to 10 volts

£l seale, For lower ranges, O to 2.5 volts A.C, range can be
used,
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3.1.3 Experimental testing and calibration s The experimental set up
is shown in the Fig,3,4, 'U'tube nanometer wvas used as standard

presgure indicator, Water was used as the msnomster fluid, One
end of the manometer vas opet to the atmosphere and the other |
end to the transducer pressure port through a 'T' joint as shown
in the Fig.3.4, The other end of the transducer was loft open
to atmosphere., The transducer leads were connocted to the meas-
uring instrunant,

Mr pressure was applied at the *r’f Joint as showm in
the figure by blowing sir into the tube. Readings on the mano.
meter and the pressure indicator were similitaneously noted and
the same is given in the Table 3,2,

Talle 3.2 s Experimentsl results of strain gauge
transducer,

Manometer Pressure indicator B Remarks

reading p reading E, volts =
cus of water ¢ Galn

ny
0 -0 AAps4andp=8,
4 2.6 3.8 gain was set at 750,
8 4,5 8,0 at renaining readings
12 1.6 12,0 goin wvas set at 125,
22 2,8 1.0
¢+ 4.0 32,0
38

5.0 40.0
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Fig.3,5(a) shows the graph of pressure versus indica-
tor reading. It is seen that the response is fairly linear,
Mg.3.6(b) shows theoretieal and sxperimental values plotted for
ths purpose of checking the theoretical calculations. For ideal
confitions, the two must coincide, but in the caleulation of theo-
vetical values, the end effects vere not accounted. This could
be the cause for deviation from measured and calculated values,
It wvas obsorved that by pro_tnnz the transducer body at the edge
by hand some output was m The volt meter reading was
not quickly going back to sero vhen pressure was made zero. The
time delay is due to the plate not going back to the initial
position quicldy, Also often the initial was changing whenover
pressure wvas applied and released, These descripencies may be
due to the property of the plate material,.
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3.2, LDLIXR

An LVDT pressure transducer was designed and fabriom.
ted for measurement of wind pressure in the range 0 to 35 oms
of vater, Experimental testing and calibration was also carried
out, MNill voltage compensation was provided., The details of
the same is discussed in this chapter.

Design and Fabrieation:

(1) Mochanical design of the transducer s Tho diaphragm thickness
seleocted vas 0,254 mm and radins selected wvas 25,4 ms, Caloula-

tions (srticle 2,2,2 (d)) show that thds diaphrage can give

linear results up to about 35 cms of water maximum, Other coms

ponents of the transducer wasedesigned similsr to the strain

gauge type, Fig.3.6 shows the draving of the transducer.

(2) Dosipn of the LVDT: The overall length of the LWDT was sele-

cted as 1.5 cms to enable to insert the LVDT wnit inside the

pressure chamber, Referring to article 2,3,3 the other pareme-

ters designed are as followss

(a) Length of ¢ Assuming maximum deflection of core as
4 mm and tolerated error of non-linearity of 0.5% the length
of primary (using equation 2,3,14) = 4 mn,

{» &W ¢ Ignoring 8 in equation 2.3,15, the
 1ength of secondary = 8 mm,

() Lapgth of the ammature s By equstion 2,3,16, length of the
armature = 13 m,

(& Radius of armaturs s Assuing g » 0,04, wo got the radius
&
of armature ~ &5 ma,
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(#) Inner radius of colls~= 5 mm,
(£) Outer radius of the coll is selected as 2.6 om,
(g) Primary mmber of turns selscted = 1000 (40 &,W,G, enamelled
copper wire)

(h) Primary coll resistance * 8.8 olm (as meesured by miltimeter)
(1) Secondary number of turms = 1000 ‘ews each secordary codl

{ 4os.,W,G, enamelled copper wire)
(3) Secondary coll resistance = 88,8 ohm gach secondary coil,

Caloulation of aensitivity Es o ) 43 not

pressure appli
done since caloulagtion of the Gia»hragm deflection due to appliesd
pressure will not be acourate due to the end effects gnd material
properties, | . |
(3) _;Mt__i_gg. ¢ Diaphragn wvas nede out of EN 24 steel, The
pressure chambers were turned out of mild steel rod, Other
mechanical fittings were made simllar % f:hatz of strain gauge
transducer, | o

Coils were wound on a plastic bobbin, Buitadle insu.
lation wvas provided sround the coils, The armature core was
made out of Ferrite rod, Ferrite cors was first supported on
a brass stud of 1 om long end this stud was fixnd to the centrs
of the dlaphragn, Quick fix was used for fixing. The colls
vere fixed inside the pressure chamber very carefully such that
the core can freely move inside the colls, The core was located
to null position by giving spacers, Connecting leads vere taken
out through a hole in the transducer body, All leaks were blo-
cked by using wax after final fightening of the muts,
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3,2,2 Full Voltage Compensation s It was observed sbout 1 mv output

3.2,3

was available from the transducer oven when ths pressure was not
alloved in, This is due to null voltage of the LVWDT, It was
plgmed to compensate this initial voltage by using a compensa-
ting circuitry,

Mg, 3,7 shows the oircult used for compensating the
irttig) voltage. The principle used hers is to inject compens
sating voltage from primary to output side. Potentiometers Ry
and R, are adjusted for almost gero null .- voltage,

The supply voltago was 3,6 volts at 600 Bertz,
Bxporimental Testing and Calibration s The experimental set up
used for testing and cealibration is same as the strain gauge
typs except the strain gauge type transducer was removed and
LT transducer was replaced, Readings of menometor and indioa-
tor were noted aimﬂar to that of strain gauge type and &s given
in the following Tahle 3.3. '

Table 3.3. Experimental results of LVDT transducer

P o e warter R e

0 0

4 1.0

8 2.0

10 2.4 Gain = 800
16 3.6

a1 6.0

= 7.2

37 2,0

&nﬁmﬂ. sesse
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Contin\lod...u
Hanomctcr readi Indieator raad.’mg E
oms of vatogz volts Remarks
0 0
12 044
18 0.6 Gain = 325
o4 0.8
32 1.1
38 1.4
62 1.8

Fig. 3.8 shows the graph of indicator reading versus
nanometer reading, It is seen the response is linear., By inc.
reasing gain sensitivity also inoreases which can be observed
from the graph at gain 125 and at gain of 750, Idnearity is
maintained in both cases, The response is observed to be far
batter compared to the strain gauge type. Hysterisis was not
observahle in LVDT type, whers as inconsistent hysterisis - type
error was observable with strain gauge type. The improved per-
fornance of the LT type may be due to the superior material
and febrication as compared to strain gauge type which vas not
fabricated to the standard of the LT type, Readings in LVDT
type wers ropeatable accurately. Null voltage compensation ¢ir-
cult also wvas working satisfactorily, The initial reading could
be brought to almost O at a1l ranges by adjusting the null come
pensating potenticmetars slovwly in saequence such that each pot.
entiometer is adjusted for minimm mil.voltage. This LVDT type
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ransducer whs also tested in actusl wind tunnel and the perforw
ANCs was quitc satisfactory. ' ' '

3.3 ﬂAPAG'ITIVE TYPE

Capacl tive prescure transducer based on the principle
£ variable distance between the Ml aphragm gnd fixed electrodes
orming differential capacitor has been desighed and fabricated
or measuremant of wind pressure in the range O to 70 cms of
ater. Detalls of the design, fabrication and experimental
esting are discussed in the ro'umng.
ariablo distmce typs of eapacitiva tmsducer is most sensitive
19). In order to save time and material for fabrication it was
lanned to use the same strain gaige type transducer also for
apsoitive type by fixing two electrode plates on edther side
£ the daphragn to form differential capacitor arrangement.
lots were cut on the fixed electrode plates to make way for =&
truin gauge connecting leads and also for air to exert pressure
n the diaphragm, Bakelite spater rings are provided between
he dlaphragm and electrode plates, The draving of the capaci-
ive transducer is shown in the Mg,.8.82. The gap batween the
lates and the diaphragm was kept about ) mm, This ensures that
n the pressure range intended for the transducer, the &l gphragm
111 not touch the electrode plate., The calculated value of the
ppacitance was 85.8 pF gnd the actual measured values were
3 pF and 67 pF, At frequency of about 10 Kigz, the reactance
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will be about 250 K olm, hence it was planned to use the readily
available 22 K olm in each arm with 100 K olm pot for balancing.
The oomplete detalls are given in the Fig,3,2,
Exporimental Testing and Calibration : By pupplying 3.6 Volts
.G, excitation to the input terminals of the transducer and
comnecting the output to the measuring instrument and CRO, 4¢
was observed the balancing potentiomster was functioning satis.
factorily, Howsver a small voltage (a few m,v,) exists at the
balance position, This shows the balancing is not perfect, The
cause for tids may be due to stray capacitances due to cghbles,
By using shielded cables for connsctions better balancing can de
expected. _ .

The experimental sot up used for testing the capacitive
transducer is also same as that used for LVDT and strain gauge
types as shown in Fig,3,4, Eapacitive transducer wvas replaced

" 4n position of strain gauge transducer and connections for meas-

uring unit were altered, Readings were noted for various pres-
sures and at supply frequencies 10 KHz ang 3 Kliz, A separate
oscillator was used to supply 3.5 volts 4.0, at 3 Kilz and 10 KHz,
The results ars talulated as follows (Table 3,4) 3

The results are plotted in Mg,3.®, It is seen that
the response i3 fairly linear both gt 10 Ky and 3 Kz, Errors
such as mentioned in strain gauge type (Hysterisls, plote buck-
1ing etc.) were observadble in this case also. This observation
confirms that by using dbetter &iaphragm and better end fixtures,
the performance ¢an be improved.
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Table 3.4, Bxperimental results of capecitive transducer

Manometer reading Pressure indcator

Py cms of vater reading E,, volts

Remarks

0
0.4
T 049

1.7

2.2
3,2
4,2
5.2
4.2

3,2

£ = 10 KHg
Gain = 750
Ve 3.6 vﬂltl

22 8 8 ool8 I3 QBB RE

0.6

0.8-

1.0
1.5
2.0

£ = 3 Kig
Gain = 125
V= 3,6 Volts.
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Selection of a pressure transducer dopends on the |
intended application, There is no such thing as best transducer
for universal use (6), For each spplication both the mechenical
input and electrical output characteristics must bo considered.
The developments that have taken place have boen confined snd
attributed to the use of improved materials (stainless steels,
alloys and plastics), ap?ucatim of new pm&mtﬁbn process
(clectron beam welding,clesn room assembly areas ote,)(24) and
the improvements in the associated equipments, signal processing
and recording teohiuquu. In the following pages genoral condl
derations for selection and a few typlcal oxamples of application
are dlscussed,

General Considerations for Sclection (25) s

Range 3 Prossure transducers are designed to moasure pressures
over specified ranges, The actual measuring range is determined
by the setting of the asmociated signal - conditioning and read
out equipment for a given transducer output corresponding %o the
upper 1limit of the pressure range of interest (25),

Absolute pressure (Fig.4,1(a)) transducer require an
internsl vacuum or partial vacuum, naintained by & sexl which
normally elso provides a hermitic seal for the transduction
elemant and isolates it from at mospherie contact, OGauge and
differential pressure (Fig.2,1(db) & (e)) transducers except
sealed refersuce types usuglly mu the transduction element
to the ambient or to the reference pressure, Differential
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strain gauge prewm transducers, Induotive transducers nm-
11y have less fragqueney-rosponse capadility than the abovs three
types and potentiometer types are normally not used whers a large
frequency range must be monitored.
~ Pressure transducer frequenoy response is dependent

ipon the natural frequency of the sensing clament as dctated
inly by 4ts stiffuess. The frequency response 1s also inversly
yroportional to the dead volume of the transducer and the length
»¢ tubing from the point of neasurenent to the transducer pres-
nire port. :
invironwontal temmperature t Errors due to temperature variation
san be mnimsed throngh selection of materials with matohed
temperature coefficlents and also by use of compansating cireu.
Lty |

Piasb-alactrlo Pressura transducers oan be used at
temparatures from - 510°C to + 2007C, and potentiometric pres-
ure transduoers have deen devaloped to opsrate at tamperatures
yetween ~200°C and + 3180°C, GStrain gauge prassure transducers
szn be used in the temperature rangs -270°C ana + 10°C with
rareful. compensation in the clrcuitry. Capscitive and indictiwe
;ransducers are nsuzlly used in environments at or near room
teparature,

Other factors to be considored are cavironmantal fact.
)*s such as acceleration, vibration, atmospherie effocts, numlear
radiation and meagured fiuids,

_Applicaticus 3 Resistive pressure transdueers oomprise

rAxtually all kinds of application except for sud-standards and
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pressure transducers can always bé used £or gauge Pressure nes-
surenents by venting the referonce port to the sfidtent atmosphe
ore,
Acouracy ¢ Pressure transducer accuracy is strongly related to
signal conditioning, signal transmission and read out system
capatilities, Inductive and strain gange types omn profide
vary close atcuracies in conjunotion with & low m‘dr transml 8-
sion and read out systen, Other types of presgure transducers
ean bs designed to provilde very close accurasy tnder certain
conditions but can usually de designed to ycld the degres of
accuracy normally required for a largs majority of pressure
nessurements, .
Outpat ¢ Potentiomster type pressure transducer can provide
Megh output vithout signal conditioning, The output of strain
gauge pressure transducers can be large enough to drive the
commonly used miliivolt recorders, Capacitive and inductive
pressure transducers require soms signal conditioning %o yield
usable outputs, Ham-a&écmfa transducers are almost inveris.
bly used in conjnction with charge smplifier since their output
impedance 48 very high, Digital output can be obtained from
analog output of the transducer by use of an snalog-to-dlgital
converter which csn be duilt into the samg case with the trans.
dueer, |
enoy response § The ability to reproduce repid pressurs
fluctuations in their output is most pronounced in plezowelectric
and capacitive pressure transducers and to a lesser extent in
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strain gauge mm_tmadueau. Inductive transducers usua-
1ly have less frequency-response capadility than the adbove three
types and potentionmeter types ars normslly not used vhers a large

| frequency range must be wonitored,

Presgure transducer frequency response is dependent
upon the natursl frequency of the sensing dlement as dictated
nainly by its stiffness. The frsquency responss is also inveraly
proportionsl to the dead volume of the transducer and the length
of tubing from the point of neasurement to the transducer pres-
sure port,

Bavironmsntal tepersture t Errors dus to tmperaturo variation
can be mMinimised through salection of materials vith matehed
tenpersture coefficients and also by use of compensating cirou.
1try. \ ' ,

P&ur':nﬂa'atrxc prassure tmsancmm be used at
temperatures from - 280°C to + M0?C, and potentiometric prese
sure transduecers have been developed to eparate at temperatures
between -200°C and + 180°C, GStrain gauge pressure transducers
can be used 4n the temperature range -270%C and + 120°C vith
carefil compsusation in the cirouitry. Capacitive and inductiwve
transducers are ususlly used in environments at or near room
tenperature,

Other fuctors to be considored are eavironmental fact.
ors such as acceleration, vibretion, atmospheric effects, numlear
radiation and meagured fluids,

Tymonl Aprlications 3 Resistive pressure transducers oomprise
virtuslly all kinds of application except for sub-standards and
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ultra-fast vesponding types (6). PFPotentiomoter typs pres=ire
transducers are restricted to stationary industrial installati.
ons intelded for monitoring snd process control. Wire and foil
bonded strain gaige types cover wide and diverse applications,
Unbonded strain gaouges exhibit inferior stabiliity to thermsl
shock because of poor heet transfer from their freely suspanded
wires’;. Transducors of foil strain gauge type has bemn used for
range say )} psi and upto 10,000 psi and are avaiieble in rugsed
bodies of reasonsble sige, GSemiconduotor strain gauge transdu.
cers require alaborate compsusation artifices in the sssoclated
cireits Quo t0 their inharent non«linearity and high thermal
coefficient of both vesistance and gange factor, There are also
& mmber of pressure transducers employing semfoonductor strain
gauges diffused into the selecteld areas of silicon diauphragms.
The main attraction of these transducers lies in thelr small
size vhich gencrally is obtained st the expense of performance,

. Hext to resistive types, infuotive presmire transduo.
ers have probably the videst use, The earliest and still most
comnon typs aperates by the pushepdl variation of reluctance
of two cofils with variahle alr gaps on sitber side of the ferro.
magnetic Maphrage, Ths colls are conneeted in adjacent avms
of an a,¢, fed bridge eireudit, ZAnalog 4.0, voltage output s
obtained after phase sensitive dmodulation and filtering,franse
Gucers of this type cover aifferentisl pressure ranges from about
210 psi to £ 1000 psd, LVDT type has s moving plunger hence
the sensitivity to vibration and acceleration is higher than
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that of variadle reluctance types with &1 aphragm,

Capacitive transdncors are used &s ongine indicators
in internal ocombustion ressarch whers thelr fast responss and
their Mgh temperature capatdlity are an advantage,

In dndustrial applications of prosmre transdusers
relighility is of prime importance, Transducers requiring fre-
quent nmaintenance are generally not acceptable since in many eases
they are installed at in accessibile locations, Mintmising the
detrinental effects of hostile environments is & growing demand,
In industry transducer sige and welight matter, though perhaps
less than du research work, | ‘

(41) Blo-medical applications 3 Strein gaige prescure transduc.
ers ars used for the messurement of Wlood pressure, lung alr
pressure ew.{as},, For rapdd ohanges of pressure 1like blood
pressure plezo-cleoctric transducers can be used, Typdecally the
requivements to de satisfied of a transducer ¢o msasure blood
pressure are (1) measurcnmt of pressure independent of patient's
movement (2) pressure reading independent of transfucer position
(3) comfort to the patient and s smgll sigze to be used (4) no
contimous care necessary, These requirsments exdludo vdimct
measurenant methods, pressure cuff type transducers and use of
LT, Mego-electric traasducer satisfies all the above reque
trements (20), Also vith amdifiers and peaking dotectors dia.
stoldc (operationsl renge is from 50 mm Hg to 120 mm Hg) end
systolic (operationsl renge is from 70 mm Hg to 130 mm Hg) pre-
smives can be continuously monitored, UExtrome Mastolic or
systolie pressures oconsidered %o be dangerous are set such that
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these signals are utilised to trigger either visusl or audidble
wvaraing device, |

A typical transducer developed for implasntation with
in the dody consists of a single silicon erystsl dlaphrage with
an integral plezo-resistive vhest stone bridge on one surface(20),
The edrcular daphragn vhich 18 alloyed at Lits odge t0 & metal
mounting ring deflects linearly without hysterisis upto the point
of fracture., Two sizes are avallable, ono is 6,25 mm in dianeter
by 2.8 mn desp and the other is 2,1 mn 10 diametsr by 2 mm desp.
Through out the physiclogieal pressure range the linesrity is
bettar than 0,1% and resolution is infinite down to & thermal
noise level equivalent to 5 x 10°° wm Hg. One type, having &
senisitivity of 1 mv for 10 mn Mg showed 2 maxiram output avife
of lese tham 30 uv in 50 hours, inong the modoal apriications
reported were the insertion of a transducer into s patient's
bladMar to detect pressure changes and its use externally for
tlood pressurs measure ment through a eathetor,
(111) Aero-space aprilications s Diaphragm gauges ovolved mainly
from the requirements of space research and numerous types are
svallable. The size of the Giaphiragn is as low as 13 mm for
resistance strain gauge element and 3 mm diametar for seml-con.
ductor strein gauge clement, Ministure capacitive pressure
transducer including hybrid integrated circuit has been developed
vith overall dimencions of 1 ma Qlameter and 8 mm long for use

in vind tunnels and biomedical aprlications for pressure meast.
rement (21),
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Capacitive type pressure transducers can be used as
micromanometer (32). In a typical transducer the dlaphregm was
made of & thin sheet of Terylena (0,0006 or 0,001 inech thiok)
aluminised on one side, and this instrument can be used to meas-
ure pressure difforences up to about 5 mm Hg with an aceursey of
2 26, A change in pressure difference as small as 40 p of Hg
can be detected, Caploitive type dlffarentiai pressure transde
ucers can be used for measurement of rate of clird, pitch and
yav of an sircraft by relsting these pgrameters to rapid changes
of alr pressure looking from s capsule through an orifice (1),

Quartz crystal pmséure transducers of miniature size
can be used to mepsure dynamc pressures from full vacuum to
3000 psi or more wvith limited applications to 5000 pst in tlast
and explosion or combustion. One type dosigned for low pressure
blast and high intensity sound pressure measurements has a nomi-
nsl sensitivity of 5,0 o/psi and a resolution of 0,006 psi with
a capacitance of 50 pF, UWhen comnected to a charge amplifier
it can msasure blast pressures below 1 psi with good signal-to-
noise ratio (1), |

Many aero~space type transducers can de used for
Industrisl appnﬁat:!.om as well. In many applications, all that
1s necessary for direct use in industrial situation s to change
the packaging of the standard sero-space transducer (33),
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5., CONCLUSTONS AND SCOPE FOR FURTHER WORK

o?encmaox ¢ The information provided in this work is suffic.
fent to design and fabricate strsin gauge, capacitive and LT
types of pressure transducers for any desired range. |

In the case of strain gauge trensducer, the theoreti-
cal sensitivity was 0,75 mv/em.of {rattr and the experimental
value was about 1,0 nv/ca of water, The reason for Mgher
sensitivity realised may de due to end offect, If the daph-
ragn is removed and fixed ogain, a changé in sensitivity may
be expected, This problem of thoﬁ:%m 18 observed vith cam-
citive transducers also since both transduction elemonts are
housed 4n common unit, | |

Awong the three transducors developed LVDT transdu-
cer 1z recommended for practicsl use, While testing 4t was
obsarved that this transducer wvas practionlly free from errors
of hysterisis, zero shift, repsatability etoc. The plot of
presguire versus output alsc wes found to be linear. The resp-
onse of strain gauge and capacitive transducers also was linesr
but hysterisis and zero shift were noticeable. The reason for
better performance of LVDT type may be due to suparior materi.
als and fabrication techniques used in mgking it, With better
&l aphragn materisl and improved fabrication technmiques, the
performance of strain gauge and capacitive types cmn slso be
expected to improve.

By using shiaslded ecables, null voltage in ease of
LYDT csn be further reduced and in case of strain gauge and
capacitive types better dalancing can be ackd eved.
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BCOPE FOR FURTHER WORK ¢+ The design and fabricstion of press-
ure transducer depesnds upon the avallable materials and fabri.
cation technigues, Transducers vith improved performance oan
be developed by using better matorials and fabrication teche
niques.

Wide scope for research and development exist in the
£iedd of pressure transducers using semiconductor, integrated
and thin £ilm straln ganges,

The response of strain gauge and Gapacitive transdu.
cers developed wars found to be inferior to that of LVDI Ths
msy be due to better mgterials and fabriecation used in maldng
LVDT type. Strain gauge and capacitive transducers response
8lso can be improved with better materials and fabrication
techniques, |

Performance analysis was not made to eveluate the
capability of the transducers dsveloped, In the design of the
transducers alr flow property was not considered, whose effect
would be to cause dynamie lag. This sspect may be studied,The
sensitivity of LVOT and capacitive transducer is function of
frequency of supply. Best supply frequency may be determined
experimentally.

Proper sealing mst be provided to elimingts the
leaks to realise better performance,
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