A TORQUE RECORDING DEVICE

By
NARAYAN PRASAD

A Dissertation
submitted in partial fulfilmenr

of
the requirements for the degree
of
MASTER OF ENGINEERING
in
ADVANCED ELECTRICAL MACHINES

L3683
- 123 NV IOy,

~

Q
DEPARTMENT OF ELECTRICAL ENGINEERING g

UNIVERSITY OF ROORKEE
ROORKEE, U. P. unbia)
August, 1965



SERLFICATE

Certified that the dissertation entitled

*A Torque ascox"dingfgvlm“. wvhich 18 being submitted
by Shri Narsyan Prasad ir“partisl fulfilment for the award
of the degree of Master of Lingineering in Advanced Eleetri-
cnl Machines of Univercity of Roorkee 16 a record of
student's own work carried out by him under my supervision
and guidances The matter embodied in thie dicsertation
has not béan sutmitted for the award of any oiher deyrvo
or diplomas

T™is 1 further to certify that he has worked
for a period of 7émonths from 18t Jamuary to /ﬁﬁ‘ﬁuguﬂt,
1968 for preparing this dissertation for ¥astor of Engin-

esring degree at the University.

L7

(Dr') Le Mo M
ABgociate Professor in
Electrical Engineering

— Univeruity of Roorkee
Date }_57%/85 Roorkees '



The suthor wishes to acknowledge his deep sense
of gratitude to Dr. Ld.Ray, Associate Professor in Electri-
cal Engineering, University of Foorkee, Foorkee for his ini-
tiating this topic and valuable advice and suggestions at
svery étage of the preparation of this dissertation. '

Sincere thanks are due to Frofessor C. 5. Ghosh,
Head of the Electrical Engineering Department, University of
Roorkes, Roorkee for the varioué facilitiea afforded in the
departrent in connection with this work.

The author acknowlesdges the valugble suggestions
by Sri Ke B Verms, Lecturer in Electrical Engincering, during
the sxperimental work. Thanks are also due io the Workshop
starf of Elesctrical Engineering Department for helping in the
fabrication of the device. |



Chapter
Chapter

Chapter

Chapter

Chaptay

Chapter

m-

Sympﬁu

I  Introduction e
II  Torquemeasurement by dynsmometers «.

111

Iv

Description of Transmission

Dynmometers or Torqua-meters .

Hagmetic Coupled Torquemster -
Theory and working principles .

¥  Design Considerations for Magnetic
Coupled Torquemeter. o
V1 Calibration of Magretic~coupled
Torquemeter & Transient Mecording s»
¥I! Conclusions "
Bibliography o

List of Symbols oo

61

72

iv



SYNOPATS

The importance of acourate torque measuremort
is woll knowne Soveral devices are availavle for this
PUTPOSO. té:qat. of them suffer from the elip-ring troubles.

Hagnetic~coupled torquemeter, originally
developed by o Fe Langer 1s free from elperingv and can
ve ueed for high epceds.

hie dissertation mainly deals with the dove-
lomment of & Magneticecoupled torquemetere Tho device has
been designed and used for the recording of steady and
transiont torques. |

This is preceded by a brief review of dynamo-
meters and torquemeters developed from time to timos






1
IXIRDUCTION

The need to measure the torque, or the toraion moment
accurately in a shaft, either in a #tatic condition or during
rotation, has exercised the ingemuity of enginsers for many
years: Numerous devices have bLesen suggested and produced

from time to time for the purpose.

| The torque acting on any of the machine elements can
be either static, in which & couple 1& applisd to the element
without rotating it; or dynamic, in which the torsion moment
is spplied to the slement that is rotatings The measurement
of the torque of a mtatizis machine presente considerable

a1 £ficulty, particularly shen it is required to record the
instantansous values under rapidly varying conditions. |

Upto about 1910, the devices usad for torque measure~
ment were purely mechanicall. Capacitance strain gauges®*>
weye developsd by Carter and Shannon and found a useful eppli-
eation for the accurats measurement of torque. With the advent
of resistance strain-gaugs torqmoter5, the industry got a
convenient tool for the torque measurement. These meter were
not very saitable undsr the extreme conditions of 'tamperﬁtuw.
huaidity and spesd of the myc» Magnetic-coupled torquemeteri?
was developed by Langer. MNodification has been suggested
horoin and a torquemeter has been designed, fabricated and
tested in the laboratory to prove the sfficacy of thisz modifi«
cations s
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In moat engineering works, it is the average value
of torque during a eycle which 1& of interest to us, yet
from the stand point of design of shaft and other stressed
MNNg their 1life and strength, it 1s desirable to have
® torque~time plot which 18 invaluable to an engineer. The
ddwupo'd torquemetar servas the above requirement.






DR VEAUBSENT X L M TS

Torque measurament i& often associated with
detemination of mechanical power. In this connection,
torque measurin, devices are cormonly referred to a8 dymé-
meters. then ?so appled, voth torque and angular speed must
be detemined. Another important reason for measuring torque
15 to obtain load infomation nocassary for stress or deflee-
tion analyslse

There are three basic types of dynamomoters,
absorption, driving, and tranamission types Absorption dyna=-
mometers dicuipate mechanical energy as torque 45 measured,
hence are particularly useful for meoasuring power or torque
developed wy power Sourcad Such as enginse or electric motors.

T ng;rn{ dynamometers, as their name indicates, Lsth measure
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torque or powsr and alio supply energy to oparate the devices
under test. They aro, thereforo, usaful in doterminin, por-
formance characteristice of such thinuse as puwaps and compre-
8gorse Tranamisesion dynanometers may e thought of as passive
devices placed st an sppropriate location within a machine or
between machines, &imply for the purpose of @ensing the torque
at that locotione They neither add to nor subtract from the
transmitted energy or power, ond ere eometimoes referrcd to as
torque meterse

.1,  Machanical and Hydrmidic dvn

Te most sirplest type of absorption dynsmometer
15 the familiar prony brake, which 44 strictly a mechaniceal



deviee depanding on dry friction for converting the mechani-
eal energy into heat.

Another form of dynamometer operating on similar
principles is the water brake, which uses fluid friction
rather than dry friction for dissipating the input energy.

The dynamoueter casing 18 mounted on turnmion bearings,
so that it is fyee to rotate about the zhaft except for the
restraint provided by the torque lsver am. 7The capacity e
a function of two factors, speed and water lsvel.

The hydmuc dynmmometer has the sdvantsges of high
power-absorption capacity in amall space and at low cost. It
16 inharently unstable and requires constant manipulation of
the control valwes to maintain constant torque during & run.
It 15 well adepted to tosting sngines and automotive-propul-
sion loads.

S

8.2,  Elactric dvnsmometers *¥""

Almost any fomn of rotating electric machine can
be used as a driving dynmmmeter, or ad an absorption dynamo-
meter, or aé both.

#4dy_Qurrent dynsometars

Eddy current dynsmameters are of the absorption
type. They are incspable of driving a test machine such as
& pump or campressor, hence they are only ussful for messuring
the power from a Source such as an I.C« engine or electric
motor.

The oddy current dynamometsr comprises in essence a
motallic disc, driven by the shaft, rotating in a magnetic
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field. ‘The magnotic flold 1s produced Ly slectromagnets.
The rotation of the conducting disc in the magnetic fleld
induces circulatin, eddy currents in tho dise. Mochanical
energy Supplied vy the shaft 1u thus converted to electric
enargy in tho dise, which in turn 16 diesipated by ohmic res-
istance and comyorted to hoate Tho field structure 16 mounted
on trunnion bearings o that it 1s free to rotete about the
shafi. The torque reaction of the ficld structure is equal
and opposite to the torquo input to the ah‘aﬁ, less the fric~
tion torque of the trunnion bearinges |

The torque absorption of tho eddy current dynamametor
is proportional to the squars of the magnetic flux and diree-
tly proportional to the &pced. The torquo at hiyh speeds s
Umited by tho mechanical strongth and the hoat carrying camm-
eity of tho coolante

In general tho field of operation of eddy~current
dynamomcter 16 much wider, and the contrel Ly varying tho
f10ld current ic quite convoniont.

2+3s Rriving Dypamometars

Abgorption dynomomaters are usaful only in tebt-~
ing enginess Testc of pumps or compresfors require that the
machine bo driven by a souree of mochanicenl povers A drivimg
dynamometer 16 usoful in such a caso, bacmuse it provides the
mechanical power required and the messurenent of tho power.
Hostly the driving dynmmometers are the oleetric motors. These
con alvo 0o used es generators and then are pm?t!.cularzy useful
for testing ongines which require an external source of power
for startings The dynemameter 14 worked ac a motor o start
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SRANMISSION DXNMIMETERS QR JORGUR METEES

I.- Dassriotion of some sarly Zarcusmatare’
33+ Dettinaax’s Drousmeisr
Pottinger's torquemetor 16 one of the earliest

types of Sorque meter. .It: is a mechanical device and many mete
ers are working on the prineiple on which this meter operates.
The meter 18 a8 shown in fig.3-1s It consists of two split
cluwops & and ¢, encircling the shaft whose torque 45 to be mea-
sured. These clamps ave rigidly fixed (by pins or screws) to the
shatft bdetween definits gauge points on the shaft, a distance
sparte A slsuve 15 fixed to the clamp ¢, which tranefers the
motion of the gauge point ¢ on the shaft to a disc b, close to
the 4isc on clanp &« The relative angular displacement of the
disc a and b 15 a measure of the torque acting on the shaft. Thie
angular displacement i magnified by the link system ani recorded
by a pencil 4 on sultable paper wrapped rourxi the co-axial cylin-
der oy, which 18 stationary and can bo moved clear of the peneil
vhen required. when theve 18 no torque on the shaft, the pencil
traces a ciromferential 1line and this 18 the zero line of the
diqgram. When the torque 18 tranamittsd by the shaft, the pencil
moves 1o the right or left, according to the direction of rotation
and traces a more or less wavy 1ine at some distance from the sero
lines. 7Ihe micrometer screw f allows the ordinates to be calibre-
ted in angular movement. |

| Porttinger's meter was developed for the measurement
of torque tranmitted through the propeller shaft of a spipe.
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11
Risadvantamme
The main disadvantage of this metor 1+ that & large
free length of the shaft 1s required, which may result inte the
bending of the shafts It ean only be used for slow moving sha-
18 and wecord of rapidly varying torque 16 not possible.

A2+ The next development was {ollies torsioometars Two
light co-axial shafts are mounted in besrings parallel to the

main shaft and driven from it by gearing with a high ratioc.
This increases the gauge length and hence large angular twist is
obtained which increases its sensitivity. The meter 1s shown in
£1g.3+2 and f1g:3-3+ Te end of ono of the shafts, 8, 18 screwed
and carries a nut b, which 18 splined to the other shaft, ¢, and
can slide upon it for a limited distances ‘The motion of the nut
16 tranénitted to a pointer, which messuros a mechanical magnifi-
eation of tho movement. Wheu the main chaft twiets undsr loasd,
one of the «hafts advances or retards in angular position with
regard to the other, 5o screwiny the nutu one way or the other
by en amount proportional to the torque tranamitteds

The instrument 15 not epplicavle were the space s
limited. Alsc the accuracy of meaSurement 18& not highe The only
alvantage 18 that a direct reading on the pointer 1& obtained.

The meters described so for were in use before 1910
and possess the following disadvantages: ’

1. A dong length of shaft 15 required in most casesj in
most of the machines, today such a length is pot availsble. Also
spurious effects are introduced through the bending of thess long
shafts. ' ‘
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N Most of the devices are only spplicable to slow-runn-~
ing shafts, and in general, the degree of accuracy 18 not high.

2. The readings are non-continuous

4. In some cases there 1s no pointer reading and 4n others
no permansnt record.

8. The instruments need skilled operation and interpreta~
tion ef the results.

For the present~day application the quuunetata should

be compaet, having high degree of accuracy, higher yeeponse, a
pommnt vecord, a pointer reading, robustness and stability.
T achieve this electrical msans of transmitting and magnifying
the angular étirain of o geuge length have been used.
| W have a relation vetwsen the torque and the taotal
angle of tvist as

Hyo-

Thus the relstionship between the applied torque and the angle of

twist produced 15 linear and 5o 1f the angle of twist 15 measured,
1t 18 a8 good a8 measuring the spplied torque.

| An electrical strain gaugs could be made use of in

‘order to messure the torque by the above method.

The principle reason for the popularity of slsetrical
ﬁuﬁn is their sability to record data at a station remote from
the pfomt of application of the gsuge, thus allowing the pmuges to
be attashed in position which would oe inaccessible for direct
measurement by mechanical or eptical means and hiszh dynamic respo~
_nse of the electrical gauge which renders the gauge invaluable for

dynsmic work.
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An electrical gause has been defined as a device vhich
converts a physieal magnitude into an electrical magnitude. All
electrical circuits for magnification and measurement of small
movements involve some or all of the three basic electrical units
of inductance, cspacitance and resistance. Therefore, obwiously,
any circult component whose value can be changed by a mechanical
phenomenon can be used for measuring purposes. Elscirical gauges
are theyefore classified according to the principle of operstion
such @5 varisble inductance, variavle capscitance and variable
resistance typea,
II. Cspacitance strein-ssugn m.mmf = : |

fariakle capacitance éirain-gauss - The capacitance
otrain gauge 16 composed of a condonser, the capacity of whieh
ean oe made to vary with strain. A capacitance 3 fundamentally
two plates ssperatsd by an insulator (often air)ec The impedance
to an altarnating current depends upon the capacity of the conden~
oer, which in turn depends upon the distance stween the plates
and the area of the piaun. Either vabiable can be used as a sty-
ain t.mnldumz;u L . o

| The cspacitance of a capaciter may we varled by chang-

ing umf the gap or the affactiva area of the electrodes or by
changing the dielsctric constant of the materiasl sepersating the
Plates. Asouming that there 18 no changs mads in the dlelectric,
the cspacity can thevefore be varied by altering the seperation
of the plates or tho area of the overlap. | -

For parallel plate cordienser the relation-ahip Detween
the cspacitance and the seperation of plates is given by the




relatien WK A
. 8e3s Jorque meter with varisble-gap capacitance tyve

It 1s usual for the capacitanes changes to be caused
by changes in the gap, the changes in gap bLeing restricted to
anall fraction of the total gsp in order to prevent undus depar~
ture from linearity. oince the relation vetwsen the capacitance
and seperation uetween plates is hypsrbolic, it is necessary to
use very small geps and & émall range of movement to obtain spp=~
roximately lirser relationship.

Pescription of the Seuse’.

. The c¢apacitance &train gsuge consists of four
parallel plates cordensers connscted in parallel. TFour plates
are fitted to one ebonite circular disc symretrically as shown
An £ig.3~4« Two such pieces are mounted on a circular shaft so
that the two ebonite discs are seperated by a distance andthe
plates of one half ave placed parallel to the plates of the other
forming smell air gapss Thus four capacitors are formed. These
capacitors are connacted in parallels An AP potential is sppli~
ed across the tarminals of the condlensers:s One terminal 1s broug-
ht through a slip-ring connection and the other (ground) temminal
is the body of the machine itself.

The torque unit 43 coupled to the shaft of m§ motor
under investigation. When the power 18 tranamitiled the shaft geis
twisted: Thus the plates get nearer or 0 further away Gepending
uwon the direction of the applied torque, causing a change in capa~
eitance of the unite This change in caspaeitance 18 a measure of
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the aprliocd torquoe

The gpmliication of thtc type of torque motor 16 at
places where it 1c required to meosure the torque of amall magni-
tude. Carc chould be takon to avoid contamination of tho gauge
by o1l, oil vepour, or water vapour, €incoe thoy may appreciably
alter 1ts copacitancs by changing the dielsctric eonstonte

he corious dieadvantage of theo moter 46 that tho tem=
poraturc chongoes in the chaft open tho gep betweon the plates.

4 convoniont moihod of varyin; the arco of overlsp 18
by the help of sorrated-condenser gowso« The wab davolopod
by Carter, ‘honnou and Forshow, and 16 as &hown in f1y:3-8. Tubu~
lar momocor a 16 of mild-8teol nnd hav fino longitudingl internal
perrationt in tho ra&qn of tho amaller boros Thoso sorrations
are formod Uy cutting roctangular elote, using a anall slotting
machine having an atccurate indexing arrangements T innor tubu-
lar member b, 16 alce of mild 6toel and has correcponding external
sorrations, fommod Ly using a millng cuttors betwoan a and B
there 1s o fino alr gap vhich 18 ceccurately maintained by pre-
loaded vall bearin;s and thoeo members conotitute a condensers
The capacity of the condensor chango with rolative angular displaw-
coment of the memboer: as chown in fige 3=6 and 3«7 The mombers
e and b are registered to the chaft at a certain distance, which
ropresente the gaue lenythe Under the full load torque the twist
of the shaft vatwen the tw printe ehould we enough to give a
fairly large deflection on the oscillograph recorde Thie has been
achieved by tho use of an anplifier.
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The sensitivity of the instrument chould ve constant
for tho fll rango of movemoent dus to the shaft twist. Tis
means, that the capacity dieplacement relationship should be
lingar over this rangs, tity condition can be met by desiuning
the serrations suitably. In the variavle-gep condonser type
torquemetor, excocsive moveament will couse contact of conden-
Ser elamonts or of corresponding stops,where as in the present
case there 16 no limit for mechanical movement and hence no
stops are necesgary. The plek up unit 15 nomally fitted so
that inner and outer teeth half over-lsp whon the chaft is
tranmmitting approximatoly full mean-torque, this gives the
fullost range of lincarity for positive or nogative torquos

Iheory-

The capacitance of a Jong plain annular condonser
is proportional to tho arec, tho dfelectric conetant, and tho
logrithim of the ratio of outor to inner radius. In thit parti-
cular case, #since thoe ysp between outer and inner wnmere is
very small compared to thoe gsp radiug, the curvature of the
condenser surfaecsc can e ignored, and the calculation can be
done on the basiu of cingle plate conionser fomula

Cm Lxa, uul
3.6 ¢

If the charge distributec itself uniformly, the
change of capacity with relativo position of tho toeth would
06 linear, but, due to end effectc the amctual sensitivity and
the range of lnsarity 1is to e detemined experimentally.
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- Ypical units have 60, 90 or 180 tecth and can Lo from
13" 1n diemstor by 3/4" longs Slip-ring trouble 1s not seri-
ous in general, &inco highefrequoncy high-impedance circults
are used for energising the condenser and for detecting and
anplifying the signale

Cepacity pick-upt require spoeial care vith dotails

of tho circuite Ihie gauge wes developed before the advent of
the resistance Strain yauge; and so thoy con now hove thelr
usaful application only in &pocial casess These gougps are
most shitable in cases vhere the tomperature 6 boyond the
limit for wire-rouistance gauge®s In tho copacity type pick-
ups, the range of linesarity 10 -not intimately asscoclated with
the properties of tho maierial, aé in the wiro rosistanco gaupe
and thus thc capacity type may Serve for meacuroments under
extreme conditions whers tho wire reeictancc {/po wuld be over
strainods '

13X,

The resistaence strain sau}:;e, unlike othor instruments
baked on the elastic twist of a shaft, makeo use of the point-
to-point sStretch or compresiion of tho surfaco of the shaft. The
gaugp exhibits a lincar relationchip betwosn the chango in its
elactricol reslstonee and tho etrain applicd to it. If properly
constructed and epplicd, it 16 froo from hyRtercsis. then the
matericl on vhich it 1 fixed 48 worked within the stroin Mmitg
then 1ts proporties do not chane measurably vdth time or mumber
of eycla: of operation.



21

Wen a shaft i& subjectod to toreion, the prineipal
stressot oceur at 48° to the axis of the shaft, the stresses
beingz at ﬂght mle and equal in magnitude but opposite in
8ign, that 15, they are tensilc and compressives If a eingle
bonded wire gauge 1c o0 placcd that it follows a 45° helix on
the surface of the ehaft, the gauwe will Le subjocted to maxi-
mum etraln due to the torque. A wingle gauge could therefore
be used for the measurancnt of torqua. I[owever, any bending
or thrust epplied to the &haft would abviously also affect the
gouge responte, and any chanye in tampereture would cause
false &auge rveadinge unle&s iho temperature coefficiont of the
gauge vwere zero. Moweover, unless tho roulctancd of (e gauge
wore vory high, it wulld ot ve practical o anploy slipring
and brush connections (o the external measuring circuit, &ince
the erratic and varlavle brush contact resistance can easily be
at least as large as the total rosistance change of the gauge
of usual resistance value.
| The avove mentioned limitatione of the g£ingle gauge
can be removed by the usa of the arrangoment of the geugps as
shown in fig. I8« Four gauges are now used and are placed
alon; 45° holicos on the ehaft surface. The gougos subjected
to the strainc of tho same &ign due to the torque, form opposite
ams of the wheat stone brddiee Tho bridae 16 unbalanced due
to the torque and tho unialance 16 additive Ly m' the gauges.
Thoreforo, o output of this arransement 18 four times that of
the bridge wWith only ono active ame
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working styessec as high as vafety requiremcnt. pomit when
highest aceuracy 18 escentimle

A8 a pneral rule the stress should ve at least 6000
1bs/4n® when the aceuracy of maasu:?mem is to be ¢ 1% of full
écnle. Preferably the strece should Le 8000 to 10,000 psi. vthen
ons mrqumoter is to covur several ranies of measurement, such
that tho anallest range 16 143 of full se~ley, then it 46 desir-
able to uee a shaft etres. of avout 16000 pei for full cc-le.
Hi h-strength elloy stocl chould e uysed for aﬁch Pl ck-up
chafts to provido sufficient safety-factors

L 120050

e resistance changec for stredns correcponding to
meximum ellowablo stroscow in voth tho shoft .ond the wAre=rosie-
tance olcmontu celdom oxesed 1% of the initdal resiutancos Thore-
fore, oo of conoitive potontiomoter end balaencing bridgs is
roquired vAth vAro rosiftance strainegauges, or hich gain anpli~
fiemuot Lo usod with direct indicating instrumontes A furthor
disadvantasy 16 tho rolatively large temperature coofficient of
rosistance of nost of the vire resistnnce &trein gaugoés. It 18
thereforoe not of ruch uee for alr craft engine torquemotors
viere tommerature variation 1 high.

XVe  3a6o

The cavity resonators uded ac fregquency=-ctadilizing |
unitc ar wavemetors are very somdtive to amull chanos in their
dimonsionse This mothod cun. therefore we uwed for any purpose
requirin. & sensitive method for measurin, such amall chanjes.
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It hac oeon used for tho construction of 2 vory sensie
tive strain gauge for torque moasuremont. Altioush the gmuse
is comporatively complicated than the resistance strain gouge,
but somotimes it becomou nocessary to use it vhere the scourate
measuremont 48 essentigl.

Microweva Exincipnle of displacement weasurenent,

v

A cavity 1s a space totally enclosed by walle of high
electrical conduetivity, tho cavity enabling the excitation of
high-froquency alternating electromagnetic fielde within the
enclosed epacos The condition of resonance exist at fixed
frequencies, and it 16 the extreme charpness with ghich those
pointe arc defined, or what 16 known as tho hizh Q factor of
the cavity, which makes it 6o useful. 7The pointé at whlech yeso-
nance occurs are a function of the dimensions of the eavity.
Fig.3«11 shows a cavity fomed by a cylinder closed at one end
with an adjustablo plunger at ihe othor, €0 that the lenyth of

tho cavity can bo changed. Input and output poiutu are provi-
| ded near thu vase, If tho powsr at fixed frequency 1& fod into
the cavity and the output connected to a erystal detectorywhich
measurcsé tho powsr trenamitted throush the cavity, then by vary-
ing the distance X, dbotweon the base and the plunger, the curwe
as chown in f15.3=-12 18 obtained.

Two methods are used for the measurement. Tho fipst
35 tho comparison method which 16 useful only for steady state
recording. The direct-reading method it used for transient
torque recording.

ACSUTRCI Providad that a dieplacement of 30 mil for full
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load torrque can ve obtailmod, an accuracy of £ 1% can be reali-
s0d with cavitics that are readily const.mct.ed-‘ The instmme~
nts w1l give reasonnble output without the use of sensitive
indicating instrumente or high-gain anplifiers.

Apart from the measurement of torque thoere are several
applications of Aisplacement measurement to which the microwave
motho? ean Lo applied wvith 1t& maximum sensitivitys

Y. 87 Shaft wounted wetars sithout mnﬂ.m” 14.

beveral experimenters have madc attemnts to utilize
vurious coupling &chenes to permit tho uee of stroin-resistive
or strelinecapacitive geouges mounted dalrectly upon tho rotating
shaft wAthout using s8Mprinués <train sensitive copocitors
have been mounted directly on mé torqua logded shafte with thoir
wmmals conrectod to tho Swecondary colle of transfomers, these
colls complately encirceling the ehaft and rotating with the shaft
tho primary eolils of the transfomers are stationary and also
encircle the shaft assemblics and the rotating coils. Mutual
inductance detweecn the primary and secondary coilc of the rotate
ing transformmers thu: formed constitute the link botwean the
stationary instrumente circuit oloments and the straln socnsitive
capacitor on Rhe load shaft. | |
| It has been proposed oy FeD.tmith and Cels Wright that
the effect of pressure on the maygnetic proporties of tome forrow-
magnetic moterials could ve used for the measurement of tOrQues
when the shaft made of nickel or nickel alloy 16 twvisted, itse
permeabilit, 16 modified. Thic change in permeavility 16 propor-
tional to the applicd torque on the shaft. If g o4l is wound
around the shafi and 18 fod from an ascs Source then thic change
in permeavility wall result in the chamnge of inductance of the
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eireuit and hance the change in the ecurrente This change in
euryrent ¢an ve amplified and ealibrated on the meters ‘The
application of this o limited becansc the chaft has to be of
a material showiny good amount of magneto-etrictive effoct.
The power 1t to e limited by the streeses uhicﬁ thete mater=
ials ean withstan. ‘ The magnoto-skin offect method of torque
measuraméent is sonsitiive to temperaturo, shaft bendin,, mecha~
nical and magnetic hyctoresis, and thrust loados

Relatively hich frequency kyscoe power sSupplics are
requizred for tho avove montlonzd two schemes, onld anplifiers
are roquired Letweeon the thaft unit anl the indiecating instrue
mante The magnetic 6xin effact or mauneto striction torquee
instrument shaft element spproachos the ultimate in desiyn eim=-
plieity, anxl A€ neans of eliminating tocoperature errors and
hysteresis effocts can bo found, the simplicity of tho shaft
elerent may offsot tho disalvantages and difficulties of high
frequency suppliocs and amplifiors.

Serae-satar bagad on Hutual-Coupling.

The recent develomment in the design of torquemeters,
hae produced a sirplo and ecnsitive meters 7The torque of the
machine 16 tranenitted along a #tecl tube that 10 magnotized
etromforentially by o toroldal windin fod from sip rings at
about 1000 co/8. The effoct of torque on the magnotic properties
of the tubs 1& to cause tho flux, previously pasuing a concentriec
circles around tho axis of rotavion, to take 8§ upiral path, and
a component sppears in the Space around tho tube. A statlonary
pick up coil surrounde tho rotating tube and has tnduced in 4t a



31

voltagae closely pmpnr‘t.‘nnal to torque. A omall unit hes been
fabricoted anv! tested in the laboratorys The unit hee not
given £y00 resultc due to tho troudle 1. slipring contacts and
bruches. Aloo ag 4t 1& couplrd with 34 HeP. myc . the varia-
tion in flux around the tube with load ic extremsly amall and
g0 the variation of tho output eignol with load 1& very 1little.
fhe unit it shown in £1Le3«13, |
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Strain-magnetic elements lond themsolves to the meami-
rement of displacerent much more readily than do any of the
aforementioned strain-scneitive devices whon 4t 48 desirabls to
connpot direct-indicating inctruments to the strain sensitive
clrcuit without interposing m;pliﬁerm Haognetie atrainWG
operats at sufficiently hi b energy lovel end @o it6 output can
be utilized to drive an indicatin. instrument directly. The
gaugos are &mall asnd oporate at nomal Supply £roquoncye

In 1022, instrumentc yerc developed depehding upon a
change in the mmber of linkagcee between the flux in s magnetic
path and tho coil gemerating the fluxe This chang in the Yink-
sges produces a chang® in the eurrent, which 18 a measure of
torquae , _

Wiion a codl, in vhich a current flows, 4o wound on an
iron core vhich form a part of o magnetic circuit, a flux 15 set
up in whe ecoras If the core 1o eplit up into tuwo parts so that
there exist: a amall alr gsp vetucen tho two parto, then the mag-
netic flux 45 foreced to pasi through the alr gape Tho relucta-
nee offired by the uap 18 rany times more than tho reluctance
offorud uy the &ron part of tho magnotic circuite Lven a amall
change in this gop vAll result in an eppreclavle change in the
flux linkin. the circuit. If the power fod to the coil 16 from
an ascs Source, then the change in ho flux Uinkagos will cause
the change in the {nductance of the ecircult. Thisv will result
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into the changs of current drawn drawn by coil, and the change
of curront will wo proportional w the chamnge in cAr gap,provie
ded the ﬁmuc circult 1o not saturatode The indication can
be easily emplified 1f nocousSary.

The above mentionsd principle hae been used for tho
measurement, of torquc ad shown in fig«4-1» The écheme consiste
of a leminated amaturc or movable part of the core a, which is
carried vy ono of the clamps ¥y » Two identical ond opposite
electromnagnatic circuits by and bg are held by anothor clemp x.
when the torque transmitted by the shaft 16 zero, tho gaps on
the two 61des are oquale wWith the application of torque one 51:-
gap ic increasad and the other gop 16 deereasgeds In order to
have a linsar rowpones of the metor, the change in the alr gap
should &0 about 10 % of tho originsl gap for rated output. It
has oezn found that oven by 20 % changm 4n the air gop the dovie
ation from linsarity ic amall. The circult used for tho measBuro~
ment 18 shovn in £f1g. 4+-2. Tho motor M 16 of rectifior Yype
and the output is measured without any amplifications

12,13
4.2. [aasons for selecting Magnetdc=coupled 10rque-maLar.

Of the gauges describod 6o far, most of them require
s8lip ringe and brushes to energize the elementé which rotate
with the shaft. In many cnces, tho ﬂnpmnab cannot Do tolera-
ted due to the presence of o0il in the regien surrounding the
shaft or due to the high speed of the chaft. TFor examplo, in
measuring the torque delivered to an airplane propoller in flight
the propellar shaft 15 usually enclosed in the reduction gear
housing an! any instruments attached to it are subjected to a
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continuoué &pray of hot oile In testing a8 turtines, ewpeeds
spproaching 40,000 repeme arc Lomotimos encountered. &lip-
ringe are practically inoporative under such conditions, and
tnstrunonts attached to tho shaft are apt to ve demaged bty
contri fugsl fores. The slip ring doeiyn 16 aelco lkely to be
difficult from the stand point of service troublc and contact.'
resistance. The magnetic~coupled torquamoter hac been devekoped
and designed to eliminate 8liprings and 'to &t 5 continuous
record of the torque vhich 16 Deing transmittod by the shaft.
The design 1& most suitoble for atr eraft engincc vhere the
engine output i+ to vo known at every instant of its operation.

Fije 4«3. shows tho isometric view of the torquemeter.
The Govice consiete of a shaft of stoel, tidu thaft 1o provided

with three flanges on viich arc mounted three toothod rings of
magnetic material, but seperatod from contact with the chaft by
means of non-magnetic épacers. The Spacers arc nado of a metal
euch as uronze or trass. Overlapping teeth or pzﬁaecuona from
gach of the thres magnoetic rings form two 8ote of active alrgaps.
One sot of gap 16 formed between the outer ring 1 and the middle
ring A, and the other 8ot 1s formed between the osutor ring 2 and
the middle ring As “hen the torque 1s tranamitted by the shafe,
onn set of alr geps are shortensd and the other set of air gaps
are lengthencd depending upon the diroction in which the &haft
418 twleteds Two stationary coils 44 and 2o are provided which
completoly encircle the &haft assembly. ®hen the colle are
energized m‘m a«Ce Bource, the flux flowt scross the two Sets
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of alr gaps. The megnetic flux completes its path as shown by
the dotted Mnes in the dlagram. The flux completss 1te path
through the encasing shells of magnetic matarial for the stat-
ionary cqna and across the udlgl alr gaps between the coll
sssembly and the rotating-shaft assemdbly. The area offered for
the flux by the radial gaps 18 very large compared to the area
offered Ly the active gapss As the length of the radial gmp 1s
small, the psmeances offered by theie radial gaps are quite
large compared with the permeance: of the active gups between
the toothed rings. Conseguently, the insertion of the radial
alr gsps in the magnetiec circuit has but mmall effect upon the
characteristics of the strain-gaugoe, The effect of eccentric
movement of the shaft in its bearings relative to the stator has
ot a very litile effect on torquemeter caliuration. The respon-
82 of the moter 1s 1ndepmﬂom. of bending and thrust loads on the
Shatt.

when strain-gauge elements are mounted on a rotating
shaft, precautions must be taken to avold errors dus to bonding
moments and compression or tension loads on the shaft so that
only pure torque is measured. 7This requires that a balanced
nagnetic circuit be used with both 24 and Zg responsive to shaft
torque loads, and it also requires that the sensitive air gups
bes distributed uniformly around the circumference of the shaft.

It the coils 44 and Zp are connected in such a fashion
that they form the two #ides of a measuring bridge, then with
the sppliecation of torgue, the uridge is thrown out of balance.
This out of balance effect is the desired response,and the devi-
os may be calibrated to recoxd this response which is proportio-
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~nal to torque: The method sdopted for calibration 1n this
esse 1s slightly different and 18 discusssd $n Chapter ¥VI.

In effect, the magnetic~-couplsd torquemeter consists
of a magnetic strain-gangs in which the portion of the magnetie
cireuit which carries the coils remains stationary while the
varisble alr gaps are mounted on the rotating shaft. The mag-
netic flux is tranamitted from the stator to the rotor through
radial air gps. On the rotating shaft the flux goes through
a magnetic path reluctance distribution of which varies with
torque transmitted through the shaft. Thus the torque meter
requires no 8liprings and the rotating part does not contain
¢lectric coils or other elmments vm.ch might be domaged by

centrifugal force.
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DESIQN CONSIDERATIONS

One of the most impertant parts of the torgue meter 1s
1ts shafts The design of the shaft influsnces the working and
sonsitivity of ihe meter to & large extents Fige 5e1 shows a
- 80144 shaft ard figs 5«2 showe a shaft whieh 418 hollow at the
test section. e hollow shaft improves the sensitivity with a
possible larger dismmeter at the tast seetions The hollow shaft
is therefore selected for the meter.

The following caleulation will show that with a given
torque to be trandnitted, the twist in a hollow shaft 18 more
pronounced than in a solid shaft and thus the hollow shaft is move
suitable for the proposed torque meter.

For a hollow ¢ireular shafi, w have

L o= Fix-n

. o w T L
L J : Ip G

For a particular value of torque, larger the value of ©®,
the anglo of tywi®h, more will be the sensitivity of the meter.
Therefore, in order to outain larger output and 80 increased sensi-
tivity of the meter we must havel« |
(4) G, as small as possible.

(41) Seetion modulue as amall as possible.
(111)The gauge length as large as possible.
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Therefore a hollow .haft of diameter vuitaole frwm the
stres. conelderation. anl ssction mndulus reduced to obtaln max-
imum sensitivity 16 used.

Howsver, cars must we takon to ees that the streseing
of the ehaft should bs within the elastic limit, otherwise plas-
tic deformmation of the shaft miuzhi result. Therefore, we rust
telect suitavle material havin, high yield point stress and good
strainavility (lover volue of »)e From theso considerations
ordinary mild ctool 18 quito sultebles It has Leen found that
mild stool gives tatisfactory recults, ospecially if ¢ho shaft
is subjected to a twlet well avove the value corresponding to the
maximm designod forque bofore calibration, vithout exccoding the
elastic limit.

his torque metor hac to w@ intorposad botwoen tho drive
and the driven.membor. Therefore, it should not materially affect
the performance of the egquipmont under tost. This requiros that
it muet have a very low fnertla and hich stiffnoce. ‘Tisc implies
that the shaft chould wo lMpht and arall in diamoters All pamts
including the couplings should wo made light. High stiffnecs
requires smaller length of the chaft, thuc economising 4n langth.
But we should be lMbeorel in choouing the length as 4t increases
tho sensitivity of tho devica. Thorefore a ecxproniso 46 to be
made.

Dasian of the shaft’ .

The meter 44 to vo couplod wAth a 7¢8 ll«Fe 080 pepeme,
400 V¥, 3 phe induetion potore ‘tho motor 16 to o Gesiyned in
such a Ay that it can we used up to the aovove rating only. <o
the design will have to ve an optimum onc for the above rating.
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his rating was chosen because of the facilities available for
testing its viability, though it 18 arbtitrary otherwise. Ofeo-
ures the design consideration noted heyein for this particulay
meter will ve spplicavls to meters of similar type but of 41€f-
srent ratings.

27 NT

H’P. BB merwanemmmanons

. 27X 960 X T
¢« s 728 =
3300
. 33000 X 78
s e T = . = 41 lb.f%.
2 X 960

The drawing of the shaft 1s shown in fig. 8-3. The
maximum twdst is contribuud by the sections s and b, the maxi~-
mum shoar stress will also occur at those sectlons. Therefore,
42 the twist in those sections are within safe limits, other
sections will automatically be safe under most severe condition.

Chosing the Bore of the shaft = 3" throughout, and the
hicknass of the sections a and o = L.%. “we have, the outer
diasmeter of sections a and b = % ”. )

Polar moment. of insrtla of the uctiom

.-Z:-V 7 ",.. a ‘]ﬂ R 0.585-0.314)
v ["‘B‘” o v =

= 0.0866 in%

Maximun shear stress at these ssctions

-5

.  41X12X7 2
o o To™ w 8100 1bss/in“.
.0366 X 16 |
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fhe ultimate shegr stresc for mild steel iu 80,000 lbs/inP
hoosing a factor of safety of 2, the allowable maxi-
mum chear stress = 10,000 lbesin®,

Allowing for the 8treés concontration ate., tho maxi-
mun shear stress in tho materinl will Lo about the maximum
allovable shear stress. Hence the desiyn 16 optimum and eafwe.

A bore of in is chosen to keep down the polar moment
of inortia a5 &nall a8 pos:iblu. he bearin,s used are .1.C.
120, having a bore diameter of 1% Considerins the horse-pover
copaecity of tho &0t those bearinuu aro not cultables iut as
they arc just ~upportin, the lensth of the meter only and most
of the load 18 coming on the maln bearinus of the I.ie and D«Co
machine, those bearings can we usede Another yeason for using
theso bearinzo 16 to reduco the diawoter of the shaft. Honce
%" bore dlametor 18 quite sultablos

T avoid bending the total longth of the shaft should
be ac Omall as poscible vAth higher stiffness. dut this vill
roduce the twlst resulting in lover sonsitivity. ExwusiAon of
1" 1o provided on both cddes for couplin e. Bearings are suppe
orted 4n their place by § collars. The chaft carrics three 3’
collors for Supporting non-magnotic spacors with toothed mings
over thome RNarrow collars may not give the rigld support to the
vingee ‘The length of tho sectionu a and b 16 docidod entirely
by the required twist of the shaft which changes tho ective alr
" gap longthe This chang® in the active gap should ve about
10-20% of the oricinal gap. This limitation of change in air gap
will deperd on the dogrec of satumation of the ma.notiec path and
also on the original gepe Provisionally the length of the secti-
ongé a and b 18 choscn av 2% eachy o that the total mngth of the
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wnit &l not largs. , .
Non-megretic Spacers are to bDe set on the eollars.

With thin spacers there 18 a possibility of flux leakege inte
the shaft fyem the rings through the spacers. The increass in
their thickness will result in reduction of twiast contributed
by the thres collars. As has been stated earlier, the twiet
18 mainly contributed by the sections a axd b, and therefore,
the inerease in thickness of the aspacers will affect the twist
very littls. From these considerations, the spacers are taken
as *' thick. |

The magnetic toothed rings, which are placed above
the spacers are to be designed for carrying a particular value
of fluxe ‘The flux density in the toothed portion will depend
upon the thicknes: of the rings and the hw over vhich the
teeth sverlap. Asmming the thickness of the rings as 1/8%,
the outer diameter at collar ssctions is 1;' .

Total twist in the shafl
Polar moment of inertia of the collar sections

- L -

-} |

- L (7 «0.314) = 0,685 int.
3z

Polar moment of inertia of ssctions a abd b

i [(.) () ]

( 0.885 = 0:314 ) = 0.0268. in.

21>
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Total tvist in the gauge langth will ue the sum of the twists
of the three collars and that in sections a and b There will
be very #light error introduced in assuming the smme volue of
G for mild steel and for non-magnetic spacer's material (Gun-
metal in this case).

L 7T L L

° Qmﬂ«zﬂn(i-;-»‘ -g-"" sone)
GI’ Py Ip’
44X12 3X0.8 4

12 X ao“ 0.665  0.0268 ) e

41 | 180 -
- —;—93 ( 2.2¢150)x s dogrecs.

» O 3&“0

Twist for half geuge length = 0.3179°.
The active gep Letweén the teeth should be &S &mall

a8 possible. Under extreme loadins conditioneé with the proviso
that the teoth should not teuch each othore The gap is there-

fore initially kept 1/64%
MHean dismeter of the rings » 1.8%

vﬁem'czrcgntcwnce BAX 18 = 4,7%

ae0? correspond to 4« 7%

407

360 x «179

= 0.00234%,
e » Changs 4in the active gap = 0.,00834%,
Original active gap = 0.0158",

o*s  0.178° correspom? to




o’s Change in gap as percentage of original gsp

0.00234
0.0156

X 100 = 15%,

This chan’“ in gap Will occur under the desired full
losd conditions, therefore the variation in the gap will nor-
mally be in the limear region. '

Twe mmber of teeth on the rings is a matier of cholos
within close limits for meter to ve used in laborstory. However,
the large mmber of teeth is very effective in aversging out
bending and thrust loads on the propeller shaft in the case éf
alr-craft engine torque meter, but leads to excessive magnstic
leakage around the tseth and also to increased manufacturing
dj £ficulties. ut;h n‘lhr number of teeth, the sensitivity
of the instrument will increase dus to the batter magnetic design
and the reduetion in the leakage flux around the rotors

In this design, tw sats of rings are useds 7The first
‘sat 18 having 10 teeth on each ring and the other set is with 8
teath on each rings This.4s done to see the effect of mmber of
teath on the sensitivity and performanee of meter: The mmber
of teeth s chosen im_ch that the gap between the two consscutive
pd.i-s of overlapping teeth 1s large enough #o that there is mo
flux (1sakage) flowing along the circumference of the ringes The
teeth pr'ole are tapered slightly to have maximum utilization
of m.ttrhl vith an eye on proper flux density at the neck suff-
1ciently bslow the saturation level. The rings are shown in
21g.5-4. Their pesition shown 15 smne as will be in the unit in
eperation. The detailed drawings of the rings are shown in
£158. B-8 and 85-6. The three rings are to eover a gaug® length
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o1

of 88+ 4s the piddle ring vAll have toeth on both the cides
its oll ovorall Gimensions are to ue hizher than the other two
vingse Tio t)aeth longth ¢ y4% The exial gap betwocn the
tw rinss 46 8% This 16 intentially kopt high to avold flux
loskage. s gop provides a largo reluctauce and o the flux
is forced to cross ho active alr gapss The area of overlapping
of teeth s /8" x 1/8" In cawe of 10«teeth ringu, tho width
of tho tecth at onv saction 16 3/718" and at tho other Boction
it 15 1/8" In the cass of Betecth rings, the width of teeth
18 5/16" at one section and 3/4"™ at the other. This is bocouse
the flux earried by each tooth will bLe increased for ths Sams
value nf 8tator ampere~turns. '

Stator

The stator consiets of two similar partés One oxtends
from the ring 1 to the middle of the ring A, and tho other from
the middle of the ring A to the end of the ring 2« A8 has been
indicated earlier, the radial elr gap Lbetwsen the stator and
the rotor has a very littlo effect on the yeluctance of tho maye
natic path, & radial sap of /80" s providede The end covere
of the two parts of the stator are «o desiyned that thoy leave
a Space of 1/8" axially on the rings, so that the flux 45 forced
to pass throuh the sctive alr sapcs The drawdngzs of the stator
parts are shown in fiy.57 The depth of the stator housin;s
18 taken to ve large cmough &0 that two colls of sufficliently
large mmoor of turns can Le conveniently accommodateds ‘he
$dea of using two coile 18 to use the Second set of coils in the
two halvee connscted differentially for measuring response while
the first set of eoils 15 used to provide the excitation for the
device.



. N o]
oot

4

e,.w.l.!u..‘ .\:»wllt . N mu« . N\ . f\) IJ \ﬁﬁl\oT \J\.,N I..Mﬂ),\ ~J_ \_«!. .!«.r).l\ Qﬁ) \ m

Tk
" ]
0
A .
e, r T, e “ ..ms- -
RN
oo _ _ !
C SN | _ .
N “ . '
L]
| t
i s B T S A 11;\1\1\
. & " y 4
. M\\\\\M‘N«s . \\Nk.\\ “..\ (L .k\.m\.\.nuﬁ
& i
» 4z
\.\m . 1 ¥ pl ,
L ’ o
o “ﬂ‘&_ Voo -
_ | v +
- . ) . J \ - o ¢ 4
A e 0 rrf.p,,ﬁ,pbus: | P P00 F..(%bb)&@&% W =/
! S s R 4
L o LT i 2






Llrmunte DD IR0 A E-0oiNe

Colota = Cormisto Aoy of tho
TETICOGODe




£

53

AS there is no data available on the design of these
metars, &0 to start with any suitavle values for various quan=
tities ha:t to ve assumeds FRegarding the number of tumns to be
provided in each coil, s fairly large velue i& chosens The
currant in the primary coils 4 varied and the voltage induced
in the secondary coils 16 notede Tho current 1 adjusted to
such a value that the masnetioc circult ic not saturated. In-
complete layers are avoided in tho wvindings. As the current ie
not expeeted to wo large, 26 & VelUs wirze 15 chossn and #ix
layors of it aro provided in each of v stator colls. The
total mumuer of turns in each coil i 888 Tho primery anx
secondary colle in the teo étators are wound 4n such o fashion,
that when the current 16 passed vwith the primaries counected in
series, the flux produced Dy thom flows in the same diyection &n
the tw halves of the statore HNow if the secondaries are eonne
acted 4in series opposition then the voltege Letween the umamiu
available will be the out-ofwbalance.voltage of the two halves
of sacondary. The stator cection 1& itgken /4% thick throughout.
Az iyon path of the magnetic cirecuit 18 mot laminated the flux
densities in 1t should we as low as poseiblo to reduce eddy
current losses.

Beluctapcs calculationg - For the calculation of
reluctancesd of various paths, it 1: assun.d that to iron part
1s of infinite permeacility, so that all the smpere~turnc are
utilized Gy the air-gaps in the magneiic paths
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There are two radial air-gaps and one active air-gap
for the flux to ocoplete its pathe The area of cross section
provided by the stator end covers 18 different for two radial

saps.
Tyom the drawings of the atators:
Avea for the radial flux on one &ide

- -5- 1— S » ’n ‘
XE 2% TLI BT

“« X X 1665 x% = 8.89 aq.ine

Aven for the radial flux on the other &lde

- X 1-665:% = 2.68 aq. in.
length of the radial gap = 180"
R = gyeluctance of the path

nsn -.-1—- M .Im.
80 x 589 x B4 x 2.54

= 0.00134.
«g 1x 2.4

RS' -

w O 00313.
8 x 2,62 x 2.54x 2.54

Saare -~ Areas of overlapping of one teeth m bs 83+4n.
Length of active air gap = 1,64". '
«'s RMeluctance of emch active air gap

64 x 0:228x §5x 254 x 2.54

There are 10 teeth on the ring and so there are 10
active gaps. The total flux from the stator distributes itsels
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into ten different pnt.h_s- As all the tseth are identical and
the area of overlapping etc. 18 same all over, ws can asmme

that there are ten similar paths in parallsl.
+"+ Reluctance of all the active-gaps

- % 2 0.0788 = 0.00788.
mm{:'ﬁueune- 91' the path
= 0.00134 + 0.00318 + 0.,00708
= 0.01232.

The current in the exciting colls in series 1s 0.16 mwpere.
This current 13 allowed 80 that saturation does not oecur at
points of magnetic circult vhere the flux density 18 ocompare~

" tively highe

Me Mo P I R i o
LT e Sy

Flux =
Rsluctance R

O«d 7 x 885 x 0016
— = DBI0 lines,
001232

The voltage 1ndu¢od in one of the secondaries has been measured

and 16 found to Do 12 volts.

Now
E = 44 E LN x 10

12 = 444 F .80 x 888 x 335

" 12
. - ; = 9850 Lims .
- € &«:mxusxm"‘
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The value of flux calculated from the dimensione of the meter
and from the voltages induced in the secondary coils, is slig-
htly different, becanse the leakage flux has not been taken
into secount. Comparison of the calculated and experimental
values shows a leakage of nesrly 3% which 1s within allowabls
limite.

The value of useful flux 18 taken for the calcula~
tions of flux density in the rotor teeth, and the total flux
16 taken for the calculation of flux density in stator. The
smount of flux asmmed to Le paseing through the rotor body is
the maximum possidle under the physical disposition of the
different parts of this device.

Flux through each active gap = %-mnmu

»

» » Flux dsnsity in the rotor .
| " §2 2
testh at overlapping section = m— » 11830 nnn/tn‘ .
The valus 12 quite low and cen therefore be allowed.
The above flux passes through the base of the tooth
at a section 3/16" x 1/8%as shown. At this section the flux
density is expected to 0& migm. |

Flux density at above section
. 22 . 33400 lmessan®.
1e* 8

Ares of croas msction of stator core
R 2 52 Y A
- 1 (4:365% = 3,668%) = < (1738 = 13, 4)» g X 285

= 3¢1 8Q4N0
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Flux density in the stator eore

80 | 9
» e w 3,000 1iressin“.
31

The value is quits lows @ |
In the end covers of the staters, the flux density will be

maximum at & section where the supports for the windings

starte.
Ares of cross uétlori at that section

- "x2168x % = 1.7 s in

980 o
Flux density = "o w5800 linessin®.

b

Length of the Mial gep = 15/3000%

Area for the rndlil 8% flux on one side
-5 (18*55) x 1§ Sadne
= x 1.000x 9/8 = B.85 8q. in.

Area for the radial flux on the other side
- Tté’maa ) X 1/2 = 2.6 8q. e

R o= . 28% 3.54 .
a, M 1000% B+88 x 2.54 x 2,54

=  0.0010



o8

Lo 18 x 2.4
% 00 X 206 X 2054 % £.84

Ry, = w 00888

As the overlepping area of the gears 1s same as with 10-teeth
rings, the reluctance of sach active air-gap
Ry = 0.0786,
Feluctanes of all the active gaps
w 1/8x 0788 = 0.08572

Total reluctance of the path = «0010 ¢ Q0228
+ 0.01572 = 0.019

;'ma euryent in the sxeiting colils = 0.16A
I.I;l‘. o 004 ao NI

Meluctanoce R

u‘o Flux =

Ocd 7 x 538 X 0416
+019

w = 6300 lines

The voltage induced in one of the sacondaries is
measured and 1s found to ve 7«9 volts.

No

VB w444 g N x 100

7:9 = dedd xtx VO x 85 x 10 .
.0'0 CE = §300 nm;»

The difference between the ealeulated and measured values of
flux i very smalls Thie indicates the reduction in leskage
flux With S«teeth ringe.



59
Plux through each active gap .,3;& = 1940

Fux density in rotor teeth at overlapping section

w 20 = 15900 lines/1n2
&8 x 1,8

This value 16 wall within the ls.nzt.a-

Area of cross~section at the neck of the teeth = 5,16 x 143’.
8Qeine

Flux density at the neck’

* . = 33800 lnessinc.
S/18 x 8 ‘

Area of stator core = 3s:1 8qsine
Plux density in the stator cove

e300 9
31

Ares of cross section at the stator end covers where the
supports for the windings starts,

= 1.7 8gsine

6200 | o
Flux density = -;-:;- w 365 lines/in®.

Desperaturs affachs Ao WASORIAS ALraln Smuses

The effects of amblent tempereture changes
upon magnetic strain gsuges can be divided into thoss origi~
nating in the instrument circuit and those originating in the
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shatt pick-up unit: The temperature sffects in the instru-
ment circult are readily corrected by conventional means.

The temperature changes in the shaft element are more Aiffi~
cult handle ordinarily, particularly sincs tempsrature may
change from -60°F to +200°F, for air-craft application.

The changes in the modulus of elasticity of the shaft materw
ial are usually small over the normal temperature ranges.
Serious unbalances of the impedance bridge may result from
large ambient temperature changes around the shaft plek-up
urdt} this may be particularly mtimama vhen larg2 tempo-
rature differentisls appear from and of the shaft unit to the
other, These calibration changes can be held to &mall limits
with proper care in design to prevent large hysteresis and
eddy current losses in the magnetic parts of the shaft unit.
Thess losses ave highly temperature sensitive, 80 that torque
instrument sceuracy suffers from temperaturs changes. Those
tempereture effects can bo hold within scceptable limits by
the proper care in design and applications
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13 3 e circuit for the calibration of the torque-
meter i to Le sensitive and eccurate. A5 the energy lovel
at vhich this meter operates iv hich, calibration can be done
without the use of an amplifior. )

The circuit used originally by Langor in his
paper i¢ no doubt an extremely simple ons, fig.6~2+ but the
outeof-balance ciynal beiny very emall, o modified eircult is
usod vhich 4o comparatively more concitive than used by Langen
The idoa of putting two similar coils in cach &tator 16 actu~
ally to improve tho sensitivity of thic metors Tho osutput

signal 1¢ memsured by both the circuits, first by ucing eireult

suggpsted by langer and then by connooting two secondaries in
opbosition and finding ho out-of-bolance signale It has been
observud that modified eircuit 18 more Sensitive to changos.

As thero are two &operate stators sonding flux
throu h tw different wote of mctive air gape, thore 16 alwnys
a poscibility of slight unbalance in tho two magnetic clircults.
Due to this unbalance, Somo out~ofwbalancs voltage {or current)
10 obtained even without any torque trendmission. Husbor aof
thin;c havo been trded o eliminate this zerc-syror, as woe call
11, but 1t eould not e eliminateds ‘This 16 token as tho inde
tial vea’ing or the "goro-error® of the meter. It depends upon
the exeiting current in the primary coils and the degree of
ascyrmotry in tho two Sections of the device.



b3
Calibration of Jorgusmetar sdth zinks having 30 ieath.

e calibrquon of this weter has been dome by
various methods. The first method adopted 18 by reading the
output directly. ' The secondaries are connscted in series oppe
osition through a milli-smmeter. The initial reading of this
metor 1s noted for an exciting current of 0.16 A. The connec~
tions are shown in f1g.6~2.

The meter 15 inteyposed botween an X«M.«D.C.
gencrator sete The D.Ce machine worke as a seporately excited
| germarator and for various values of load current, the readings
on the milli-smpere meter are noted. The torque transmitted
by the #haft 15 calculated for different loads and the ealibres-
tion eurve i& shown on graph 6-3.

But for the zero error which may cover & large
portion of ths meter scals, the above method 4# quita simple.
The qutwt of the metar varies linsarly with the torque trans-
mitted by the shaft.

Wth a linear relation betwesn signal and response
14, 16 desirable to read torque directly from the calibration
curve with initial zero reading corresponiing to zero signal.
But in this particular meter the initial reading for zero torque
15 not sero dus to flux lsskage and unbelance in magnetic eir-
cud te
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ianax mw. arc vest sulted to work as roference
potential unier ebove conditionss Tho characteristicofa
genar diode 1& shown in f1g.6-4s Oncoe the breakdown voltage
has benn reached, the voltage acroic tho dfode is almost inde
ependent of the current through it. Iven in the forward dirce
ction large changee of current result in only amall chanies
of voltage. The voltage ot which the sudden increase in curr-
ent occurs 1i¢ eallad the zemar yolt.am and 16 sometimoc refaw~
rred to as the break down voltaygo. In thic case wo are not
vory tuch intereeted in o constaut voltage acroie the zener,
an! &0 evan tho diode can & put o forwnrd dirvctione The
voltage required for the operation of the diode in the forward
direction is comparatively amalls

As tho outenfevalance voltege 18 very émall, the signal
16 anplitied with the help of a transistor smplifior. 7The out
put of the amplifier i& rectified and then smoothed. A bridge
is fomed, onc am of which contains a zener dlode and 16
suprlied from the de.c. output of the circuits The bridge i
balanced for the initial mz;ding of the moter outpute A dsce
micro~ammoter 1& used to moasure the ocut-pf-balance signal
with load. 'The conncetion dlagram 15 chown in fi4.8453 and the
calibration curve on graph 6~8. This mothod of calibration is
quite good, as it yives the zero initinl reading and also the
micro-ameter 14 very sensitive to the changoc occuring in the
eircuit due to the torque. | |

8.4 The nature of the variation of the output cignal with
load 15 aleéo seen on oscilloscopo. I1he rectified output of
 the meter 46 given to x-plates and a élgnal proportional to
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QONCLUSIONG

The NMagnetde~coupled torquametsr vwhich has been
fabricated and tassted 15 a very useful device for measuring
both &teady and transient torques. Exeepting tho toothed
rings, other purtes are very simple and o there 1 rot much
difficulty in fabricatin, the unite

The modification: introduced in ths stator for
reavuring the response has recultod into higher seneitivity
comparcd to too arrangerent used wy Lengere Tho roGuetion
in the mnmber of twoth on o rotor zings hoo reduccd e
lcakoge flux aroun: Ui rotor, vhich results in amallor zero
error and reduction in noises &ut reduction in the mmbor of
teoth may result 1a lesser eonsitivity of tho metor Uacause
of the reduction ia total chauo of flun due to torques

The calloration has wecn ®ne by means of very
sirple circuitse The responss of the moter to transioat
conditions s goode Iiransiont rocords of otarting and plugge
ing indicate that the device 1o quite suitablo for tronsient
recording.

From the trangiant record it vAll bo sosn that
thers 18 nonuni forxmity 4n tho wave shape, even under Steady
stato econditlon of ruming of tho machines Tho probablo ecsuse
of this nonuniformity is the nomunifom redial eir-gsp and
nonuni faxm teeth gep on tho rotors Transient torque record
for plusgging &hows hih plumﬁ-ms torgquo and alio tho increased
torque vhen motor Starts to run in e opposite diroctions
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Preceding the plugging torque record thers is a
s1ight depression in the response wave forwe This is due to
momentary decrease in torque when for the purpose of plugging
the supply to motor is broken for a brief while.

In sddition to plugging torque starting torque of an
induetion motor has also Lesn recordsde ‘The records brings
out the expected nature of torque variations duﬁm starting
fj‘ period of an ordinary induction motor.

'li:o senaitivity 18 high even for amall values of tor-
que and 50 the acourate measurement of torque 1& possible even
with machinges of lower ratings.

The accuracy with which the measursments are possible
with magnetic-coupled torquemeter 15 of course dependent on
the limitations of the circuit used to measure the response of
the torgquansters.

!

Held of spplication

It is sxpected that the magmetic-~emmpled torqus
meter will find 1ts main fleld of application in permanent

installations such as (1) Laboratories shers retating maehi-
neary is being developed, (2) test floors where rotating mach-
inos are veing given acceptance tests and (3) ailr craft and
narine pewer plants where a continuous cheek on the performa-
nce of the plant 15 desireds In these flelds it fills several
gaps which can not ve handled &y any other devies and often
can be substituted for much more expensive squiphent.

In some sppliestions it has been found desirable
to split the stator axially so that it can be removed frem
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the rptor without slipping it over an open shaft end.

All this shows that with better worimanship in fab-
rication and proporting in design, the meter with the modi~
fication suggested in this work will prove to be more useful
and popular whensver there is a necessity for recording torque
under static a8 well dynamic conditions of operations
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MIST QF SpuDL

Torque tranmitted by tho shaft, ft-lbes.

Modulus of rigidity of the shaft matorial-lbe,in®.
Polar moment of inertis of tho ssction - int
Length of the 8haft « in.

Angalar twist of the shaft - radiens.

Aroa of overlap of plates of a condenser.

The diolactric constant.

wWidth of the gap batween the platoss

Coefficiont to allow edpo effocts.
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